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Present measurements of b ! c⌧⌫ and b ! u⌧⌫ transitions di↵er from the standard model pre-
dictions of lepton flavor universality by combined 4.6�, if gaussian errors are assumed. We examine
new physics interpretations of this anomaly. An e↵ective field theory analysis shows that mini-
mal flavor violating models are disfavored as an explanation. Allowing for general flavor violation,
right-right vector and right-left scalar quark currents are identified as viable candidates. We discuss
explicit examples of two Higgs doublet models, leptoquarks as well as quark and lepton composite-
ness. Finally, implications for LHC searches and future measurements at the (super)B-factories are
presented.

Introduction. The BaBar collaboration recently
reported measurements of semileptonic B ! D(⇤)⌧⌫
branching fractions normalized to the corresponding
B ! D(⇤)`⌫ modes (with ` = e, µ) [1]

R⇤

⌧/` ⌘ B(B!D⇤⌧⌫)
B(B!D⇤`⌫) = 0.332± 0.030 , (1)

R⌧/` ⌘ B(B!D⌧⌫)
B(B!D`⌫) = 0.440± 0.072 , (2)

where the statistical and systematic errors have been
combined in quadrature. The two ratios, R⇤

⌧/` and

R⌧/`, are excellent probes of new physics (NP), since
the dependence of the standard model (SM) predictions
on the hadronic form factors cancels to a large extent.
Both values in Eqs. (1), (2) are consistent with previ-
ous measurements [2], but are also significantly larger
(at 3.4� significance when combined) than the SM values
R⇤,SM

⌧/` = 0.252(3) andRSM

⌧/` = 0.296(16) [3]. If confirmed,
this would signal a violation of lepton flavor universality
(LFU) in semileptonic b ! c transitions at the O(30%)
level.

Intriguingly, there are also hints of LFU violations
in semileptonic b ! u transitions. The measured lep-
tonic B ! ⌧⌫ branching fraction B(B� ! ⌧�⌫̄) =
(16.8 ± 3.1) ⇥ 10�5[4, 5], deviates significantly from its
SM prediction with Vub CKM element taken from the
global fit [5]. This is in contrast to the measured exclu-
sive semileptonic b ! u`⌫ transition branching fraction
B(B̄0 ! ⇡+`�⌫̄) = (14.6 ± 0.7) ⇥ 10�5 [6, 7], which is
consistent with the CKM unitarity predictions [8]. One
can get rid of Vub dependence by considering the ratio

R⇡
⌧/` ⌘

⌧(B0)

⌧(B�)

B(B� ! ⌧�⌫̄)

B(B̄0 ! ⇡+`�⌫̄)
= 1.07± 0.20 . (3)

The SM prediction is R⇡,SM
⌧/` = 0.31(6), where we have

used the recent Lattice QCD estimates of the relevant
B ! ⇡ form factor and the B decay constant [9]. The
measured value in Eq. (3) is more than a factor of 3
bigger – a discrepancy with 3.6� significance if gaussian
errors are assumed. (The tension between the measured

B ! ⇡`⌫ and B ! ⌧⌫ decay rates has previously been
discussed in [10].)
For latter convenience we can summarize all the three

experimental values as R⇡,exp
⌧/` /R⇡,SM

⌧/` = 3.45 ± 0.93,

Rexp

⌧/`/RSM

⌧/` = 1.49±0.26 andR⇤,exp
⌧/` /R⇤,SM

⌧/` = 1.32±0.12,
giving a combined excess of 4.6� above the SM expec-
tations. These hints of LFU violations in semileptonic
b ! c and b ! u transitions can be contrasted to the
pion and kaon sectors where LFU for all three lepton gen-
erations has been tested at the percent level and found
in excellent agreement with the SM expectations [7].
In this Letter we explore the possibility that the hints

of LFU violations in semileptonic B decays are due to
NP. We first perform a model independent analysis us-
ing e↵ective field theory (EFT), which then allows us to
identify viable NP models. Implications for other flavor
observables and LHC searches are also derived.
LFU Violations in B decays and NP. We first

study NP e↵ects in R(⇤)

⌧/` and R⇡
⌧/` using EFT. The

SM Lagrangian is supplemented with a set of higher
dimensional operators, Qi, that are generated at a NP
scale ⇤ above the electroweak symmetry breaking scale
v = (

p
2/4GF )1/2 ' 174 GeV

L = L
SM

+
X

a

za
⇤da�4

Qi + h.c. , (4)

where da are the canonical dimensions of the opera-
tors Qa, and za are the dimensionless Wilson coe�-
cients (below we will mostly use rescaled versions ca =
za(⇤/v)da�4). We also make two simplifying require-
ments that at the tree level (i) no dangerous down-type
flavor changing neutral currents (FCNCs) and (ii) no
LFU violations in the pion and kaon sectors are gener-
ated. The lowest dimensional operators that can modify

R
(⇤)

⌧/` and R⇡
⌧/` then have the following form,

QL = (q̄
3

�µ⌧
aq

3

)J µ
3,a , (5)

Qi
R = (ūR,i�µbR)(H

†⌧aH̃)J µ
3,a , (6)
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(16.8 ± 3.1) ⇥ 10�5[4, 5], deviates significantly from its
SM prediction with Vub CKM element taken from the
global fit [5]. This is in contrast to the measured exclu-
sive semileptonic b ! u`⌫ transition branching fraction
B(B̄0 ! ⇡+`�⌫̄) = (14.6 ± 0.7) ⇥ 10�5 [6, 7], which is
consistent with the CKM unitarity predictions [8]. One
can get rid of Vub dependence by considering the ratio

R⇡
⌧/` ⌘

⌧(B0)

⌧(B�)

B(B� ! ⌧�⌫̄)

B(B̄0 ! ⇡+`�⌫̄)
= 1.07± 0.20 . (3)

The SM prediction is R⇡,SM
⌧/` = 0.31(6), where we have

used the recent Lattice QCD estimates of the relevant
B ! ⇡ form factor and the B decay constant [9]. The
measured value in Eq. (3) is more than a factor of 3
bigger – a discrepancy with 3.6� significance if gaussian
errors are assumed. (The tension between the measured

B ! ⇡`⌫ and B ! ⌧⌫ decay rates has previously been
discussed in [10].)
For latter convenience we can summarize all the three

experimental values as R⇡,exp
⌧/` /R⇡,SM

⌧/` = 3.45 ± 0.93,

Rexp

⌧/`/RSM

⌧/` = 1.49±0.26 andR⇤,exp
⌧/` /R⇤,SM

⌧/` = 1.32±0.12,
giving a combined excess of 4.6� above the SM expec-
tations. These hints of LFU violations in semileptonic
b ! c and b ! u transitions can be contrasted to the
pion and kaon sectors where LFU for all three lepton gen-
erations has been tested at the percent level and found
in excellent agreement with the SM expectations [7].
In this Letter we explore the possibility that the hints

of LFU violations in semileptonic B decays are due to
NP. We first perform a model independent analysis us-
ing e↵ective field theory (EFT), which then allows us to
identify viable NP models. Implications for other flavor
observables and LHC searches are also derived.
LFU Violations in B decays and NP. We first

study NP e↵ects in R(⇤)

⌧/` and R⇡
⌧/` using EFT. The

SM Lagrangian is supplemented with a set of higher
dimensional operators, Qi, that are generated at a NP
scale ⇤ above the electroweak symmetry breaking scale
v = (

p
2/4GF )1/2 ' 174 GeV

L = L
SM

+
X

a

za
⇤da�4

Qi + h.c. , (4)

where da are the canonical dimensions of the opera-
tors Qa, and za are the dimensionless Wilson coe�-
cients (below we will mostly use rescaled versions ca =
za(⇤/v)da�4). We also make two simplifying require-
ments that at the tree level (i) no dangerous down-type
flavor changing neutral currents (FCNCs) and (ii) no
LFU violations in the pion and kaon sectors are gener-
ated. The lowest dimensional operators that can modify

R
(⇤)

⌧/` and R⇡
⌧/` then have the following form,

QL = (q̄
3

�µ⌧
aq

3

)J µ
3,a , (5)

Qi
R = (ūR,i�µbR)(H

†⌧aH̃)J µ
3,a , (6)
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LFU in (semi)leptonic B decays

4

• Experimental situation

Implications of lepton flavor universality violations in B decays
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Present measurements of b ! c⌧⌫ and b ! u⌧⌫ transitions di↵er from the standard model pre-
dictions of lepton flavor universality by combined 4.6�, if gaussian errors are assumed. We examine
new physics interpretations of this anomaly. An e↵ective field theory analysis shows that mini-
mal flavor violating models are disfavored as an explanation. Allowing for general flavor violation,
right-right vector and right-left scalar quark currents are identified as viable candidates. We discuss
explicit examples of two Higgs doublet models, leptoquarks as well as quark and lepton composite-
ness. Finally, implications for LHC searches and future measurements at the (super)B-factories are
presented.

Introduction. The BaBar collaboration recently
reported measurements of semileptonic B ! D(⇤)⌧⌫
branching fractions normalized to the corresponding
B ! D(⇤)`⌫ modes (with ` = e, µ) [1]

R⇤

⌧/` ⌘ B(B!D⇤⌧⌫)
B(B!D⇤`⌫) = 0.332± 0.030 , (1)

R⌧/` ⌘ B(B!D⌧⌫)
B(B!D`⌫) = 0.440± 0.072 , (2)

where the statistical and systematic errors have been
combined in quadrature. The two ratios, R⇤

⌧/` and

R⌧/`, are excellent probes of new physics (NP), since
the dependence of the standard model (SM) predictions
on the hadronic form factors cancels to a large extent.
Both values in Eqs. (1), (2) are consistent with previ-
ous measurements [2], but are also significantly larger
(at 3.4� significance when combined) than the SM values
R⇤,SM

⌧/` = 0.252(3) andRSM

⌧/` = 0.296(16) [3]. If confirmed,
this would signal a violation of lepton flavor universality
(LFU) in semileptonic b ! c transitions at the O(30%)
level.

Intriguingly, there are also hints of LFU violations
in semileptonic b ! u transitions. The measured lep-
tonic B ! ⌧⌫ branching fraction B(B� ! ⌧�⌫̄) =
(16.8 ± 3.1) ⇥ 10�5[4, 5], deviates significantly from its
SM prediction with Vub CKM element taken from the
global fit [5]. This is in contrast to the measured exclu-
sive semileptonic b ! u`⌫ transition branching fraction
B(B̄0 ! ⇡+`�⌫̄) = (14.6 ± 0.7) ⇥ 10�5 [6, 7], which is
consistent with the CKM unitarity predictions [8]. One
can get rid of Vub dependence by considering the ratio

R⇡
⌧/` ⌘

⌧(B0)

⌧(B�)

B(B� ! ⌧�⌫̄)

B(B̄0 ! ⇡+`�⌫̄)
= 1.07± 0.20 . (3)

The SM prediction is R⇡,SM
⌧/` = 0.31(6), where we have

used the recent Lattice QCD estimates of the relevant
B ! ⇡ form factor and the B decay constant [9]. The
measured value in Eq. (3) is more than a factor of 3
bigger – a discrepancy with 3.6� significance if gaussian
errors are assumed. (The tension between the measured

B ! ⇡`⌫ and B ! ⌧⌫ decay rates has previously been
discussed in [10].)
For latter convenience we can summarize all the three

experimental values as R⇡,exp
⌧/` /R⇡,SM

⌧/` = 3.45 ± 0.93,

Rexp

⌧/`/RSM

⌧/` = 1.49±0.26 andR⇤,exp
⌧/` /R⇤,SM

⌧/` = 1.32±0.12,
giving a combined excess of 4.6� above the SM expec-
tations. These hints of LFU violations in semileptonic
b ! c and b ! u transitions can be contrasted to the
pion and kaon sectors where LFU for all three lepton gen-
erations has been tested at the percent level and found
in excellent agreement with the SM expectations [7].
In this Letter we explore the possibility that the hints

of LFU violations in semileptonic B decays are due to
NP. We first perform a model independent analysis us-
ing e↵ective field theory (EFT), which then allows us to
identify viable NP models. Implications for other flavor
observables and LHC searches are also derived.
LFU Violations in B decays and NP. We first

study NP e↵ects in R(⇤)

⌧/` and R⇡
⌧/` using EFT. The

SM Lagrangian is supplemented with a set of higher
dimensional operators, Qi, that are generated at a NP
scale ⇤ above the electroweak symmetry breaking scale
v = (

p
2/4GF )1/2 ' 174 GeV

L = L
SM

+
X

a

za
⇤da�4

Qi + h.c. , (4)

where da are the canonical dimensions of the opera-
tors Qa, and za are the dimensionless Wilson coe�-
cients (below we will mostly use rescaled versions ca =
za(⇤/v)da�4). We also make two simplifying require-
ments that at the tree level (i) no dangerous down-type
flavor changing neutral currents (FCNCs) and (ii) no
LFU violations in the pion and kaon sectors are gener-
ated. The lowest dimensional operators that can modify

R
(⇤)

⌧/` and R⇡
⌧/` then have the following form,

QL = (q̄
3

�µ⌧
aq

3

)J µ
3,a , (5)

Qi
R = (ūR,i�µbR)(H

†⌧aH̃)J µ
3,a , (6)
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Present measurements of b ! c⌧⌫ and b ! u⌧⌫ transitions di↵er from the standard model pre-
dictions of lepton flavor universality by combined 4.6�, if gaussian errors are assumed. We examine
new physics interpretations of this anomaly. An e↵ective field theory analysis shows that mini-
mal flavor violating models are disfavored as an explanation. Allowing for general flavor violation,
right-right vector and right-left scalar quark currents are identified as viable candidates. We discuss
explicit examples of two Higgs doublet models, leptoquarks as well as quark and lepton composite-
ness. Finally, implications for LHC searches and future measurements at the (super)B-factories are
presented.

Introduction. The BaBar collaboration recently
reported measurements of semileptonic B ! D(⇤)⌧⌫
branching fractions normalized to the corresponding
B ! D(⇤)`⌫ modes (with ` = e, µ) [1]

R⇤

⌧/` ⌘ B(B!D⇤⌧⌫)
B(B!D⇤`⌫) = 0.332± 0.030 , (1)

R⌧/` ⌘ B(B!D⌧⌫)
B(B!D`⌫) = 0.440± 0.072 , (2)

where the statistical and systematic errors have been
combined in quadrature. The two ratios, R⇤

⌧/` and

R⌧/`, are excellent probes of new physics (NP), since
the dependence of the standard model (SM) predictions
on the hadronic form factors cancels to a large extent.
Both values in Eqs. (1), (2) are consistent with previ-
ous measurements [2], but are also significantly larger
(at 3.4� significance when combined) than the SM values
R⇤,SM

⌧/` = 0.252(3) andRSM

⌧/` = 0.296(16) [3]. If confirmed,
this would signal a violation of lepton flavor universality
(LFU) in semileptonic b ! c transitions at the O(30%)
level.

Intriguingly, there are also hints of LFU violations
in semileptonic b ! u transitions. The measured lep-
tonic B ! ⌧⌫ branching fraction B(B� ! ⌧�⌫̄) =
(16.8 ± 3.1) ⇥ 10�5[4, 5], deviates significantly from its
SM prediction with Vub CKM element taken from the
global fit [5]. This is in contrast to the measured exclu-
sive semileptonic b ! u`⌫ transition branching fraction
B(B̄0 ! ⇡+`�⌫̄) = (14.6 ± 0.7) ⇥ 10�5 [6, 7], which is
consistent with the CKM unitarity predictions [8]. One
can get rid of Vub dependence by considering the ratio

R⇡
⌧/` ⌘

⌧(B0)

⌧(B�)

B(B� ! ⌧�⌫̄)

B(B̄0 ! ⇡+`�⌫̄)
= 1.07± 0.20 . (3)

The SM prediction is R⇡,SM
⌧/` = 0.31(6), where we have

used the recent Lattice QCD estimates of the relevant
B ! ⇡ form factor and the B decay constant [9]. The
measured value in Eq. (3) is more than a factor of 3
bigger – a discrepancy with 3.6� significance if gaussian
errors are assumed. (The tension between the measured

B ! ⇡`⌫ and B ! ⌧⌫ decay rates has previously been
discussed in [10].)
For latter convenience we can summarize all the three

experimental values as R⇡,exp
⌧/` /R⇡,SM

⌧/` = 3.45 ± 0.93,

Rexp

⌧/`/RSM

⌧/` = 1.49±0.26 andR⇤,exp
⌧/` /R⇤,SM

⌧/` = 1.32±0.12,
giving a combined excess of 4.6� above the SM expec-
tations. These hints of LFU violations in semileptonic
b ! c and b ! u transitions can be contrasted to the
pion and kaon sectors where LFU for all three lepton gen-
erations has been tested at the percent level and found
in excellent agreement with the SM expectations [7].
In this Letter we explore the possibility that the hints

of LFU violations in semileptonic B decays are due to
NP. We first perform a model independent analysis us-
ing e↵ective field theory (EFT), which then allows us to
identify viable NP models. Implications for other flavor
observables and LHC searches are also derived.
LFU Violations in B decays and NP. We first

study NP e↵ects in R(⇤)

⌧/` and R⇡
⌧/` using EFT. The

SM Lagrangian is supplemented with a set of higher
dimensional operators, Qi, that are generated at a NP
scale ⇤ above the electroweak symmetry breaking scale
v = (

p
2/4GF )1/2 ' 174 GeV

L = L
SM

+
X

a

za
⇤da�4

Qi + h.c. , (4)

where da are the canonical dimensions of the opera-
tors Qa, and za are the dimensionless Wilson coe�-
cients (below we will mostly use rescaled versions ca =
za(⇤/v)da�4). We also make two simplifying require-
ments that at the tree level (i) no dangerous down-type
flavor changing neutral currents (FCNCs) and (ii) no
LFU violations in the pion and kaon sectors are gener-
ated. The lowest dimensional operators that can modify

R
(⇤)

⌧/` and R⇡
⌧/` then have the following form,

QL = (q̄
3

�µ⌧
aq

3

)J µ
3,a , (5)

Qi
R = (ūR,i�µbR)(H

†⌧aH̃)J µ
3,a , (6)

ar
X

iv
:1

20
6.

18
72

v1
  [

he
p-

ph
]  

8 
Ju

n 
20

12

�R⇡
⌧/` ⌘

⌧(B0)

⌧(B�)

B(B� ! ⌧�⌫̄)

�B(B̄0 ! ⇡+`�⌫̄)
= 5.17± 1.01

~2.7σ

~3.4σ

Rtêl Rtêl* DRtêlp

0.0
0.2
0.4
0.6
0.8
1.0
1.2
1.4

O
êOex

p

where the partial branching fraction ∆B and the integral ∆ζ defined as in (2), are taken
over the same region q21 ≤ q2 ≤ q22 of the momentum transfer.

The above equation for the ratio Rs/l follows solely from the V − A structure of the

weak currents in SM and Vub cancels out in the ratio. The form factor f+
Bπ and decay

constant fB entering r.h.s. are obtained by one and the same QCD method: lattice
QCD or the combination of LCSR and QCD sum rule. In Tables 2 and 3 we collect the
inputs for this equation, obtained from different measurements and QCD calculations.
The disagreement between the calculated and measured ratio Rs/l goes beyond the
theoretical and experimental errors, especially in the case of the lattice calculations
which have smaller uncertainties.

Exp. ∆B(10−4) [Ref.] B(B → τντ )(10−4) [Ref.] Rs/l

BABAR 0.32 ± 0.03 [2] 1.76 ± 0.49 [37, 38] 0.20+0.08
−0.05

0.33± 0.03 ± 0.03 [3]

Belle 0.398 ± 0.03 [4] 1.54+0.38
−0.37

+0.29
−0.31 [39] 0.28+0.13

−0.07

QCD ∆ζ(ps−1) [Ref.] fB(MeV) [Ref.] Rs/l

HPQCD 2.02 ± 0.55 [5] 190± 13 [35] 0.52 ± 0.16

FNAL/MILC 2.21+0.47
−0.42 [6] 212 ± 9 [36] 0.46 ± 0.10

Table 2: The ratio Rs/l for the region 16 GeV2 < q2 < 26.4 GeV2, measured and calcu-
lated from (22) using the lattice QCD results. The weighted average over the
two BABAR measurements is taken and all errors are added in quadrature.

Decreasing further the theoretical and experimental errors in (22), especially in the
B → τντ width, becomes therefore a very important task. Possible effects beyond the SM
in B → τντ are already being discussed in the literature, and, in particular, B → Dτντ
is proposed as a channel which has common new physics contributions with the leptonic
B decay (see e.g., [40] and references therein).

Here we would like to attract attention to another semileptonic channel: B → πτντ ,
although it is experimentally very demanding. Earlier this channel was discussed e.g.,
in [32, 41]. Note that this channel has the same combination of quark and lepton
flavours as B → τντ . In the SM, the B → πτντ decay differs only kinematically
from the semileptonic modes with the muon or electron. A convenient, Vub-independent
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New physics interpretation

• General requirements in EFT:

• no tree-level down quark / charged lepton FCNCs

• no LFU violations in pion, kaon sectors
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Present measurements of b ! c⌧⌫ and b ! u⌧⌫ transitions di↵er from the standard model pre-
dictions of lepton flavor universality by combined 4.6�, if gaussian errors are assumed. We examine
new physics interpretations of this anomaly. An e↵ective field theory analysis shows that mini-
mal flavor violating models are disfavored as an explanation. Allowing for general flavor violation,
right-right vector and right-left scalar quark currents are identified as viable candidates. We discuss
explicit examples of two Higgs doublet models, leptoquarks as well as quark and lepton composite-
ness. Finally, implications for LHC searches and future measurements at the (super)B-factories are
presented.

Introduction. The BaBar collaboration recently
reported measurements of semileptonic B ! D(⇤)⌧⌫
branching fractions normalized to the corresponding
B ! D(⇤)`⌫ modes (with ` = e, µ) [1]

R⇤

⌧/` ⌘ B(B!D⇤⌧⌫)
B(B!D⇤`⌫) = 0.332± 0.030 , (1)

R⌧/` ⌘ B(B!D⌧⌫)
B(B!D`⌫) = 0.440± 0.072 , (2)

where the statistical and systematic errors have been
combined in quadrature. The two ratios, R⇤

⌧/` and

R⌧/`, are excellent probes of new physics (NP), since
the dependence of the standard model (SM) predictions
on the hadronic form factors cancels to a large extent.
Both values in Eqs. (1), (2) are consistent with previ-
ous measurements [2], but are also significantly larger
(at 3.4� significance when combined) than the SM values
R⇤,SM

⌧/` = 0.252(3) andRSM

⌧/` = 0.296(16) [3]. If confirmed,
this would signal a violation of lepton flavor universality
(LFU) in semileptonic b ! c transitions at the O(30%)
level.

Intriguingly, there are also hints of LFU violations
in semileptonic b ! u transitions. The measured lep-
tonic B ! ⌧⌫ branching fraction B(B� ! ⌧�⌫̄) =
(16.8 ± 3.1) ⇥ 10�5[4, 5], deviates significantly from its
SM prediction with Vub CKM element taken from the
global fit [5]. This is in contrast to the measured exclu-
sive semileptonic b ! u`⌫ transition branching fraction
B(B̄0 ! ⇡+`�⌫̄) = (14.6 ± 0.7) ⇥ 10�5 [6, 7], which is
consistent with the CKM unitarity predictions [8]. One
can get rid of Vub dependence by considering the ratio

R⇡
⌧/` ⌘

⌧(B0)

⌧(B�)

B(B� ! ⌧�⌫̄)

B(B̄0 ! ⇡+`�⌫̄)
= 1.07± 0.20 . (3)

The SM prediction is R⇡,SM
⌧/` = 0.31(6), where we have

used the recent Lattice QCD estimates of the relevant
B ! ⇡ form factor and the B decay constant [9]. The
measured value in Eq. (3) is more than a factor of 3
bigger – a discrepancy with 3.6� significance if gaussian
errors are assumed. (The tension between the measured

B ! ⇡`⌫ and B ! ⌧⌫ decay rates has previously been
discussed in [10].)
For latter convenience we can summarize all the three

experimental values as R⇡,exp
⌧/` /R⇡,SM

⌧/` = 3.45 ± 0.93,

Rexp

⌧/`/RSM

⌧/` = 1.49±0.26 andR⇤,exp
⌧/` /R⇤,SM

⌧/` = 1.32±0.12,
giving a combined excess of 4.6� above the SM expec-
tations. These hints of LFU violations in semileptonic
b ! c and b ! u transitions can be contrasted to the
pion and kaon sectors where LFU for all three lepton gen-
erations has been tested at the percent level and found
in excellent agreement with the SM expectations [7].
In this Letter we explore the possibility that the hints

of LFU violations in semileptonic B decays are due to
NP. We first perform a model independent analysis us-
ing e↵ective field theory (EFT), which then allows us to
identify viable NP models. Implications for other flavor
observables and LHC searches are also derived.
LFU Violations in B decays and NP. We first

study NP e↵ects in R(⇤)

⌧/` and R⇡
⌧/` using EFT. The

SM Lagrangian is supplemented with a set of higher
dimensional operators, Qi, that are generated at a NP
scale ⇤ above the electroweak symmetry breaking scale
v = (

p
2/4GF )1/2 ' 174 GeV

L = L
SM

+
X

a

za
⇤da�4

Qi + h.c. , (4)

where da are the canonical dimensions of the opera-
tors Qa, and za are the dimensionless Wilson coe�-
cients (below we will mostly use rescaled versions ca =
za(⇤/v)da�4). We also make two simplifying require-
ments that at the tree level (i) no dangerous down-type
flavor changing neutral currents (FCNCs) and (ii) no
LFU violations in the pion and kaon sectors are gener-
ated. The lowest dimensional operators that can modify

R
(⇤)

⌧/` and R⇡
⌧/` then have the following form,

QL = (q̄
3

�µ⌧
aq

3

)J µ
3,a , (5)

Qi
R = (ūR,i�µbR)(H
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Present measurements of b ! c⌧⌫ and b ! u⌧⌫ transitions di↵er from the standard model pre-
dictions of lepton flavor universality by combined 4.6�, if gaussian errors are assumed. We examine
new physics interpretations of this anomaly. An e↵ective field theory analysis shows that mini-
mal flavor violating models are disfavored as an explanation. Allowing for general flavor violation,
right-right vector and right-left scalar quark currents are identified as viable candidates. We discuss
explicit examples of two Higgs doublet models, leptoquarks as well as quark and lepton composite-
ness. Finally, implications for LHC searches and future measurements at the (super)B-factories are
presented.

Introduction. The BaBar collaboration recently
reported measurements of semileptonic B ! D(⇤)⌧⌫
branching fractions normalized to the corresponding
B ! D(⇤)`⌫ modes (with ` = e, µ) [1]

R⇤

⌧/` ⌘ B(B!D⇤⌧⌫)
B(B!D⇤`⌫) = 0.332± 0.030 , (1)

R⌧/` ⌘ B(B!D⌧⌫)
B(B!D`⌫) = 0.440± 0.072 , (2)

where the statistical and systematic errors have been
combined in quadrature. The two ratios, R⇤

⌧/` and

R⌧/`, are excellent probes of new physics (NP), since
the dependence of the standard model (SM) predictions
on the hadronic form factors cancels to a large extent.
Both values in Eqs. (1), (2) are consistent with previ-
ous measurements [2], but are also significantly larger
(at 3.4� significance when combined) than the SM values
R⇤,SM

⌧/` = 0.252(3) andRSM

⌧/` = 0.296(16) [3]. If confirmed,
this would signal a violation of lepton flavor universality
(LFU) in semileptonic b ! c transitions at the O(30%)
level.

Intriguingly, there are also hints of LFU violations
in semileptonic b ! u transitions. The measured lep-
tonic B ! ⌧⌫ branching fraction B(B� ! ⌧�⌫̄) =
(16.8 ± 3.1) ⇥ 10�5[4, 5], deviates significantly from its
SM prediction with Vub CKM element taken from the
global fit [5]. This is in contrast to the measured exclu-
sive semileptonic b ! u`⌫ transition branching fraction
B(B̄0 ! ⇡+`�⌫̄) = (14.6 ± 0.7) ⇥ 10�5 [6, 7], which is
consistent with the CKM unitarity predictions [8]. One
can get rid of Vub dependence by considering the ratio

R⇡
⌧/` ⌘

⌧(B0)

⌧(B�)

B(B� ! ⌧�⌫̄)

B(B̄0 ! ⇡+`�⌫̄)
= 1.07± 0.20 . (3)

The SM prediction is R⇡,SM
⌧/` = 0.31(6), where we have

used the recent Lattice QCD estimates of the relevant
B ! ⇡ form factor and the B decay constant [9]. The
measured value in Eq. (3) is more than a factor of 3
bigger – a discrepancy with 3.6� significance if gaussian
errors are assumed. (The tension between the measured

B ! ⇡`⌫ and B ! ⌧⌫ decay rates has previously been
discussed in [10].)
For latter convenience we can summarize all the three

experimental values as R⇡,exp
⌧/` /R⇡,SM

⌧/` = 3.45 ± 0.93,

Rexp

⌧/`/RSM

⌧/` = 1.49±0.26 andR⇤,exp
⌧/` /R⇤,SM

⌧/` = 1.32±0.12,
giving a combined excess of 4.6� above the SM expec-
tations. These hints of LFU violations in semileptonic
b ! c and b ! u transitions can be contrasted to the
pion and kaon sectors where LFU for all three lepton gen-
erations has been tested at the percent level and found
in excellent agreement with the SM expectations [7].
In this Letter we explore the possibility that the hints

of LFU violations in semileptonic B decays are due to
NP. We first perform a model independent analysis us-
ing e↵ective field theory (EFT), which then allows us to
identify viable NP models. Implications for other flavor
observables and LHC searches are also derived.
LFU Violations in B decays and NP. We first

study NP e↵ects in R(⇤)

⌧/` and R⇡
⌧/` using EFT. The

SM Lagrangian is supplemented with a set of higher
dimensional operators, Qi, that are generated at a NP
scale ⇤ above the electroweak symmetry breaking scale
v = (

p
2/4GF )1/2 ' 174 GeV

L = L
SM

+
X

a

za
⇤da�4

Qi + h.c. , (4)

where da are the canonical dimensions of the opera-
tors Qa, and za are the dimensionless Wilson coe�-
cients (below we will mostly use rescaled versions ca =
za(⇤/v)da�4). We also make two simplifying require-
ments that at the tree level (i) no dangerous down-type
flavor changing neutral currents (FCNCs) and (ii) no
LFU violations in the pion and kaon sectors are gener-
ated. The lowest dimensional operators that can modify

R
(⇤)

⌧/` and R⇡
⌧/` then have the following form,

QL = (q̄
3

�µ⌧
aq

3

)J µ
3,a , (5)

Qi
R = (ūR,i�µbR)(H

†⌧aH̃)J µ
3,a , (6)
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Figure 1: Preferred 1� (darker green) and 2� (lighter yellow) pa-

rameter regions for e↵ective operators QLR (left plot, dependence

on complex cLR Wilson coe�cient) and MFV Qi
 (right plot, de-

pendence on  mass and modulus of the universal Wilson coe�-

cient, |c |). The 1� constraints from R⌧/`, R⇤

⌧/` and R⇡
⌧/` are

drawn in full black, dashed purple and dotted red contours, respec-

tively. The best fit points are marked with an asterisk.

QLR = i@µ(q̄3⌧
aHbR)

X

j

J µ
j,a , (7)

Qi
RL = i@µ(ūR,iH̃

†⌧aq
3

)
X

j

J µ
j,a , (8)

where ⌧a = �a/2, J µ
j,a = (l̄j�µ⌧alj), H̃ ⌘ i�

2

H⇤ and
i, j are generational indices. We work in the down quark
mass basis, qi = (V ji⇤

CKMuL,j , dL,i)T , and charged lepton

mass basis, li = (V ji⇤
PMNS⌫L,j , eL,i)T . Our requirement

that there are no down-type tree-level FCNCs means that
we impose flavor alignment in the down sector for oper-
ators QL,QLR and Qi

RL. In this way we get rid of all
tree level FCNCs due to QLR while QL and Qi

RL still
generate contributions to c ! u⌫⌫̄ and t ! c(u)⌫⌫̄ tran-
sitions. The first process is typically obscured by SM tree
level contributions (i.e. D ! (⌧ ! ⇡⌫)⌫̄ [11]), while the
second will induce an interesting monotop signature at
the LHC [12].

Other di  8 operators can either be reduced to
the above using equations of motion, or have vanishing
h0| Qi |Bi hadronic matrix elements and thus cannot af-
fect R⇡

⌧/` (e.g., Q̄i�µ⌫⌧
aHbR). Note that Qi

L,R are tau

lepton flavor specific, while in the case of Qi
RL,LR LFU

violations are induced by the helicity suppression of the
leptonic current, as can be easily seen by integrating by
parts and using equations of motion.

In addition, new light invisible fermions  could mimic
the missing energy signature of SM neutrinos in the
b ! ui⌧⌫ decays. We thus also consider the lowest di-
mensional operator coupling  to SM quarks and charged
leptons and invariant under the SM gauge group [11]

Qi
 = (q̄ibR)(l̄3 R) . (9)

In the following we consider a single NP operator con-

tributing to R(⇤)

⌧/` and R⇡
⌧/` at a time and later compare

this to some explicit NP model examples.

Minimal flavor violation. The flavor structure of
QL and QLR is completely determined by our require-
ment that there are no tree level FCNCs in the down
sector. The charged currents are then proportional to the
same CKM elements as in the SM realizing the Minimal
Flavor Violation (MFV) structure [14]. The e↵ect of QL

is to rescale the SM predictions for R(⇤)

⌧/`, R⇡
⌧/` by a uni-

versal factor |1+ cL/2|2, where cL = zL(v/⇤)2. The best
fit to the three LFU ratios is obtained for |1+cL/2| ' 1.18
with a value of �2 ' 9.8 (for the SM, �2 ' 28). Both
R⌧/` and R⇤

⌧/` are then well accommodated, while the
R⇡
⌧/` tension remains above the 2� level. The e↵ective

NP scale probed is ⇤|zL|�1/2 = v|cL|�1/2 ' 0.29 TeV.
The contributions of QLR can be readily computed us-

ing results of [3, 13] yielding

R⇡,LR
⌧/` /R⇡,SM

⌧/` = 1� 0.038Re(cLR) + 3.6 10�4|cLR|2 ,

RLR

⌧/`/RSM

⌧/` = 1� 0.0076Re(cLR) + 2.6 10�5|cLR|2 ,

R⇤,LR
⌧/` /R⇤,SM

⌧/` = 1� 6.2 10�4 Re(cLR) + 1.2 10�6|cLR|2 ,

(10)

where cLR = zLR(v/⇤)4 . In the case of R⌧/` we also
need to take into account a significant experimental e�-
ciency correction due to the di↵erent kinematics induced
by theQLR operator compared toQL and the SM [1]. Ef-
fectively this amounts to multiplying the term quadratic
in cLR by a correction factor of ⇠ 1.5 (not included in
Eq. (10)). The same argument applies for the operators
Qi

RL and Q (near m = 0).
Switching on only the QLR operator the best fit point

is cLR ' �50, where �2 ' 6.2 with both R⌧/` and R⇡
⌧/`

perfectly accommodated, while a tension with the ob-
served value ofR⇤

⌧/` remains (see Fig. 1 left). Irrespective
of R⇡

⌧/`, the central measured values of R⌧/` and R⇤

⌧/`

can never be simultaneously obtained using only QLR [3].
The preferred value of cLR points to a very low e↵ective
NP scale of v|cLR|�1/4 ' 65 GeV.
The relative strength of semileptonic b ! c and b ! u

transitions generated by the Qi
R,Qi

RL or Qi
 operators is

fixed only once we explicitly specify the flavor structure.
For Qi

R and Qi
RL, MFV implies ziR,RL / mui leading to

extremely suppressed e↵ects in R⇡
⌧/`. Consequently we

do not consider these two operators within MFV. On the
other hand, in the case of Qi

 the MFV hypothesis is

satisfied by taking zi = V ib
CKM

c (⇤/v)2. The corrections

to R(⇤)

⌧/` and R⇡
⌧/` now also depend on the mass m of

the new invisible fermion  . Close to mB � mD(⇤) �
m⌧ thresholds the contributions to R(⇤)

⌧/` are suppressed
relative to the ones in R⇡

⌧/`. Varying both c and m the

best fit of �2 = 7.9 is reached for c ' 0.54 and m = 0
(see Fig. 1 right). Significant tensions between the three
observables remain.
Generic flavor structures. In the presence of

more general flavor violation the NP contributions to
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QLR = i@µ(q̄3⌧
aHbR)

X

j

J µ
j,a , (7)

Qi
RL = i@µ(ūR,iH̃

†⌧aq
3

)
X

j

J µ
j,a , (8)

where ⌧a = �a/2, J µ
j,a = (l̄j�µ⌧alj), H̃ ⌘ i�

2

H⇤ and
i, j are generational indices. We work in the down quark
mass basis, qi = (V ji⇤

CKMuL,j , dL,i)T , and charged lepton

mass basis, li = (V ji⇤
PMNS⌫L,j , eL,i)T . Our requirement

that there are no down-type tree-level FCNCs means that
we impose flavor alignment in the down sector for oper-
ators QL,QLR and Qi

RL. In this way we get rid of all
tree level FCNCs due to QLR while QL and Qi

RL still
generate contributions to c ! u⌫⌫̄ and t ! c(u)⌫⌫̄ tran-
sitions. The first process is typically obscured by SM tree
level contributions (i.e. D ! (⌧ ! ⇡⌫)⌫̄ [11]), while the
second will induce an interesting monotop signature at
the LHC [12].

Other di  8 operators can either be reduced to
the above using equations of motion, or have vanishing
h0| Qi |Bi hadronic matrix elements and thus cannot af-
fect R⇡

⌧/` (e.g., Q̄i�µ⌫⌧
aHbR). Note that Qi

L,R are tau

lepton flavor specific, while in the case of Qi
RL,LR LFU

violations are induced by the helicity suppression of the
leptonic current, as can be easily seen by integrating by
parts and using equations of motion.

In addition, new light invisible fermions  could mimic
the missing energy signature of SM neutrinos in the
b ! ui⌧⌫ decays. We thus also consider the lowest di-
mensional operator coupling  to SM quarks and charged
leptons and invariant under the SM gauge group [11]

Qi
 = (q̄ibR)(l̄3 R) . (9)

In the following we consider a single NP operator con-

tributing to R(⇤)

⌧/` and R⇡
⌧/` at a time and later compare

this to some explicit NP model examples.

Minimal flavor violation. The flavor structure of
QL and QLR is completely determined by our require-
ment that there are no tree level FCNCs in the down
sector. The charged currents are then proportional to the
same CKM elements as in the SM realizing the Minimal
Flavor Violation (MFV) structure [14]. The e↵ect of QL

is to rescale the SM predictions for R(⇤)

⌧/`, R⇡
⌧/` by a uni-

versal factor |1+ cL/2|2, where cL = zL(v/⇤)2. The best
fit to the three LFU ratios is obtained for |1+cL/2| ' 1.18
with a value of �2 ' 9.8 (for the SM, �2 ' 28). Both
R⌧/` and R⇤

⌧/` are then well accommodated, while the
R⇡
⌧/` tension remains above the 2� level. The e↵ective

NP scale probed is ⇤|zL|�1/2 = v|cL|�1/2 ' 0.29 TeV.
The contributions of QLR can be readily computed us-

ing results of [3, 13] yielding

R⇡,LR
⌧/` /R⇡,SM

⌧/` = 1� 0.038Re(cLR) + 3.6 10�4|cLR|2 ,

RLR

⌧/`/RSM

⌧/` = 1� 0.0076Re(cLR) + 2.6 10�5|cLR|2 ,

R⇤,LR
⌧/` /R⇤,SM

⌧/` = 1� 6.2 10�4 Re(cLR) + 1.2 10�6|cLR|2 ,

(10)

where cLR = zLR(v/⇤)4 . In the case of R⌧/` we also
need to take into account a significant experimental e�-
ciency correction due to the di↵erent kinematics induced
by theQLR operator compared toQL and the SM [1]. Ef-
fectively this amounts to multiplying the term quadratic
in cLR by a correction factor of ⇠ 1.5 (not included in
Eq. (10)). The same argument applies for the operators
Qi

RL and Q (near m = 0).
Switching on only the QLR operator the best fit point

is cLR ' �50, where �2 ' 6.2 with both R⌧/` and R⇡
⌧/`

perfectly accommodated, while a tension with the ob-
served value ofR⇤

⌧/` remains (see Fig. 1 left). Irrespective
of R⇡

⌧/`, the central measured values of R⌧/` and R⇤

⌧/`

can never be simultaneously obtained using only QLR [3].
The preferred value of cLR points to a very low e↵ective
NP scale of v|cLR|�1/4 ' 65 GeV.
The relative strength of semileptonic b ! c and b ! u

transitions generated by the Qi
R,Qi

RL or Qi
 operators is

fixed only once we explicitly specify the flavor structure.
For Qi

R and Qi
RL, MFV implies ziR,RL / mui leading to

extremely suppressed e↵ects in R⇡
⌧/`. Consequently we

do not consider these two operators within MFV. On the
other hand, in the case of Qi

 the MFV hypothesis is

satisfied by taking zi = V ib
CKM

c (⇤/v)2. The corrections

to R(⇤)

⌧/` and R⇡
⌧/` now also depend on the mass m of

the new invisible fermion  . Close to mB � mD(⇤) �
m⌧ thresholds the contributions to R(⇤)

⌧/` are suppressed
relative to the ones in R⇡

⌧/`. Varying both c and m the

best fit of �2 = 7.9 is reached for c ' 0.54 and m = 0
(see Fig. 1 right). Significant tensions between the three
observables remain.
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more general flavor violation the NP contributions to
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aHbR)
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j

J µ
j,a , (7)

Qi
RL = i@µ(ūR,iH̃

†⌧aq
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J µ
j,a , (8)

where ⌧a = �a/2, J µ
j,a = (l̄j�µ⌧alj), H̃ ⌘ i�

2

H⇤ and
i, j are generational indices. We work in the down quark
mass basis, qi = (V ji⇤

CKMuL,j , dL,i)T , and charged lepton

mass basis, li = (V ji⇤
PMNS⌫L,j , eL,i)T . Our requirement

that there are no down-type tree-level FCNCs means that
we impose flavor alignment in the down sector for oper-
ators QL,QLR and Qi

RL. In this way we get rid of all
tree level FCNCs due to QLR while QL and Qi

RL still
generate contributions to c ! u⌫⌫̄ and t ! c(u)⌫⌫̄ tran-
sitions. The first process is typically obscured by SM tree
level contributions (i.e. D ! (⌧ ! ⇡⌫)⌫̄ [11]), while the
second will induce an interesting monotop signature at
the LHC [12].

Other di  8 operators can either be reduced to
the above using equations of motion, or have vanishing
h0| Qi |Bi hadronic matrix elements and thus cannot af-
fect R⇡

⌧/` (e.g., Q̄i�µ⌫⌧
aHbR). Note that Qi

L,R are tau

lepton flavor specific, while in the case of Qi
RL,LR LFU

violations are induced by the helicity suppression of the
leptonic current, as can be easily seen by integrating by
parts and using equations of motion.

In addition, new light invisible fermions  could mimic
the missing energy signature of SM neutrinos in the
b ! ui⌧⌫ decays. We thus also consider the lowest di-
mensional operator coupling  to SM quarks and charged
leptons and invariant under the SM gauge group [11]

Qi
 = (q̄ibR)(l̄3 R) . (9)

In the following we consider a single NP operator con-

tributing to R(⇤)

⌧/` and R⇡
⌧/` at a time and later compare

this to some explicit NP model examples.

Minimal flavor violation. The flavor structure of
QL and QLR is completely determined by our require-
ment that there are no tree level FCNCs in the down
sector. The charged currents are then proportional to the
same CKM elements as in the SM realizing the Minimal
Flavor Violation (MFV) structure [14]. The e↵ect of QL

is to rescale the SM predictions for R(⇤)

⌧/`, R⇡
⌧/` by a uni-

versal factor |1+ cL/2|2, where cL = zL(v/⇤)2. The best
fit to the three LFU ratios is obtained for |1+cL/2| ' 1.18
with a value of �2 ' 9.8 (for the SM, �2 ' 28). Both
R⌧/` and R⇤

⌧/` are then well accommodated, while the
R⇡
⌧/` tension remains above the 2� level. The e↵ective

NP scale probed is ⇤|zL|�1/2 = v|cL|�1/2 ' 0.29 TeV.
The contributions of QLR can be readily computed us-

ing results of [3, 13] yielding

R⇡,LR
⌧/` /R⇡,SM

⌧/` = 1� 0.038Re(cLR) + 3.6 10�4|cLR|2 ,

RLR

⌧/`/RSM

⌧/` = 1� 0.0076Re(cLR) + 2.6 10�5|cLR|2 ,

R⇤,LR
⌧/` /R⇤,SM

⌧/` = 1� 6.2 10�4 Re(cLR) + 1.2 10�6|cLR|2 ,

(10)

where cLR = zLR(v/⇤)4 . In the case of R⌧/` we also
need to take into account a significant experimental e�-
ciency correction due to the di↵erent kinematics induced
by theQLR operator compared toQL and the SM [1]. Ef-
fectively this amounts to multiplying the term quadratic
in cLR by a correction factor of ⇠ 1.5 (not included in
Eq. (10)). The same argument applies for the operators
Qi

RL and Q (near m = 0).
Switching on only the QLR operator the best fit point

is cLR ' �50, where �2 ' 6.2 with both R⌧/` and R⇡
⌧/`

perfectly accommodated, while a tension with the ob-
served value ofR⇤

⌧/` remains (see Fig. 1 left). Irrespective
of R⇡

⌧/`, the central measured values of R⌧/` and R⇤

⌧/`

can never be simultaneously obtained using only QLR [3].
The preferred value of cLR points to a very low e↵ective
NP scale of v|cLR|�1/4 ' 65 GeV.
The relative strength of semileptonic b ! c and b ! u

transitions generated by the Qi
R,Qi

RL or Qi
 operators is

fixed only once we explicitly specify the flavor structure.
For Qi

R and Qi
RL, MFV implies ziR,RL / mui leading to

extremely suppressed e↵ects in R⇡
⌧/`. Consequently we

do not consider these two operators within MFV. On the
other hand, in the case of Qi

 the MFV hypothesis is

satisfied by taking zi = V ib
CKM
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to R(⇤)

⌧/` and R⇡
⌧/` now also depend on the mass m of

the new invisible fermion  . Close to mB � mD(⇤) �
m⌧ thresholds the contributions to R(⇤)

⌧/` are suppressed
relative to the ones in R⇡

⌧/`. Varying both c and m the

best fit of �2 = 7.9 is reached for c ' 0.54 and m = 0
(see Fig. 1 right). Significant tensions between the three
observables remain.
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• no tree-level down quark / charged lepton FCNCs
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Present measurements of b ! c⌧⌫ and b ! u⌧⌫ transitions di↵er from the standard model pre-
dictions of lepton flavor universality by combined 4.6�, if gaussian errors are assumed. We examine
new physics interpretations of this anomaly. An e↵ective field theory analysis shows that mini-
mal flavor violating models are disfavored as an explanation. Allowing for general flavor violation,
right-right vector and right-left scalar quark currents are identified as viable candidates. We discuss
explicit examples of two Higgs doublet models, leptoquarks as well as quark and lepton composite-
ness. Finally, implications for LHC searches and future measurements at the (super)B-factories are
presented.

Introduction. The BaBar collaboration recently
reported measurements of semileptonic B ! D(⇤)⌧⌫
branching fractions normalized to the corresponding
B ! D(⇤)`⌫ modes (with ` = e, µ) [1]

R⇤

⌧/` ⌘ B(B!D⇤⌧⌫)
B(B!D⇤`⌫) = 0.332± 0.030 , (1)

R⌧/` ⌘ B(B!D⌧⌫)
B(B!D`⌫) = 0.440± 0.072 , (2)

where the statistical and systematic errors have been
combined in quadrature. The two ratios, R⇤

⌧/` and

R⌧/`, are excellent probes of new physics (NP), since
the dependence of the standard model (SM) predictions
on the hadronic form factors cancels to a large extent.
Both values in Eqs. (1), (2) are consistent with previ-
ous measurements [2], but are also significantly larger
(at 3.4� significance when combined) than the SM values
R⇤,SM

⌧/` = 0.252(3) andRSM

⌧/` = 0.296(16) [3]. If confirmed,
this would signal a violation of lepton flavor universality
(LFU) in semileptonic b ! c transitions at the O(30%)
level.

Intriguingly, there are also hints of LFU violations
in semileptonic b ! u transitions. The measured lep-
tonic B ! ⌧⌫ branching fraction B(B� ! ⌧�⌫̄) =
(16.8 ± 3.1) ⇥ 10�5[4, 5], deviates significantly from its
SM prediction with Vub CKM element taken from the
global fit [5]. This is in contrast to the measured exclu-
sive semileptonic b ! u`⌫ transition branching fraction
B(B̄0 ! ⇡+`�⌫̄) = (14.6 ± 0.7) ⇥ 10�5 [6, 7], which is
consistent with the CKM unitarity predictions [8]. One
can get rid of Vub dependence by considering the ratio

R⇡
⌧/` ⌘

⌧(B0)

⌧(B�)

B(B� ! ⌧�⌫̄)

B(B̄0 ! ⇡+`�⌫̄)
= 1.07± 0.20 . (3)

The SM prediction is R⇡,SM
⌧/` = 0.31(6), where we have

used the recent Lattice QCD estimates of the relevant
B ! ⇡ form factor and the B decay constant [9]. The
measured value in Eq. (3) is more than a factor of 3
bigger – a discrepancy with 3.6� significance if gaussian
errors are assumed. (The tension between the measured

B ! ⇡`⌫ and B ! ⌧⌫ decay rates has previously been
discussed in [10].)
For latter convenience we can summarize all the three

experimental values as R⇡,exp
⌧/` /R⇡,SM

⌧/` = 3.45 ± 0.93,

Rexp

⌧/`/RSM

⌧/` = 1.49±0.26 andR⇤,exp
⌧/` /R⇤,SM

⌧/` = 1.32±0.12,
giving a combined excess of 4.6� above the SM expec-
tations. These hints of LFU violations in semileptonic
b ! c and b ! u transitions can be contrasted to the
pion and kaon sectors where LFU for all three lepton gen-
erations has been tested at the percent level and found
in excellent agreement with the SM expectations [7].
In this Letter we explore the possibility that the hints

of LFU violations in semileptonic B decays are due to
NP. We first perform a model independent analysis us-
ing e↵ective field theory (EFT), which then allows us to
identify viable NP models. Implications for other flavor
observables and LHC searches are also derived.
LFU Violations in B decays and NP. We first

study NP e↵ects in R(⇤)

⌧/` and R⇡
⌧/` using EFT. The

SM Lagrangian is supplemented with a set of higher
dimensional operators, Qi, that are generated at a NP
scale ⇤ above the electroweak symmetry breaking scale
v = (

p
2/4GF )1/2 ' 174 GeV

L = L
SM

+
X

a

za
⇤da�4

Qi + h.c. , (4)

where da are the canonical dimensions of the opera-
tors Qa, and za are the dimensionless Wilson coe�-
cients (below we will mostly use rescaled versions ca =
za(⇤/v)da�4). We also make two simplifying require-
ments that at the tree level (i) no dangerous down-type
flavor changing neutral currents (FCNCs) and (ii) no
LFU violations in the pion and kaon sectors are gener-
ated. The lowest dimensional operators that can modify

R
(⇤)

⌧/` and R⇡
⌧/` then have the following form,

QL = (q̄
3

�µ⌧
aq

3

)J µ
3,a , (5)

Qi
R = (ūR,i�µbR)(H

†⌧aH̃)J µ
3,a , (6)
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ness. Finally, implications for LHC searches and future measurements at the (super)B-factories are
presented.
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B(B!D`⌫) = 0.440± 0.072 , (2)

where the statistical and systematic errors have been
combined in quadrature. The two ratios, R⇤

⌧/` and

R⌧/`, are excellent probes of new physics (NP), since
the dependence of the standard model (SM) predictions
on the hadronic form factors cancels to a large extent.
Both values in Eqs. (1), (2) are consistent with previ-
ous measurements [2], but are also significantly larger
(at 3.4� significance when combined) than the SM values
R⇤,SM

⌧/` = 0.252(3) andRSM

⌧/` = 0.296(16) [3]. If confirmed,
this would signal a violation of lepton flavor universality
(LFU) in semileptonic b ! c transitions at the O(30%)
level.

Intriguingly, there are also hints of LFU violations
in semileptonic b ! u transitions. The measured lep-
tonic B ! ⌧⌫ branching fraction B(B� ! ⌧�⌫̄) =
(16.8 ± 3.1) ⇥ 10�5[4, 5], deviates significantly from its
SM prediction with Vub CKM element taken from the
global fit [5]. This is in contrast to the measured exclu-
sive semileptonic b ! u`⌫ transition branching fraction
B(B̄0 ! ⇡+`�⌫̄) = (14.6 ± 0.7) ⇥ 10�5 [6, 7], which is
consistent with the CKM unitarity predictions [8]. One
can get rid of Vub dependence by considering the ratio
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= 1.07± 0.20 . (3)

The SM prediction is R⇡,SM
⌧/` = 0.31(6), where we have

used the recent Lattice QCD estimates of the relevant
B ! ⇡ form factor and the B decay constant [9]. The
measured value in Eq. (3) is more than a factor of 3
bigger – a discrepancy with 3.6� significance if gaussian
errors are assumed. (The tension between the measured

B ! ⇡`⌫ and B ! ⌧⌫ decay rates has previously been
discussed in [10].)
For latter convenience we can summarize all the three

experimental values as R⇡,exp
⌧/` /R⇡,SM

⌧/` = 3.45 ± 0.93,

Rexp

⌧/`/RSM

⌧/` = 1.49±0.26 andR⇤,exp
⌧/` /R⇤,SM

⌧/` = 1.32±0.12,
giving a combined excess of 4.6� above the SM expec-
tations. These hints of LFU violations in semileptonic
b ! c and b ! u transitions can be contrasted to the
pion and kaon sectors where LFU for all three lepton gen-
erations has been tested at the percent level and found
in excellent agreement with the SM expectations [7].
In this Letter we explore the possibility that the hints

of LFU violations in semileptonic B decays are due to
NP. We first perform a model independent analysis us-
ing e↵ective field theory (EFT), which then allows us to
identify viable NP models. Implications for other flavor
observables and LHC searches are also derived.
LFU Violations in B decays and NP. We first

study NP e↵ects in R(⇤)

⌧/` and R⇡
⌧/` using EFT. The

SM Lagrangian is supplemented with a set of higher
dimensional operators, Qi, that are generated at a NP
scale ⇤ above the electroweak symmetry breaking scale
v = (

p
2/4GF )1/2 ' 174 GeV

L = L
SM

+
X

a

za
⇤da�4

Qi + h.c. , (4)

where da are the canonical dimensions of the opera-
tors Qa, and za are the dimensionless Wilson coe�-
cients (below we will mostly use rescaled versions ca =
za(⇤/v)da�4). We also make two simplifying require-
ments that at the tree level (i) no dangerous down-type
flavor changing neutral currents (FCNCs) and (ii) no
LFU violations in the pion and kaon sectors are gener-
ated. The lowest dimensional operators that can modify
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⌧/` then have the following form,
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Figure 1: Preferred 1� (darker green) and 2� (lighter yellow) pa-

rameter regions for e↵ective operators QLR (left plot, dependence

on complex cLR Wilson coe�cient) and MFV Qi
 (right plot, de-

pendence on  mass and modulus of the universal Wilson coe�-

cient, |c |). The 1� constraints from R⌧/`, R⇤

⌧/` and R⇡
⌧/` are

drawn in full black, dashed purple and dotted red contours, respec-

tively. The best fit points are marked with an asterisk.

QLR = i@µ(q̄3⌧
aHbR)

X

j

J µ
j,a , (7)

Qi
RL = i@µ(ūR,iH̃

†⌧aq
3

)
X

j

J µ
j,a , (8)

where ⌧a = �a/2, J µ
j,a = (l̄j�µ⌧alj), H̃ ⌘ i�

2

H⇤ and
i, j are generational indices. We work in the down quark
mass basis, qi = (V ji⇤

CKMuL,j , dL,i)T , and charged lepton

mass basis, li = (V ji⇤
PMNS⌫L,j , eL,i)T . Our requirement

that there are no down-type tree-level FCNCs means that
we impose flavor alignment in the down sector for oper-
ators QL,QLR and Qi

RL. In this way we get rid of all
tree level FCNCs due to QLR while QL and Qi

RL still
generate contributions to c ! u⌫⌫̄ and t ! c(u)⌫⌫̄ tran-
sitions. The first process is typically obscured by SM tree
level contributions (i.e. D ! (⌧ ! ⇡⌫)⌫̄ [11]), while the
second will induce an interesting monotop signature at
the LHC [12].

Other di  8 operators can either be reduced to
the above using equations of motion, or have vanishing
h0| Qi |Bi hadronic matrix elements and thus cannot af-
fect R⇡

⌧/` (e.g., Q̄i�µ⌫⌧
aHbR). Note that Qi

L,R are tau

lepton flavor specific, while in the case of Qi
RL,LR LFU

violations are induced by the helicity suppression of the
leptonic current, as can be easily seen by integrating by
parts and using equations of motion.

In addition, new light invisible fermions  could mimic
the missing energy signature of SM neutrinos in the
b ! ui⌧⌫ decays. We thus also consider the lowest di-
mensional operator coupling  to SM quarks and charged
leptons and invariant under the SM gauge group [11]

Qi
 = (q̄ibR)(l̄3 R) . (9)

In the following we consider a single NP operator con-

tributing to R(⇤)

⌧/` and R⇡
⌧/` at a time and later compare

this to some explicit NP model examples.

Minimal flavor violation. The flavor structure of
QL and QLR is completely determined by our require-
ment that there are no tree level FCNCs in the down
sector. The charged currents are then proportional to the
same CKM elements as in the SM realizing the Minimal
Flavor Violation (MFV) structure [14]. The e↵ect of QL

is to rescale the SM predictions for R(⇤)

⌧/`, R⇡
⌧/` by a uni-

versal factor |1+ cL/2|2, where cL = zL(v/⇤)2. The best
fit to the three LFU ratios is obtained for |1+cL/2| ' 1.18
with a value of �2 ' 9.8 (for the SM, �2 ' 28). Both
R⌧/` and R⇤

⌧/` are then well accommodated, while the
R⇡
⌧/` tension remains above the 2� level. The e↵ective

NP scale probed is ⇤|zL|�1/2 = v|cL|�1/2 ' 0.29 TeV.
The contributions of QLR can be readily computed us-

ing results of [3, 13] yielding

R⇡,LR
⌧/` /R⇡,SM

⌧/` = 1� 0.038Re(cLR) + 3.6 10�4|cLR|2 ,

RLR

⌧/`/RSM

⌧/` = 1� 0.0076Re(cLR) + 2.6 10�5|cLR|2 ,

R⇤,LR
⌧/` /R⇤,SM

⌧/` = 1� 6.2 10�4 Re(cLR) + 1.2 10�6|cLR|2 ,

(10)

where cLR = zLR(v/⇤)4 . In the case of R⌧/` we also
need to take into account a significant experimental e�-
ciency correction due to the di↵erent kinematics induced
by theQLR operator compared toQL and the SM [1]. Ef-
fectively this amounts to multiplying the term quadratic
in cLR by a correction factor of ⇠ 1.5 (not included in
Eq. (10)). The same argument applies for the operators
Qi

RL and Q (near m = 0).
Switching on only the QLR operator the best fit point

is cLR ' �50, where �2 ' 6.2 with both R⌧/` and R⇡
⌧/`

perfectly accommodated, while a tension with the ob-
served value ofR⇤

⌧/` remains (see Fig. 1 left). Irrespective
of R⇡

⌧/`, the central measured values of R⌧/` and R⇤

⌧/`

can never be simultaneously obtained using only QLR [3].
The preferred value of cLR points to a very low e↵ective
NP scale of v|cLR|�1/4 ' 65 GeV.
The relative strength of semileptonic b ! c and b ! u

transitions generated by the Qi
R,Qi

RL or Qi
 operators is

fixed only once we explicitly specify the flavor structure.
For Qi

R and Qi
RL, MFV implies ziR,RL / mui leading to

extremely suppressed e↵ects in R⇡
⌧/`. Consequently we

do not consider these two operators within MFV. On the
other hand, in the case of Qi

 the MFV hypothesis is

satisfied by taking zi = V ib
CKM

c (⇤/v)2. The corrections

to R(⇤)

⌧/` and R⇡
⌧/` now also depend on the mass m of

the new invisible fermion  . Close to mB � mD(⇤) �
m⌧ thresholds the contributions to R(⇤)

⌧/` are suppressed
relative to the ones in R⇡

⌧/`. Varying both c and m the

best fit of �2 = 7.9 is reached for c ' 0.54 and m = 0
(see Fig. 1 right). Significant tensions between the three
observables remain.
Generic flavor structures. In the presence of

more general flavor violation the NP contributions to
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i, j are generational indices. We work in the down quark
mass basis, qi = (V ji⇤

CKMuL,j , dL,i)T , and charged lepton

mass basis, li = (V ji⇤
PMNS⌫L,j , eL,i)T . Our requirement

that there are no down-type tree-level FCNCs means that
we impose flavor alignment in the down sector for oper-
ators QL,QLR and Qi

RL. In this way we get rid of all
tree level FCNCs due to QLR while QL and Qi

RL still
generate contributions to c ! u⌫⌫̄ and t ! c(u)⌫⌫̄ tran-
sitions. The first process is typically obscured by SM tree
level contributions (i.e. D ! (⌧ ! ⇡⌫)⌫̄ [11]), while the
second will induce an interesting monotop signature at
the LHC [12].

Other di  8 operators can either be reduced to
the above using equations of motion, or have vanishing
h0| Qi |Bi hadronic matrix elements and thus cannot af-
fect R⇡

⌧/` (e.g., Q̄i�µ⌫⌧
aHbR). Note that Qi

L,R are tau

lepton flavor specific, while in the case of Qi
RL,LR LFU

violations are induced by the helicity suppression of the
leptonic current, as can be easily seen by integrating by
parts and using equations of motion.

In addition, new light invisible fermions  could mimic
the missing energy signature of SM neutrinos in the
b ! ui⌧⌫ decays. We thus also consider the lowest di-
mensional operator coupling  to SM quarks and charged
leptons and invariant under the SM gauge group [11]

Qi
 = (q̄ibR)(l̄3 R) . (9)

In the following we consider a single NP operator con-

tributing to R(⇤)

⌧/` and R⇡
⌧/` at a time and later compare

this to some explicit NP model examples.

Minimal flavor violation. The flavor structure of
QL and QLR is completely determined by our require-
ment that there are no tree level FCNCs in the down
sector. The charged currents are then proportional to the
same CKM elements as in the SM realizing the Minimal
Flavor Violation (MFV) structure [14]. The e↵ect of QL

is to rescale the SM predictions for R(⇤)

⌧/`, R⇡
⌧/` by a uni-

versal factor |1+ cL/2|2, where cL = zL(v/⇤)2. The best
fit to the three LFU ratios is obtained for |1+cL/2| ' 1.18
with a value of �2 ' 9.8 (for the SM, �2 ' 28). Both
R⌧/` and R⇤

⌧/` are then well accommodated, while the
R⇡
⌧/` tension remains above the 2� level. The e↵ective

NP scale probed is ⇤|zL|�1/2 = v|cL|�1/2 ' 0.29 TeV.
The contributions of QLR can be readily computed us-

ing results of [3, 13] yielding
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where cLR = zLR(v/⇤)4 . In the case of R⌧/` we also
need to take into account a significant experimental e�-
ciency correction due to the di↵erent kinematics induced
by theQLR operator compared toQL and the SM [1]. Ef-
fectively this amounts to multiplying the term quadratic
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⌧/`, the central measured values of R⌧/` and R⇤
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can never be simultaneously obtained using only QLR [3].
The preferred value of cLR points to a very low e↵ective
NP scale of v|cLR|�1/4 ' 65 GeV.
The relative strength of semileptonic b ! c and b ! u

transitions generated by the Qi
R,Qi

RL or Qi
 operators is

fixed only once we explicitly specify the flavor structure.
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R and Qi
RL, MFV implies ziR,RL / mui leading to

extremely suppressed e↵ects in R⇡
⌧/`. Consequently we

do not consider these two operators within MFV. On the
other hand, in the case of Qi
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satisfied by taking zi = V ib
CKM

c (⇤/v)2. The corrections

to R(⇤)

⌧/` and R⇡
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m⌧ thresholds the contributions to R(⇤)

⌧/` are suppressed
relative to the ones in R⇡
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H⇤ and
i, j are generational indices. We work in the down quark
mass basis, qi = (V ji⇤

CKMuL,j , dL,i)T , and charged lepton

mass basis, li = (V ji⇤
PMNS⌫L,j , eL,i)T . Our requirement

that there are no down-type tree-level FCNCs means that
we impose flavor alignment in the down sector for oper-
ators QL,QLR and Qi

RL. In this way we get rid of all
tree level FCNCs due to QLR while QL and Qi

RL still
generate contributions to c ! u⌫⌫̄ and t ! c(u)⌫⌫̄ tran-
sitions. The first process is typically obscured by SM tree
level contributions (i.e. D ! (⌧ ! ⇡⌫)⌫̄ [11]), while the
second will induce an interesting monotop signature at
the LHC [12].

Other di  8 operators can either be reduced to
the above using equations of motion, or have vanishing
h0| Qi |Bi hadronic matrix elements and thus cannot af-
fect R⇡

⌧/` (e.g., Q̄i�µ⌫⌧
aHbR). Note that Qi

L,R are tau

lepton flavor specific, while in the case of Qi
RL,LR LFU

violations are induced by the helicity suppression of the
leptonic current, as can be easily seen by integrating by
parts and using equations of motion.

In addition, new light invisible fermions  could mimic
the missing energy signature of SM neutrinos in the
b ! ui⌧⌫ decays. We thus also consider the lowest di-
mensional operator coupling  to SM quarks and charged
leptons and invariant under the SM gauge group [11]

Qi
 = (q̄ibR)(l̄3 R) . (9)

In the following we consider a single NP operator con-

tributing to R(⇤)

⌧/` and R⇡
⌧/` at a time and later compare

this to some explicit NP model examples.

Minimal flavor violation. The flavor structure of
QL and QLR is completely determined by our require-
ment that there are no tree level FCNCs in the down
sector. The charged currents are then proportional to the
same CKM elements as in the SM realizing the Minimal
Flavor Violation (MFV) structure [14]. The e↵ect of QL

is to rescale the SM predictions for R(⇤)

⌧/`, R⇡
⌧/` by a uni-

versal factor |1+ cL/2|2, where cL = zL(v/⇤)2. The best
fit to the three LFU ratios is obtained for |1+cL/2| ' 1.18
with a value of �2 ' 9.8 (for the SM, �2 ' 28). Both
R⌧/` and R⇤

⌧/` are then well accommodated, while the
R⇡
⌧/` tension remains above the 2� level. The e↵ective

NP scale probed is ⇤|zL|�1/2 = v|cL|�1/2 ' 0.29 TeV.
The contributions of QLR can be readily computed us-

ing results of [3, 13] yielding

R⇡,LR
⌧/` /R⇡,SM

⌧/` = 1� 0.038Re(cLR) + 3.6 10�4|cLR|2 ,

RLR

⌧/`/RSM

⌧/` = 1� 0.0076Re(cLR) + 2.6 10�5|cLR|2 ,

R⇤,LR
⌧/` /R⇤,SM

⌧/` = 1� 6.2 10�4 Re(cLR) + 1.2 10�6|cLR|2 ,

(10)

where cLR = zLR(v/⇤)4 . In the case of R⌧/` we also
need to take into account a significant experimental e�-
ciency correction due to the di↵erent kinematics induced
by theQLR operator compared toQL and the SM [1]. Ef-
fectively this amounts to multiplying the term quadratic
in cLR by a correction factor of ⇠ 1.5 (not included in
Eq. (10)). The same argument applies for the operators
Qi

RL and Q (near m = 0).
Switching on only the QLR operator the best fit point

is cLR ' �50, where �2 ' 6.2 with both R⌧/` and R⇡
⌧/`

perfectly accommodated, while a tension with the ob-
served value ofR⇤

⌧/` remains (see Fig. 1 left). Irrespective
of R⇡

⌧/`, the central measured values of R⌧/` and R⇤

⌧/`

can never be simultaneously obtained using only QLR [3].
The preferred value of cLR points to a very low e↵ective
NP scale of v|cLR|�1/4 ' 65 GeV.
The relative strength of semileptonic b ! c and b ! u

transitions generated by the Qi
R,Qi

RL or Qi
 operators is

fixed only once we explicitly specify the flavor structure.
For Qi

R and Qi
RL, MFV implies ziR,RL / mui leading to

extremely suppressed e↵ects in R⇡
⌧/`. Consequently we

do not consider these two operators within MFV. On the
other hand, in the case of Qi

 the MFV hypothesis is

satisfied by taking zi = V ib
CKM

c (⇤/v)2. The corrections

to R(⇤)

⌧/` and R⇡
⌧/` now also depend on the mass m of

the new invisible fermion  . Close to mB � mD(⇤) �
m⌧ thresholds the contributions to R(⇤)

⌧/` are suppressed
relative to the ones in R⇡

⌧/`. Varying both c and m the

best fit of �2 = 7.9 is reached for c ' 0.54 and m = 0
(see Fig. 1 right). Significant tensions between the three
observables remain.
Generic flavor structures. In the presence of

more general flavor violation the NP contributions to
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Figure 1: Preferred 1� (darker green) and 2� (lighter yellow) pa-

rameter regions for e↵ective operators QLR (left plot, dependence

on complex cLR Wilson coe�cient) and MFV Qi
 (right plot, de-

pendence on  mass and modulus of the universal Wilson coe�-

cient, |c |). The 1� constraints from R⌧/`, R⇤

⌧/` and R⇡
⌧/` are

drawn in full black, dashed purple and dotted red contours, respec-

tively. The best fit points are marked with an asterisk.
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New physics interpretation

• General requirements in EFT:

• no tree-level down quark / charged lepton FCNCs

• no LFU violations in pion, kaon sectors
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Present measurements of b ! c⌧⌫ and b ! u⌧⌫ transitions di↵er from the standard model pre-
dictions of lepton flavor universality by combined 4.6�, if gaussian errors are assumed. We examine
new physics interpretations of this anomaly. An e↵ective field theory analysis shows that mini-
mal flavor violating models are disfavored as an explanation. Allowing for general flavor violation,
right-right vector and right-left scalar quark currents are identified as viable candidates. We discuss
explicit examples of two Higgs doublet models, leptoquarks as well as quark and lepton composite-
ness. Finally, implications for LHC searches and future measurements at the (super)B-factories are
presented.

Introduction. The BaBar collaboration recently
reported measurements of semileptonic B ! D(⇤)⌧⌫
branching fractions normalized to the corresponding
B ! D(⇤)`⌫ modes (with ` = e, µ) [1]

R⇤

⌧/` ⌘ B(B!D⇤⌧⌫)
B(B!D⇤`⌫) = 0.332± 0.030 , (1)

R⌧/` ⌘ B(B!D⌧⌫)
B(B!D`⌫) = 0.440± 0.072 , (2)

where the statistical and systematic errors have been
combined in quadrature. The two ratios, R⇤

⌧/` and

R⌧/`, are excellent probes of new physics (NP), since
the dependence of the standard model (SM) predictions
on the hadronic form factors cancels to a large extent.
Both values in Eqs. (1), (2) are consistent with previ-
ous measurements [2], but are also significantly larger
(at 3.4� significance when combined) than the SM values
R⇤,SM

⌧/` = 0.252(3) andRSM

⌧/` = 0.296(16) [3]. If confirmed,
this would signal a violation of lepton flavor universality
(LFU) in semileptonic b ! c transitions at the O(30%)
level.

Intriguingly, there are also hints of LFU violations
in semileptonic b ! u transitions. The measured lep-
tonic B ! ⌧⌫ branching fraction B(B� ! ⌧�⌫̄) =
(16.8 ± 3.1) ⇥ 10�5[4, 5], deviates significantly from its
SM prediction with Vub CKM element taken from the
global fit [5]. This is in contrast to the measured exclu-
sive semileptonic b ! u`⌫ transition branching fraction
B(B̄0 ! ⇡+`�⌫̄) = (14.6 ± 0.7) ⇥ 10�5 [6, 7], which is
consistent with the CKM unitarity predictions [8]. One
can get rid of Vub dependence by considering the ratio

R⇡
⌧/` ⌘

⌧(B0)

⌧(B�)

B(B� ! ⌧�⌫̄)

B(B̄0 ! ⇡+`�⌫̄)
= 1.07± 0.20 . (3)

The SM prediction is R⇡,SM
⌧/` = 0.31(6), where we have

used the recent Lattice QCD estimates of the relevant
B ! ⇡ form factor and the B decay constant [9]. The
measured value in Eq. (3) is more than a factor of 3
bigger – a discrepancy with 3.6� significance if gaussian
errors are assumed. (The tension between the measured

B ! ⇡`⌫ and B ! ⌧⌫ decay rates has previously been
discussed in [10].)
For latter convenience we can summarize all the three

experimental values as R⇡,exp
⌧/` /R⇡,SM

⌧/` = 3.45 ± 0.93,

Rexp

⌧/`/RSM

⌧/` = 1.49±0.26 andR⇤,exp
⌧/` /R⇤,SM

⌧/` = 1.32±0.12,
giving a combined excess of 4.6� above the SM expec-
tations. These hints of LFU violations in semileptonic
b ! c and b ! u transitions can be contrasted to the
pion and kaon sectors where LFU for all three lepton gen-
erations has been tested at the percent level and found
in excellent agreement with the SM expectations [7].
In this Letter we explore the possibility that the hints

of LFU violations in semileptonic B decays are due to
NP. We first perform a model independent analysis us-
ing e↵ective field theory (EFT), which then allows us to
identify viable NP models. Implications for other flavor
observables and LHC searches are also derived.
LFU Violations in B decays and NP. We first

study NP e↵ects in R(⇤)

⌧/` and R⇡
⌧/` using EFT. The

SM Lagrangian is supplemented with a set of higher
dimensional operators, Qi, that are generated at a NP
scale ⇤ above the electroweak symmetry breaking scale
v = (

p
2/4GF )1/2 ' 174 GeV

L = L
SM

+
X

a

za
⇤da�4

Qi + h.c. , (4)

where da are the canonical dimensions of the opera-
tors Qa, and za are the dimensionless Wilson coe�-
cients (below we will mostly use rescaled versions ca =
za(⇤/v)da�4). We also make two simplifying require-
ments that at the tree level (i) no dangerous down-type
flavor changing neutral currents (FCNCs) and (ii) no
LFU violations in the pion and kaon sectors are gener-
ated. The lowest dimensional operators that can modify

R
(⇤)

⌧/` and R⇡
⌧/` then have the following form,

QL = (q̄
3

�µ⌧
aq

3

)J µ
3,a , (5)

Qi
R = (ūR,i�µbR)(H

†⌧aH̃)J µ
3,a , (6)
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combined in quadrature. The two ratios, R⇤

⌧/` and

R⌧/`, are excellent probes of new physics (NP), since
the dependence of the standard model (SM) predictions
on the hadronic form factors cancels to a large extent.
Both values in Eqs. (1), (2) are consistent with previ-
ous measurements [2], but are also significantly larger
(at 3.4� significance when combined) than the SM values
R⇤,SM

⌧/` = 0.252(3) andRSM

⌧/` = 0.296(16) [3]. If confirmed,
this would signal a violation of lepton flavor universality
(LFU) in semileptonic b ! c transitions at the O(30%)
level.

Intriguingly, there are also hints of LFU violations
in semileptonic b ! u transitions. The measured lep-
tonic B ! ⌧⌫ branching fraction B(B� ! ⌧�⌫̄) =
(16.8 ± 3.1) ⇥ 10�5[4, 5], deviates significantly from its
SM prediction with Vub CKM element taken from the
global fit [5]. This is in contrast to the measured exclu-
sive semileptonic b ! u`⌫ transition branching fraction
B(B̄0 ! ⇡+`�⌫̄) = (14.6 ± 0.7) ⇥ 10�5 [6, 7], which is
consistent with the CKM unitarity predictions [8]. One
can get rid of Vub dependence by considering the ratio

R⇡
⌧/` ⌘

⌧(B0)

⌧(B�)

B(B� ! ⌧�⌫̄)

B(B̄0 ! ⇡+`�⌫̄)
= 1.07± 0.20 . (3)

The SM prediction is R⇡,SM
⌧/` = 0.31(6), where we have

used the recent Lattice QCD estimates of the relevant
B ! ⇡ form factor and the B decay constant [9]. The
measured value in Eq. (3) is more than a factor of 3
bigger – a discrepancy with 3.6� significance if gaussian
errors are assumed. (The tension between the measured

B ! ⇡`⌫ and B ! ⌧⌫ decay rates has previously been
discussed in [10].)
For latter convenience we can summarize all the three

experimental values as R⇡,exp
⌧/` /R⇡,SM

⌧/` = 3.45 ± 0.93,

Rexp

⌧/`/RSM

⌧/` = 1.49±0.26 andR⇤,exp
⌧/` /R⇤,SM

⌧/` = 1.32±0.12,
giving a combined excess of 4.6� above the SM expec-
tations. These hints of LFU violations in semileptonic
b ! c and b ! u transitions can be contrasted to the
pion and kaon sectors where LFU for all three lepton gen-
erations has been tested at the percent level and found
in excellent agreement with the SM expectations [7].
In this Letter we explore the possibility that the hints

of LFU violations in semileptonic B decays are due to
NP. We first perform a model independent analysis us-
ing e↵ective field theory (EFT), which then allows us to
identify viable NP models. Implications for other flavor
observables and LHC searches are also derived.
LFU Violations in B decays and NP. We first

study NP e↵ects in R(⇤)

⌧/` and R⇡
⌧/` using EFT. The

SM Lagrangian is supplemented with a set of higher
dimensional operators, Qi, that are generated at a NP
scale ⇤ above the electroweak symmetry breaking scale
v = (

p
2/4GF )1/2 ' 174 GeV

L = L
SM

+
X

a

za
⇤da�4

Qi + h.c. , (4)

where da are the canonical dimensions of the opera-
tors Qa, and za are the dimensionless Wilson coe�-
cients (below we will mostly use rescaled versions ca =
za(⇤/v)da�4). We also make two simplifying require-
ments that at the tree level (i) no dangerous down-type
flavor changing neutral currents (FCNCs) and (ii) no
LFU violations in the pion and kaon sectors are gener-
ated. The lowest dimensional operators that can modify

R
(⇤)

⌧/` and R⇡
⌧/` then have the following form,

QL = (q̄
3

�µ⌧
aq

3

)J µ
3,a , (5)

Qi
R = (ūR,i�µbR)(H

†⌧aH̃)J µ
3,a , (6)
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Figure 1: Preferred 1� (darker green) and 2� (lighter yellow) pa-

rameter regions for e↵ective operators QLR (left plot, dependence

on complex cLR Wilson coe�cient) and MFV Qi
 (right plot, de-

pendence on  mass and modulus of the universal Wilson coe�-

cient, |c |). The 1� constraints from R⌧/`, R⇤

⌧/` and R⇡
⌧/` are

drawn in full black, dashed purple and dotted red contours, respec-

tively. The best fit points are marked with an asterisk.

QLR = i@µ(q̄3⌧
aHbR)

X

j

J µ
j,a , (7)

Qi
RL = i@µ(ūR,iH̃

†⌧aq
3

)
X

j

J µ
j,a , (8)

where ⌧a = �a/2, J µ
j,a = (l̄j�µ⌧alj), H̃ ⌘ i�

2

H⇤ and
i, j are generational indices. We work in the down quark
mass basis, qi = (V ji⇤

CKMuL,j , dL,i)T , and charged lepton

mass basis, li = (V ji⇤
PMNS⌫L,j , eL,i)T . Our requirement

that there are no down-type tree-level FCNCs means that
we impose flavor alignment in the down sector for oper-
ators QL,QLR and Qi

RL. In this way we get rid of all
tree level FCNCs due to QLR while QL and Qi

RL still
generate contributions to c ! u⌫⌫̄ and t ! c(u)⌫⌫̄ tran-
sitions. The first process is typically obscured by SM tree
level contributions (i.e. D ! (⌧ ! ⇡⌫)⌫̄ [11]), while the
second will induce an interesting monotop signature at
the LHC [12].

Other di  8 operators can either be reduced to
the above using equations of motion, or have vanishing
h0| Qi |Bi hadronic matrix elements and thus cannot af-
fect R⇡

⌧/` (e.g., Q̄i�µ⌫⌧
aHbR). Note that Qi

L,R are tau

lepton flavor specific, while in the case of Qi
RL,LR LFU

violations are induced by the helicity suppression of the
leptonic current, as can be easily seen by integrating by
parts and using equations of motion.

In addition, new light invisible fermions  could mimic
the missing energy signature of SM neutrinos in the
b ! ui⌧⌫ decays. We thus also consider the lowest di-
mensional operator coupling  to SM quarks and charged
leptons and invariant under the SM gauge group [11]

Qi
 = (q̄ibR)(l̄3 R) . (9)

In the following we consider a single NP operator con-

tributing to R(⇤)

⌧/` and R⇡
⌧/` at a time and later compare

this to some explicit NP model examples.

Minimal flavor violation. The flavor structure of
QL and QLR is completely determined by our require-
ment that there are no tree level FCNCs in the down
sector. The charged currents are then proportional to the
same CKM elements as in the SM realizing the Minimal
Flavor Violation (MFV) structure [14]. The e↵ect of QL

is to rescale the SM predictions for R(⇤)

⌧/`, R⇡
⌧/` by a uni-

versal factor |1+ cL/2|2, where cL = zL(v/⇤)2. The best
fit to the three LFU ratios is obtained for |1+cL/2| ' 1.18
with a value of �2 ' 9.8 (for the SM, �2 ' 28). Both
R⌧/` and R⇤

⌧/` are then well accommodated, while the
R⇡
⌧/` tension remains above the 2� level. The e↵ective

NP scale probed is ⇤|zL|�1/2 = v|cL|�1/2 ' 0.29 TeV.
The contributions of QLR can be readily computed us-

ing results of [3, 13] yielding

R⇡,LR
⌧/` /R⇡,SM

⌧/` = 1� 0.038Re(cLR) + 3.6 10�4|cLR|2 ,

RLR

⌧/`/RSM

⌧/` = 1� 0.0076Re(cLR) + 2.6 10�5|cLR|2 ,

R⇤,LR
⌧/` /R⇤,SM

⌧/` = 1� 6.2 10�4 Re(cLR) + 1.2 10�6|cLR|2 ,

(10)

where cLR = zLR(v/⇤)4 . In the case of R⌧/` we also
need to take into account a significant experimental e�-
ciency correction due to the di↵erent kinematics induced
by theQLR operator compared toQL and the SM [1]. Ef-
fectively this amounts to multiplying the term quadratic
in cLR by a correction factor of ⇠ 1.5 (not included in
Eq. (10)). The same argument applies for the operators
Qi

RL and Q (near m = 0).
Switching on only the QLR operator the best fit point

is cLR ' �50, where �2 ' 6.2 with both R⌧/` and R⇡
⌧/`

perfectly accommodated, while a tension with the ob-
served value ofR⇤

⌧/` remains (see Fig. 1 left). Irrespective
of R⇡

⌧/`, the central measured values of R⌧/` and R⇤

⌧/`

can never be simultaneously obtained using only QLR [3].
The preferred value of cLR points to a very low e↵ective
NP scale of v|cLR|�1/4 ' 65 GeV.
The relative strength of semileptonic b ! c and b ! u

transitions generated by the Qi
R,Qi

RL or Qi
 operators is

fixed only once we explicitly specify the flavor structure.
For Qi

R and Qi
RL, MFV implies ziR,RL / mui leading to

extremely suppressed e↵ects in R⇡
⌧/`. Consequently we

do not consider these two operators within MFV. On the
other hand, in the case of Qi

 the MFV hypothesis is

satisfied by taking zi = V ib
CKM

c (⇤/v)2. The corrections

to R(⇤)

⌧/` and R⇡
⌧/` now also depend on the mass m of

the new invisible fermion  . Close to mB � mD(⇤) �
m⌧ thresholds the contributions to R(⇤)

⌧/` are suppressed
relative to the ones in R⇡

⌧/`. Varying both c and m the

best fit of �2 = 7.9 is reached for c ' 0.54 and m = 0
(see Fig. 1 right). Significant tensions between the three
observables remain.
Generic flavor structures. In the presence of

more general flavor violation the NP contributions to
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QLR = i@µ(q̄3⌧
aHbR)

X

j

J µ
j,a , (7)

Qi
RL = i@µ(ūR,iH̃

†⌧aq
3

)
X

j

J µ
j,a , (8)

where ⌧a = �a/2, J µ
j,a = (l̄j�µ⌧alj), H̃ ⌘ i�

2

H⇤ and
i, j are generational indices. We work in the down quark
mass basis, qi = (V ji⇤

CKMuL,j , dL,i)T , and charged lepton

mass basis, li = (V ji⇤
PMNS⌫L,j , eL,i)T . Our requirement

that there are no down-type tree-level FCNCs means that
we impose flavor alignment in the down sector for oper-
ators QL,QLR and Qi

RL. In this way we get rid of all
tree level FCNCs due to QLR while QL and Qi

RL still
generate contributions to c ! u⌫⌫̄ and t ! c(u)⌫⌫̄ tran-
sitions. The first process is typically obscured by SM tree
level contributions (i.e. D ! (⌧ ! ⇡⌫)⌫̄ [11]), while the
second will induce an interesting monotop signature at
the LHC [12].

Other di  8 operators can either be reduced to
the above using equations of motion, or have vanishing
h0| Qi |Bi hadronic matrix elements and thus cannot af-
fect R⇡

⌧/` (e.g., Q̄i�µ⌫⌧
aHbR). Note that Qi

L,R are tau

lepton flavor specific, while in the case of Qi
RL,LR LFU

violations are induced by the helicity suppression of the
leptonic current, as can be easily seen by integrating by
parts and using equations of motion.

In addition, new light invisible fermions  could mimic
the missing energy signature of SM neutrinos in the
b ! ui⌧⌫ decays. We thus also consider the lowest di-
mensional operator coupling  to SM quarks and charged
leptons and invariant under the SM gauge group [11]

Qi
 = (q̄ibR)(l̄3 R) . (9)

In the following we consider a single NP operator con-

tributing to R(⇤)

⌧/` and R⇡
⌧/` at a time and later compare

this to some explicit NP model examples.

Minimal flavor violation. The flavor structure of
QL and QLR is completely determined by our require-
ment that there are no tree level FCNCs in the down
sector. The charged currents are then proportional to the
same CKM elements as in the SM realizing the Minimal
Flavor Violation (MFV) structure [14]. The e↵ect of QL

is to rescale the SM predictions for R(⇤)

⌧/`, R⇡
⌧/` by a uni-

versal factor |1+ cL/2|2, where cL = zL(v/⇤)2. The best
fit to the three LFU ratios is obtained for |1+cL/2| ' 1.18
with a value of �2 ' 9.8 (for the SM, �2 ' 28). Both
R⌧/` and R⇤

⌧/` are then well accommodated, while the
R⇡
⌧/` tension remains above the 2� level. The e↵ective

NP scale probed is ⇤|zL|�1/2 = v|cL|�1/2 ' 0.29 TeV.
The contributions of QLR can be readily computed us-

ing results of [3, 13] yielding

R⇡,LR
⌧/` /R⇡,SM

⌧/` = 1� 0.038Re(cLR) + 3.6 10�4|cLR|2 ,

RLR

⌧/`/RSM

⌧/` = 1� 0.0076Re(cLR) + 2.6 10�5|cLR|2 ,

R⇤,LR
⌧/` /R⇤,SM

⌧/` = 1� 6.2 10�4 Re(cLR) + 1.2 10�6|cLR|2 ,

(10)

where cLR = zLR(v/⇤)4 . In the case of R⌧/` we also
need to take into account a significant experimental e�-
ciency correction due to the di↵erent kinematics induced
by theQLR operator compared toQL and the SM [1]. Ef-
fectively this amounts to multiplying the term quadratic
in cLR by a correction factor of ⇠ 1.5 (not included in
Eq. (10)). The same argument applies for the operators
Qi

RL and Q (near m = 0).
Switching on only the QLR operator the best fit point

is cLR ' �50, where �2 ' 6.2 with both R⌧/` and R⇡
⌧/`

perfectly accommodated, while a tension with the ob-
served value ofR⇤

⌧/` remains (see Fig. 1 left). Irrespective
of R⇡

⌧/`, the central measured values of R⌧/` and R⇤

⌧/`

can never be simultaneously obtained using only QLR [3].
The preferred value of cLR points to a very low e↵ective
NP scale of v|cLR|�1/4 ' 65 GeV.
The relative strength of semileptonic b ! c and b ! u

transitions generated by the Qi
R,Qi

RL or Qi
 operators is

fixed only once we explicitly specify the flavor structure.
For Qi

R and Qi
RL, MFV implies ziR,RL / mui leading to

extremely suppressed e↵ects in R⇡
⌧/`. Consequently we

do not consider these two operators within MFV. On the
other hand, in the case of Qi

 the MFV hypothesis is

satisfied by taking zi = V ib
CKM

c (⇤/v)2. The corrections

to R(⇤)

⌧/` and R⇡
⌧/` now also depend on the mass m of

the new invisible fermion  . Close to mB � mD(⇤) �
m⌧ thresholds the contributions to R(⇤)

⌧/` are suppressed
relative to the ones in R⇡

⌧/`. Varying both c and m the

best fit of �2 = 7.9 is reached for c ' 0.54 and m = 0
(see Fig. 1 right). Significant tensions between the three
observables remain.
Generic flavor structures. In the presence of

more general flavor violation the NP contributions to
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aHbR)
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J µ
j,a , (7)

Qi
RL = i@µ(ūR,iH̃
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J µ
j,a , (8)

where ⌧a = �a/2, J µ
j,a = (l̄j�µ⌧alj), H̃ ⌘ i�
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H⇤ and
i, j are generational indices. We work in the down quark
mass basis, qi = (V ji⇤

CKMuL,j , dL,i)T , and charged lepton

mass basis, li = (V ji⇤
PMNS⌫L,j , eL,i)T . Our requirement

that there are no down-type tree-level FCNCs means that
we impose flavor alignment in the down sector for oper-
ators QL,QLR and Qi

RL. In this way we get rid of all
tree level FCNCs due to QLR while QL and Qi

RL still
generate contributions to c ! u⌫⌫̄ and t ! c(u)⌫⌫̄ tran-
sitions. The first process is typically obscured by SM tree
level contributions (i.e. D ! (⌧ ! ⇡⌫)⌫̄ [11]), while the
second will induce an interesting monotop signature at
the LHC [12].

Other di  8 operators can either be reduced to
the above using equations of motion, or have vanishing
h0| Qi |Bi hadronic matrix elements and thus cannot af-
fect R⇡

⌧/` (e.g., Q̄i�µ⌫⌧
aHbR). Note that Qi

L,R are tau

lepton flavor specific, while in the case of Qi
RL,LR LFU

violations are induced by the helicity suppression of the
leptonic current, as can be easily seen by integrating by
parts and using equations of motion.

In addition, new light invisible fermions  could mimic
the missing energy signature of SM neutrinos in the
b ! ui⌧⌫ decays. We thus also consider the lowest di-
mensional operator coupling  to SM quarks and charged
leptons and invariant under the SM gauge group [11]

Qi
 = (q̄ibR)(l̄3 R) . (9)

In the following we consider a single NP operator con-

tributing to R(⇤)

⌧/` and R⇡
⌧/` at a time and later compare

this to some explicit NP model examples.

Minimal flavor violation. The flavor structure of
QL and QLR is completely determined by our require-
ment that there are no tree level FCNCs in the down
sector. The charged currents are then proportional to the
same CKM elements as in the SM realizing the Minimal
Flavor Violation (MFV) structure [14]. The e↵ect of QL

is to rescale the SM predictions for R(⇤)

⌧/`, R⇡
⌧/` by a uni-

versal factor |1+ cL/2|2, where cL = zL(v/⇤)2. The best
fit to the three LFU ratios is obtained for |1+cL/2| ' 1.18
with a value of �2 ' 9.8 (for the SM, �2 ' 28). Both
R⌧/` and R⇤

⌧/` are then well accommodated, while the
R⇡
⌧/` tension remains above the 2� level. The e↵ective

NP scale probed is ⇤|zL|�1/2 = v|cL|�1/2 ' 0.29 TeV.
The contributions of QLR can be readily computed us-

ing results of [3, 13] yielding

R⇡,LR
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⌧/` = 1� 0.038Re(cLR) + 3.6 10�4|cLR|2 ,
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⌧/`/RSM

⌧/` = 1� 0.0076Re(cLR) + 2.6 10�5|cLR|2 ,

R⇤,LR
⌧/` /R⇤,SM

⌧/` = 1� 6.2 10�4 Re(cLR) + 1.2 10�6|cLR|2 ,

(10)

where cLR = zLR(v/⇤)4 . In the case of R⌧/` we also
need to take into account a significant experimental e�-
ciency correction due to the di↵erent kinematics induced
by theQLR operator compared toQL and the SM [1]. Ef-
fectively this amounts to multiplying the term quadratic
in cLR by a correction factor of ⇠ 1.5 (not included in
Eq. (10)). The same argument applies for the operators
Qi

RL and Q (near m = 0).
Switching on only the QLR operator the best fit point

is cLR ' �50, where �2 ' 6.2 with both R⌧/` and R⇡
⌧/`

perfectly accommodated, while a tension with the ob-
served value ofR⇤

⌧/` remains (see Fig. 1 left). Irrespective
of R⇡

⌧/`, the central measured values of R⌧/` and R⇤

⌧/`

can never be simultaneously obtained using only QLR [3].
The preferred value of cLR points to a very low e↵ective
NP scale of v|cLR|�1/4 ' 65 GeV.
The relative strength of semileptonic b ! c and b ! u

transitions generated by the Qi
R,Qi

RL or Qi
 operators is

fixed only once we explicitly specify the flavor structure.
For Qi

R and Qi
RL, MFV implies ziR,RL / mui leading to

extremely suppressed e↵ects in R⇡
⌧/`. Consequently we

do not consider these two operators within MFV. On the
other hand, in the case of Qi

 the MFV hypothesis is

satisfied by taking zi = V ib
CKM
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⌧/` and R⇡
⌧/` now also depend on the mass m of

the new invisible fermion  . Close to mB � mD(⇤) �
m⌧ thresholds the contributions to R(⇤)

⌧/` are suppressed
relative to the ones in R⇡

⌧/`. Varying both c and m the

best fit of �2 = 7.9 is reached for c ' 0.54 and m = 0
(see Fig. 1 right). Significant tensions between the three
observables remain.
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more general flavor violation the NP contributions to

Fajfer, J.F.K., Nisandzic & Zupan, 1206.1872

http://de.arxiv.org/abs/1206.1872
http://de.arxiv.org/abs/1206.1872


New physics interpretation

• General requirements in EFT:

• no tree-level down quark / charged lepton FCNCs

• no LFU violations in pion, kaon sectors
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Present measurements of b ! c⌧⌫ and b ! u⌧⌫ transitions di↵er from the standard model pre-
dictions of lepton flavor universality by combined 4.6�, if gaussian errors are assumed. We examine
new physics interpretations of this anomaly. An e↵ective field theory analysis shows that mini-
mal flavor violating models are disfavored as an explanation. Allowing for general flavor violation,
right-right vector and right-left scalar quark currents are identified as viable candidates. We discuss
explicit examples of two Higgs doublet models, leptoquarks as well as quark and lepton composite-
ness. Finally, implications for LHC searches and future measurements at the (super)B-factories are
presented.

Introduction. The BaBar collaboration recently
reported measurements of semileptonic B ! D(⇤)⌧⌫
branching fractions normalized to the corresponding
B ! D(⇤)`⌫ modes (with ` = e, µ) [1]

R⇤

⌧/` ⌘ B(B!D⇤⌧⌫)
B(B!D⇤`⌫) = 0.332± 0.030 , (1)

R⌧/` ⌘ B(B!D⌧⌫)
B(B!D`⌫) = 0.440± 0.072 , (2)

where the statistical and systematic errors have been
combined in quadrature. The two ratios, R⇤

⌧/` and

R⌧/`, are excellent probes of new physics (NP), since
the dependence of the standard model (SM) predictions
on the hadronic form factors cancels to a large extent.
Both values in Eqs. (1), (2) are consistent with previ-
ous measurements [2], but are also significantly larger
(at 3.4� significance when combined) than the SM values
R⇤,SM

⌧/` = 0.252(3) andRSM

⌧/` = 0.296(16) [3]. If confirmed,
this would signal a violation of lepton flavor universality
(LFU) in semileptonic b ! c transitions at the O(30%)
level.

Intriguingly, there are also hints of LFU violations
in semileptonic b ! u transitions. The measured lep-
tonic B ! ⌧⌫ branching fraction B(B� ! ⌧�⌫̄) =
(16.8 ± 3.1) ⇥ 10�5[4, 5], deviates significantly from its
SM prediction with Vub CKM element taken from the
global fit [5]. This is in contrast to the measured exclu-
sive semileptonic b ! u`⌫ transition branching fraction
B(B̄0 ! ⇡+`�⌫̄) = (14.6 ± 0.7) ⇥ 10�5 [6, 7], which is
consistent with the CKM unitarity predictions [8]. One
can get rid of Vub dependence by considering the ratio

R⇡
⌧/` ⌘

⌧(B0)

⌧(B�)

B(B� ! ⌧�⌫̄)

B(B̄0 ! ⇡+`�⌫̄)
= 1.07± 0.20 . (3)

The SM prediction is R⇡,SM
⌧/` = 0.31(6), where we have

used the recent Lattice QCD estimates of the relevant
B ! ⇡ form factor and the B decay constant [9]. The
measured value in Eq. (3) is more than a factor of 3
bigger – a discrepancy with 3.6� significance if gaussian
errors are assumed. (The tension between the measured

B ! ⇡`⌫ and B ! ⌧⌫ decay rates has previously been
discussed in [10].)
For latter convenience we can summarize all the three

experimental values as R⇡,exp
⌧/` /R⇡,SM

⌧/` = 3.45 ± 0.93,

Rexp

⌧/`/RSM

⌧/` = 1.49±0.26 andR⇤,exp
⌧/` /R⇤,SM

⌧/` = 1.32±0.12,
giving a combined excess of 4.6� above the SM expec-
tations. These hints of LFU violations in semileptonic
b ! c and b ! u transitions can be contrasted to the
pion and kaon sectors where LFU for all three lepton gen-
erations has been tested at the percent level and found
in excellent agreement with the SM expectations [7].
In this Letter we explore the possibility that the hints

of LFU violations in semileptonic B decays are due to
NP. We first perform a model independent analysis us-
ing e↵ective field theory (EFT), which then allows us to
identify viable NP models. Implications for other flavor
observables and LHC searches are also derived.
LFU Violations in B decays and NP. We first

study NP e↵ects in R(⇤)

⌧/` and R⇡
⌧/` using EFT. The

SM Lagrangian is supplemented with a set of higher
dimensional operators, Qi, that are generated at a NP
scale ⇤ above the electroweak symmetry breaking scale
v = (

p
2/4GF )1/2 ' 174 GeV

L = L
SM

+
X

a

za
⇤da�4

Qi + h.c. , (4)

where da are the canonical dimensions of the opera-
tors Qa, and za are the dimensionless Wilson coe�-
cients (below we will mostly use rescaled versions ca =
za(⇤/v)da�4). We also make two simplifying require-
ments that at the tree level (i) no dangerous down-type
flavor changing neutral currents (FCNCs) and (ii) no
LFU violations in the pion and kaon sectors are gener-
ated. The lowest dimensional operators that can modify

R
(⇤)

⌧/` and R⇡
⌧/` then have the following form,

QL = (q̄
3

�µ⌧
aq

3

)J µ
3,a , (5)

Qi
R = (ūR,i�µbR)(H

†⌧aH̃)J µ
3,a , (6)
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1Jožef Stefan Institute, Jamova 39, 1000 Ljubljana, Slovenia
2Faculty of Mathematics and Physics, University of Ljubljana, Jadranska 19, 1000 Ljubljana, Slovenia

3Department of Physics, University of Cincinnati, Cincinnati, Ohio 45221,USA
(Dated: June 12, 2012)

Present measurements of b ! c⌧⌫ and b ! u⌧⌫ transitions di↵er from the standard model pre-
dictions of lepton flavor universality by combined 4.6�, if gaussian errors are assumed. We examine
new physics interpretations of this anomaly. An e↵ective field theory analysis shows that mini-
mal flavor violating models are disfavored as an explanation. Allowing for general flavor violation,
right-right vector and right-left scalar quark currents are identified as viable candidates. We discuss
explicit examples of two Higgs doublet models, leptoquarks as well as quark and lepton composite-
ness. Finally, implications for LHC searches and future measurements at the (super)B-factories are
presented.
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B(B!D`⌫) = 0.440± 0.072 , (2)

where the statistical and systematic errors have been
combined in quadrature. The two ratios, R⇤

⌧/` and

R⌧/`, are excellent probes of new physics (NP), since
the dependence of the standard model (SM) predictions
on the hadronic form factors cancels to a large extent.
Both values in Eqs. (1), (2) are consistent with previ-
ous measurements [2], but are also significantly larger
(at 3.4� significance when combined) than the SM values
R⇤,SM

⌧/` = 0.252(3) andRSM

⌧/` = 0.296(16) [3]. If confirmed,
this would signal a violation of lepton flavor universality
(LFU) in semileptonic b ! c transitions at the O(30%)
level.

Intriguingly, there are also hints of LFU violations
in semileptonic b ! u transitions. The measured lep-
tonic B ! ⌧⌫ branching fraction B(B� ! ⌧�⌫̄) =
(16.8 ± 3.1) ⇥ 10�5[4, 5], deviates significantly from its
SM prediction with Vub CKM element taken from the
global fit [5]. This is in contrast to the measured exclu-
sive semileptonic b ! u`⌫ transition branching fraction
B(B̄0 ! ⇡+`�⌫̄) = (14.6 ± 0.7) ⇥ 10�5 [6, 7], which is
consistent with the CKM unitarity predictions [8]. One
can get rid of Vub dependence by considering the ratio
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B(B̄0 ! ⇡+`�⌫̄)
= 1.07± 0.20 . (3)

The SM prediction is R⇡,SM
⌧/` = 0.31(6), where we have

used the recent Lattice QCD estimates of the relevant
B ! ⇡ form factor and the B decay constant [9]. The
measured value in Eq. (3) is more than a factor of 3
bigger – a discrepancy with 3.6� significance if gaussian
errors are assumed. (The tension between the measured

B ! ⇡`⌫ and B ! ⌧⌫ decay rates has previously been
discussed in [10].)
For latter convenience we can summarize all the three

experimental values as R⇡,exp
⌧/` /R⇡,SM

⌧/` = 3.45 ± 0.93,

Rexp

⌧/`/RSM

⌧/` = 1.49±0.26 andR⇤,exp
⌧/` /R⇤,SM

⌧/` = 1.32±0.12,
giving a combined excess of 4.6� above the SM expec-
tations. These hints of LFU violations in semileptonic
b ! c and b ! u transitions can be contrasted to the
pion and kaon sectors where LFU for all three lepton gen-
erations has been tested at the percent level and found
in excellent agreement with the SM expectations [7].
In this Letter we explore the possibility that the hints

of LFU violations in semileptonic B decays are due to
NP. We first perform a model independent analysis us-
ing e↵ective field theory (EFT), which then allows us to
identify viable NP models. Implications for other flavor
observables and LHC searches are also derived.
LFU Violations in B decays and NP. We first

study NP e↵ects in R(⇤)

⌧/` and R⇡
⌧/` using EFT. The

SM Lagrangian is supplemented with a set of higher
dimensional operators, Qi, that are generated at a NP
scale ⇤ above the electroweak symmetry breaking scale
v = (

p
2/4GF )1/2 ' 174 GeV

L = L
SM

+
X

a

za
⇤da�4

Qi + h.c. , (4)

where da are the canonical dimensions of the opera-
tors Qa, and za are the dimensionless Wilson coe�-
cients (below we will mostly use rescaled versions ca =
za(⇤/v)da�4). We also make two simplifying require-
ments that at the tree level (i) no dangerous down-type
flavor changing neutral currents (FCNCs) and (ii) no
LFU violations in the pion and kaon sectors are gener-
ated. The lowest dimensional operators that can modify
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⌧/` and R⇡
⌧/` then have the following form,
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Figure 1: Preferred 1� (darker green) and 2� (lighter yellow) pa-

rameter regions for e↵ective operators QLR (left plot, dependence

on complex cLR Wilson coe�cient) and MFV Qi
 (right plot, de-

pendence on  mass and modulus of the universal Wilson coe�-

cient, |c |). The 1� constraints from R⌧/`, R⇤

⌧/` and R⇡
⌧/` are

drawn in full black, dashed purple and dotted red contours, respec-

tively. The best fit points are marked with an asterisk.

QLR = i@µ(q̄3⌧
aHbR)

X

j

J µ
j,a , (7)

Qi
RL = i@µ(ūR,iH̃

†⌧aq
3

)
X

j

J µ
j,a , (8)

where ⌧a = �a/2, J µ
j,a = (l̄j�µ⌧alj), H̃ ⌘ i�

2

H⇤ and
i, j are generational indices. We work in the down quark
mass basis, qi = (V ji⇤

CKMuL,j , dL,i)T , and charged lepton

mass basis, li = (V ji⇤
PMNS⌫L,j , eL,i)T . Our requirement

that there are no down-type tree-level FCNCs means that
we impose flavor alignment in the down sector for oper-
ators QL,QLR and Qi

RL. In this way we get rid of all
tree level FCNCs due to QLR while QL and Qi

RL still
generate contributions to c ! u⌫⌫̄ and t ! c(u)⌫⌫̄ tran-
sitions. The first process is typically obscured by SM tree
level contributions (i.e. D ! (⌧ ! ⇡⌫)⌫̄ [11]), while the
second will induce an interesting monotop signature at
the LHC [12].

Other di  8 operators can either be reduced to
the above using equations of motion, or have vanishing
h0| Qi |Bi hadronic matrix elements and thus cannot af-
fect R⇡

⌧/` (e.g., Q̄i�µ⌫⌧
aHbR). Note that Qi

L,R are tau

lepton flavor specific, while in the case of Qi
RL,LR LFU

violations are induced by the helicity suppression of the
leptonic current, as can be easily seen by integrating by
parts and using equations of motion.

In addition, new light invisible fermions  could mimic
the missing energy signature of SM neutrinos in the
b ! ui⌧⌫ decays. We thus also consider the lowest di-
mensional operator coupling  to SM quarks and charged
leptons and invariant under the SM gauge group [11]

Qi
 = (q̄ibR)(l̄3 R) . (9)

In the following we consider a single NP operator con-

tributing to R(⇤)

⌧/` and R⇡
⌧/` at a time and later compare

this to some explicit NP model examples.

Minimal flavor violation. The flavor structure of
QL and QLR is completely determined by our require-
ment that there are no tree level FCNCs in the down
sector. The charged currents are then proportional to the
same CKM elements as in the SM realizing the Minimal
Flavor Violation (MFV) structure [14]. The e↵ect of QL

is to rescale the SM predictions for R(⇤)

⌧/`, R⇡
⌧/` by a uni-

versal factor |1+ cL/2|2, where cL = zL(v/⇤)2. The best
fit to the three LFU ratios is obtained for |1+cL/2| ' 1.18
with a value of �2 ' 9.8 (for the SM, �2 ' 28). Both
R⌧/` and R⇤

⌧/` are then well accommodated, while the
R⇡
⌧/` tension remains above the 2� level. The e↵ective

NP scale probed is ⇤|zL|�1/2 = v|cL|�1/2 ' 0.29 TeV.
The contributions of QLR can be readily computed us-

ing results of [3, 13] yielding

R⇡,LR
⌧/` /R⇡,SM

⌧/` = 1� 0.038Re(cLR) + 3.6 10�4|cLR|2 ,

RLR

⌧/`/RSM

⌧/` = 1� 0.0076Re(cLR) + 2.6 10�5|cLR|2 ,

R⇤,LR
⌧/` /R⇤,SM

⌧/` = 1� 6.2 10�4 Re(cLR) + 1.2 10�6|cLR|2 ,

(10)

where cLR = zLR(v/⇤)4 . In the case of R⌧/` we also
need to take into account a significant experimental e�-
ciency correction due to the di↵erent kinematics induced
by theQLR operator compared toQL and the SM [1]. Ef-
fectively this amounts to multiplying the term quadratic
in cLR by a correction factor of ⇠ 1.5 (not included in
Eq. (10)). The same argument applies for the operators
Qi

RL and Q (near m = 0).
Switching on only the QLR operator the best fit point

is cLR ' �50, where �2 ' 6.2 with both R⌧/` and R⇡
⌧/`

perfectly accommodated, while a tension with the ob-
served value ofR⇤

⌧/` remains (see Fig. 1 left). Irrespective
of R⇡

⌧/`, the central measured values of R⌧/` and R⇤

⌧/`

can never be simultaneously obtained using only QLR [3].
The preferred value of cLR points to a very low e↵ective
NP scale of v|cLR|�1/4 ' 65 GeV.
The relative strength of semileptonic b ! c and b ! u

transitions generated by the Qi
R,Qi

RL or Qi
 operators is

fixed only once we explicitly specify the flavor structure.
For Qi

R and Qi
RL, MFV implies ziR,RL / mui leading to

extremely suppressed e↵ects in R⇡
⌧/`. Consequently we

do not consider these two operators within MFV. On the
other hand, in the case of Qi

 the MFV hypothesis is

satisfied by taking zi = V ib
CKM

c (⇤/v)2. The corrections

to R(⇤)

⌧/` and R⇡
⌧/` now also depend on the mass m of

the new invisible fermion  . Close to mB � mD(⇤) �
m⌧ thresholds the contributions to R(⇤)

⌧/` are suppressed
relative to the ones in R⇡

⌧/`. Varying both c and m the

best fit of �2 = 7.9 is reached for c ' 0.54 and m = 0
(see Fig. 1 right). Significant tensions between the three
observables remain.
Generic flavor structures. In the presence of

more general flavor violation the NP contributions to
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where ⌧a = �a/2, J µ
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mass basis, qi = (V ji⇤

CKMuL,j , dL,i)T , and charged lepton

mass basis, li = (V ji⇤
PMNS⌫L,j , eL,i)T . Our requirement

that there are no down-type tree-level FCNCs means that
we impose flavor alignment in the down sector for oper-
ators QL,QLR and Qi

RL. In this way we get rid of all
tree level FCNCs due to QLR while QL and Qi

RL still
generate contributions to c ! u⌫⌫̄ and t ! c(u)⌫⌫̄ tran-
sitions. The first process is typically obscured by SM tree
level contributions (i.e. D ! (⌧ ! ⇡⌫)⌫̄ [11]), while the
second will induce an interesting monotop signature at
the LHC [12].

Other di  8 operators can either be reduced to
the above using equations of motion, or have vanishing
h0| Qi |Bi hadronic matrix elements and thus cannot af-
fect R⇡

⌧/` (e.g., Q̄i�µ⌫⌧
aHbR). Note that Qi

L,R are tau

lepton flavor specific, while in the case of Qi
RL,LR LFU

violations are induced by the helicity suppression of the
leptonic current, as can be easily seen by integrating by
parts and using equations of motion.

In addition, new light invisible fermions  could mimic
the missing energy signature of SM neutrinos in the
b ! ui⌧⌫ decays. We thus also consider the lowest di-
mensional operator coupling  to SM quarks and charged
leptons and invariant under the SM gauge group [11]

Qi
 = (q̄ibR)(l̄3 R) . (9)

In the following we consider a single NP operator con-

tributing to R(⇤)

⌧/` and R⇡
⌧/` at a time and later compare

this to some explicit NP model examples.

Minimal flavor violation. The flavor structure of
QL and QLR is completely determined by our require-
ment that there are no tree level FCNCs in the down
sector. The charged currents are then proportional to the
same CKM elements as in the SM realizing the Minimal
Flavor Violation (MFV) structure [14]. The e↵ect of QL

is to rescale the SM predictions for R(⇤)

⌧/`, R⇡
⌧/` by a uni-

versal factor |1+ cL/2|2, where cL = zL(v/⇤)2. The best
fit to the three LFU ratios is obtained for |1+cL/2| ' 1.18
with a value of �2 ' 9.8 (for the SM, �2 ' 28). Both
R⌧/` and R⇤

⌧/` are then well accommodated, while the
R⇡
⌧/` tension remains above the 2� level. The e↵ective

NP scale probed is ⇤|zL|�1/2 = v|cL|�1/2 ' 0.29 TeV.
The contributions of QLR can be readily computed us-

ing results of [3, 13] yielding
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where cLR = zLR(v/⇤)4 . In the case of R⌧/` we also
need to take into account a significant experimental e�-
ciency correction due to the di↵erent kinematics induced
by theQLR operator compared toQL and the SM [1]. Ef-
fectively this amounts to multiplying the term quadratic
in cLR by a correction factor of ⇠ 1.5 (not included in
Eq. (10)). The same argument applies for the operators
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can never be simultaneously obtained using only QLR [3].
The preferred value of cLR points to a very low e↵ective
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transitions generated by the Qi
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fixed only once we explicitly specify the flavor structure.
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RL, MFV implies ziR,RL / mui leading to

extremely suppressed e↵ects in R⇡
⌧/`. Consequently we

do not consider these two operators within MFV. On the
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satisfied by taking zi = V ib
CKM
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m⌧ thresholds the contributions to R(⇤)

⌧/` are suppressed
relative to the ones in R⇡

⌧/`. Varying both c and m the

best fit of �2 = 7.9 is reached for c ' 0.54 and m = 0
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Generic flavor structures. In the presence of

more general flavor violation the NP contributions to

}require flavor alignment

tau lepton number violation + new neutral fermion (νR)
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H⇤ and
i, j are generational indices. We work in the down quark
mass basis, qi = (V ji⇤

CKMuL,j , dL,i)T , and charged lepton

mass basis, li = (V ji⇤
PMNS⌫L,j , eL,i)T . Our requirement

that there are no down-type tree-level FCNCs means that
we impose flavor alignment in the down sector for oper-
ators QL,QLR and Qi

RL. In this way we get rid of all
tree level FCNCs due to QLR while QL and Qi

RL still
generate contributions to c ! u⌫⌫̄ and t ! c(u)⌫⌫̄ tran-
sitions. The first process is typically obscured by SM tree
level contributions (i.e. D ! (⌧ ! ⇡⌫)⌫̄ [11]), while the
second will induce an interesting monotop signature at
the LHC [12].

Other di  8 operators can either be reduced to
the above using equations of motion, or have vanishing
h0| Qi |Bi hadronic matrix elements and thus cannot af-
fect R⇡

⌧/` (e.g., Q̄i�µ⌫⌧
aHbR). Note that Qi

L,R are tau

lepton flavor specific, while in the case of Qi
RL,LR LFU

violations are induced by the helicity suppression of the
leptonic current, as can be easily seen by integrating by
parts and using equations of motion.

In addition, new light invisible fermions  could mimic
the missing energy signature of SM neutrinos in the
b ! ui⌧⌫ decays. We thus also consider the lowest di-
mensional operator coupling  to SM quarks and charged
leptons and invariant under the SM gauge group [11]

Qi
 = (q̄ibR)(l̄3 R) . (9)

In the following we consider a single NP operator con-

tributing to R(⇤)

⌧/` and R⇡
⌧/` at a time and later compare

this to some explicit NP model examples.

Minimal flavor violation. The flavor structure of
QL and QLR is completely determined by our require-
ment that there are no tree level FCNCs in the down
sector. The charged currents are then proportional to the
same CKM elements as in the SM realizing the Minimal
Flavor Violation (MFV) structure [14]. The e↵ect of QL

is to rescale the SM predictions for R(⇤)

⌧/`, R⇡
⌧/` by a uni-

versal factor |1+ cL/2|2, where cL = zL(v/⇤)2. The best
fit to the three LFU ratios is obtained for |1+cL/2| ' 1.18
with a value of �2 ' 9.8 (for the SM, �2 ' 28). Both
R⌧/` and R⇤

⌧/` are then well accommodated, while the
R⇡
⌧/` tension remains above the 2� level. The e↵ective

NP scale probed is ⇤|zL|�1/2 = v|cL|�1/2 ' 0.29 TeV.
The contributions of QLR can be readily computed us-

ing results of [3, 13] yielding

R⇡,LR
⌧/` /R⇡,SM

⌧/` = 1� 0.038Re(cLR) + 3.6 10�4|cLR|2 ,

RLR

⌧/`/RSM

⌧/` = 1� 0.0076Re(cLR) + 2.6 10�5|cLR|2 ,

R⇤,LR
⌧/` /R⇤,SM

⌧/` = 1� 6.2 10�4 Re(cLR) + 1.2 10�6|cLR|2 ,

(10)

where cLR = zLR(v/⇤)4 . In the case of R⌧/` we also
need to take into account a significant experimental e�-
ciency correction due to the di↵erent kinematics induced
by theQLR operator compared toQL and the SM [1]. Ef-
fectively this amounts to multiplying the term quadratic
in cLR by a correction factor of ⇠ 1.5 (not included in
Eq. (10)). The same argument applies for the operators
Qi

RL and Q (near m = 0).
Switching on only the QLR operator the best fit point

is cLR ' �50, where �2 ' 6.2 with both R⌧/` and R⇡
⌧/`

perfectly accommodated, while a tension with the ob-
served value ofR⇤

⌧/` remains (see Fig. 1 left). Irrespective
of R⇡

⌧/`, the central measured values of R⌧/` and R⇤

⌧/`

can never be simultaneously obtained using only QLR [3].
The preferred value of cLR points to a very low e↵ective
NP scale of v|cLR|�1/4 ' 65 GeV.
The relative strength of semileptonic b ! c and b ! u

transitions generated by the Qi
R,Qi

RL or Qi
 operators is

fixed only once we explicitly specify the flavor structure.
For Qi

R and Qi
RL, MFV implies ziR,RL / mui leading to

extremely suppressed e↵ects in R⇡
⌧/`. Consequently we

do not consider these two operators within MFV. On the
other hand, in the case of Qi

 the MFV hypothesis is

satisfied by taking zi = V ib
CKM

c (⇤/v)2. The corrections

to R(⇤)

⌧/` and R⇡
⌧/` now also depend on the mass m of

the new invisible fermion  . Close to mB � mD(⇤) �
m⌧ thresholds the contributions to R(⇤)

⌧/` are suppressed
relative to the ones in R⇡

⌧/`. Varying both c and m the

best fit of �2 = 7.9 is reached for c ' 0.54 and m = 0
(see Fig. 1 right). Significant tensions between the three
observables remain.
Generic flavor structures. In the presence of

more general flavor violation the NP contributions to
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Present measurements of b ! c⌧⌫ and b ! u⌧⌫ transitions di↵er from the standard model pre-
dictions of lepton flavor universality by combined 4.6�, if gaussian errors are assumed. We examine
new physics interpretations of this anomaly. An e↵ective field theory analysis shows that mini-
mal flavor violating models are disfavored as an explanation. Allowing for general flavor violation,
right-right vector and right-left scalar quark currents are identified as viable candidates. We discuss
explicit examples of two Higgs doublet models, leptoquarks as well as quark and lepton composite-
ness. Finally, implications for LHC searches and future measurements at the (super)B-factories are
presented.

Introduction. The BaBar collaboration recently
reported measurements of semileptonic B ! D(⇤)⌧⌫
branching fractions normalized to the corresponding
B ! D(⇤)`⌫ modes (with ` = e, µ) [1]

R⇤

⌧/` ⌘ B(B!D⇤⌧⌫)
B(B!D⇤`⌫) = 0.332± 0.030 , (1)

R⌧/` ⌘ B(B!D⌧⌫)
B(B!D`⌫) = 0.440± 0.072 , (2)

where the statistical and systematic errors have been
combined in quadrature. The two ratios, R⇤

⌧/` and

R⌧/`, are excellent probes of new physics (NP), since
the dependence of the standard model (SM) predictions
on the hadronic form factors cancels to a large extent.
Both values in Eqs. (1), (2) are consistent with previ-
ous measurements [2], but are also significantly larger
(at 3.4� significance when combined) than the SM values
R⇤,SM

⌧/` = 0.252(3) andRSM

⌧/` = 0.296(16) [3]. If confirmed,
this would signal a violation of lepton flavor universality
(LFU) in semileptonic b ! c transitions at the O(30%)
level.

Intriguingly, there are also hints of LFU violations
in semileptonic b ! u transitions. The measured lep-
tonic B ! ⌧⌫ branching fraction B(B� ! ⌧�⌫̄) =
(16.8 ± 3.1) ⇥ 10�5[4, 5], deviates significantly from its
SM prediction with Vub CKM element taken from the
global fit [5]. This is in contrast to the measured exclu-
sive semileptonic b ! u`⌫ transition branching fraction
B(B̄0 ! ⇡+`�⌫̄) = (14.6 ± 0.7) ⇥ 10�5 [6, 7], which is
consistent with the CKM unitarity predictions [8]. One
can get rid of Vub dependence by considering the ratio

R⇡
⌧/` ⌘

⌧(B0)

⌧(B�)

B(B� ! ⌧�⌫̄)

B(B̄0 ! ⇡+`�⌫̄)
= 1.07± 0.20 . (3)

The SM prediction is R⇡,SM
⌧/` = 0.31(6), where we have

used the recent Lattice QCD estimates of the relevant
B ! ⇡ form factor and the B decay constant [9]. The
measured value in Eq. (3) is more than a factor of 3
bigger – a discrepancy with 3.6� significance if gaussian
errors are assumed. (The tension between the measured

B ! ⇡`⌫ and B ! ⌧⌫ decay rates has previously been
discussed in [10].)
For latter convenience we can summarize all the three

experimental values as R⇡,exp
⌧/` /R⇡,SM

⌧/` = 3.45 ± 0.93,

Rexp

⌧/`/RSM

⌧/` = 1.49±0.26 andR⇤,exp
⌧/` /R⇤,SM

⌧/` = 1.32±0.12,
giving a combined excess of 4.6� above the SM expec-
tations. These hints of LFU violations in semileptonic
b ! c and b ! u transitions can be contrasted to the
pion and kaon sectors where LFU for all three lepton gen-
erations has been tested at the percent level and found
in excellent agreement with the SM expectations [7].
In this Letter we explore the possibility that the hints

of LFU violations in semileptonic B decays are due to
NP. We first perform a model independent analysis us-
ing e↵ective field theory (EFT), which then allows us to
identify viable NP models. Implications for other flavor
observables and LHC searches are also derived.
LFU Violations in B decays and NP. We first

study NP e↵ects in R(⇤)

⌧/` and R⇡
⌧/` using EFT. The

SM Lagrangian is supplemented with a set of higher
dimensional operators, Qi, that are generated at a NP
scale ⇤ above the electroweak symmetry breaking scale
v = (

p
2/4GF )1/2 ' 174 GeV

L = L
SM

+
X

a

za
⇤da�4

Qi + h.c. , (4)

where da are the canonical dimensions of the opera-
tors Qa, and za are the dimensionless Wilson coe�-
cients (below we will mostly use rescaled versions ca =
za(⇤/v)da�4). We also make two simplifying require-
ments that at the tree level (i) no dangerous down-type
flavor changing neutral currents (FCNCs) and (ii) no
LFU violations in the pion and kaon sectors are gener-
ated. The lowest dimensional operators that can modify

R
(⇤)

⌧/` and R⇡
⌧/` then have the following form,

QL = (q̄
3

�µ⌧
aq

3

)J µ
3,a , (5)

Qi
R = (ūR,i�µbR)(H

†⌧aH̃)J µ
3,a , (6)
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branching fractions normalized to the corresponding
B ! D(⇤)`⌫ modes (with ` = e, µ) [1]
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B(B!D⇤`⌫) = 0.332± 0.030 , (1)

R⌧/` ⌘ B(B!D⌧⌫)
B(B!D`⌫) = 0.440± 0.072 , (2)

where the statistical and systematic errors have been
combined in quadrature. The two ratios, R⇤

⌧/` and

R⌧/`, are excellent probes of new physics (NP), since
the dependence of the standard model (SM) predictions
on the hadronic form factors cancels to a large extent.
Both values in Eqs. (1), (2) are consistent with previ-
ous measurements [2], but are also significantly larger
(at 3.4� significance when combined) than the SM values
R⇤,SM

⌧/` = 0.252(3) andRSM

⌧/` = 0.296(16) [3]. If confirmed,
this would signal a violation of lepton flavor universality
(LFU) in semileptonic b ! c transitions at the O(30%)
level.

Intriguingly, there are also hints of LFU violations
in semileptonic b ! u transitions. The measured lep-
tonic B ! ⌧⌫ branching fraction B(B� ! ⌧�⌫̄) =
(16.8 ± 3.1) ⇥ 10�5[4, 5], deviates significantly from its
SM prediction with Vub CKM element taken from the
global fit [5]. This is in contrast to the measured exclu-
sive semileptonic b ! u`⌫ transition branching fraction
B(B̄0 ! ⇡+`�⌫̄) = (14.6 ± 0.7) ⇥ 10�5 [6, 7], which is
consistent with the CKM unitarity predictions [8]. One
can get rid of Vub dependence by considering the ratio
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⌧(B0)

⌧(B�)

B(B� ! ⌧�⌫̄)

B(B̄0 ! ⇡+`�⌫̄)
= 1.07± 0.20 . (3)

The SM prediction is R⇡,SM
⌧/` = 0.31(6), where we have

used the recent Lattice QCD estimates of the relevant
B ! ⇡ form factor and the B decay constant [9]. The
measured value in Eq. (3) is more than a factor of 3
bigger – a discrepancy with 3.6� significance if gaussian
errors are assumed. (The tension between the measured

B ! ⇡`⌫ and B ! ⌧⌫ decay rates has previously been
discussed in [10].)
For latter convenience we can summarize all the three

experimental values as R⇡,exp
⌧/` /R⇡,SM

⌧/` = 3.45 ± 0.93,

Rexp

⌧/`/RSM

⌧/` = 1.49±0.26 andR⇤,exp
⌧/` /R⇤,SM

⌧/` = 1.32±0.12,
giving a combined excess of 4.6� above the SM expec-
tations. These hints of LFU violations in semileptonic
b ! c and b ! u transitions can be contrasted to the
pion and kaon sectors where LFU for all three lepton gen-
erations has been tested at the percent level and found
in excellent agreement with the SM expectations [7].
In this Letter we explore the possibility that the hints

of LFU violations in semileptonic B decays are due to
NP. We first perform a model independent analysis us-
ing e↵ective field theory (EFT), which then allows us to
identify viable NP models. Implications for other flavor
observables and LHC searches are also derived.
LFU Violations in B decays and NP. We first

study NP e↵ects in R(⇤)

⌧/` and R⇡
⌧/` using EFT. The

SM Lagrangian is supplemented with a set of higher
dimensional operators, Qi, that are generated at a NP
scale ⇤ above the electroweak symmetry breaking scale
v = (

p
2/4GF )1/2 ' 174 GeV

L = L
SM

+
X

a

za
⇤da�4

Qi + h.c. , (4)

where da are the canonical dimensions of the opera-
tors Qa, and za are the dimensionless Wilson coe�-
cients (below we will mostly use rescaled versions ca =
za(⇤/v)da�4). We also make two simplifying require-
ments that at the tree level (i) no dangerous down-type
flavor changing neutral currents (FCNCs) and (ii) no
LFU violations in the pion and kaon sectors are gener-
ated. The lowest dimensional operators that can modify
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(⇤)

⌧/` and R⇡
⌧/` then have the following form,
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Figure 1: Preferred 1� (darker green) and 2� (lighter yellow) pa-

rameter regions for e↵ective operators QLR (left plot, dependence

on complex cLR Wilson coe�cient) and MFV Qi
 (right plot, de-

pendence on  mass and modulus of the universal Wilson coe�-

cient, |c |). The 1� constraints from R⌧/`, R⇤

⌧/` and R⇡
⌧/` are

drawn in full black, dashed purple and dotted red contours, respec-

tively. The best fit points are marked with an asterisk.

QLR = i@µ(q̄3⌧
aHbR)

X

j

J µ
j,a , (7)

Qi
RL = i@µ(ūR,iH̃

†⌧aq
3

)
X

j

J µ
j,a , (8)

where ⌧a = �a/2, J µ
j,a = (l̄j�µ⌧alj), H̃ ⌘ i�

2

H⇤ and
i, j are generational indices. We work in the down quark
mass basis, qi = (V ji⇤

CKMuL,j , dL,i)T , and charged lepton

mass basis, li = (V ji⇤
PMNS⌫L,j , eL,i)T . Our requirement

that there are no down-type tree-level FCNCs means that
we impose flavor alignment in the down sector for oper-
ators QL,QLR and Qi

RL. In this way we get rid of all
tree level FCNCs due to QLR while QL and Qi

RL still
generate contributions to c ! u⌫⌫̄ and t ! c(u)⌫⌫̄ tran-
sitions. The first process is typically obscured by SM tree
level contributions (i.e. D ! (⌧ ! ⇡⌫)⌫̄ [11]), while the
second will induce an interesting monotop signature at
the LHC [12].

Other di  8 operators can either be reduced to
the above using equations of motion, or have vanishing
h0| Qi |Bi hadronic matrix elements and thus cannot af-
fect R⇡

⌧/` (e.g., Q̄i�µ⌫⌧
aHbR). Note that Qi

L,R are tau

lepton flavor specific, while in the case of Qi
RL,LR LFU

violations are induced by the helicity suppression of the
leptonic current, as can be easily seen by integrating by
parts and using equations of motion.

In addition, new light invisible fermions  could mimic
the missing energy signature of SM neutrinos in the
b ! ui⌧⌫ decays. We thus also consider the lowest di-
mensional operator coupling  to SM quarks and charged
leptons and invariant under the SM gauge group [11]

Qi
 = (q̄ibR)(l̄3 R) . (9)

In the following we consider a single NP operator con-

tributing to R(⇤)

⌧/` and R⇡
⌧/` at a time and later compare

this to some explicit NP model examples.

Minimal flavor violation. The flavor structure of
QL and QLR is completely determined by our require-
ment that there are no tree level FCNCs in the down
sector. The charged currents are then proportional to the
same CKM elements as in the SM realizing the Minimal
Flavor Violation (MFV) structure [14]. The e↵ect of QL

is to rescale the SM predictions for R(⇤)

⌧/`, R⇡
⌧/` by a uni-

versal factor |1+ cL/2|2, where cL = zL(v/⇤)2. The best
fit to the three LFU ratios is obtained for |1+cL/2| ' 1.18
with a value of �2 ' 9.8 (for the SM, �2 ' 28). Both
R⌧/` and R⇤

⌧/` are then well accommodated, while the
R⇡
⌧/` tension remains above the 2� level. The e↵ective

NP scale probed is ⇤|zL|�1/2 = v|cL|�1/2 ' 0.29 TeV.
The contributions of QLR can be readily computed us-

ing results of [3, 13] yielding

R⇡,LR
⌧/` /R⇡,SM

⌧/` = 1� 0.038Re(cLR) + 3.6 10�4|cLR|2 ,

RLR

⌧/`/RSM

⌧/` = 1� 0.0076Re(cLR) + 2.6 10�5|cLR|2 ,

R⇤,LR
⌧/` /R⇤,SM

⌧/` = 1� 6.2 10�4 Re(cLR) + 1.2 10�6|cLR|2 ,

(10)

where cLR = zLR(v/⇤)4 . In the case of R⌧/` we also
need to take into account a significant experimental e�-
ciency correction due to the di↵erent kinematics induced
by theQLR operator compared toQL and the SM [1]. Ef-
fectively this amounts to multiplying the term quadratic
in cLR by a correction factor of ⇠ 1.5 (not included in
Eq. (10)). The same argument applies for the operators
Qi

RL and Q (near m = 0).
Switching on only the QLR operator the best fit point

is cLR ' �50, where �2 ' 6.2 with both R⌧/` and R⇡
⌧/`

perfectly accommodated, while a tension with the ob-
served value ofR⇤

⌧/` remains (see Fig. 1 left). Irrespective
of R⇡

⌧/`, the central measured values of R⌧/` and R⇤

⌧/`

can never be simultaneously obtained using only QLR [3].
The preferred value of cLR points to a very low e↵ective
NP scale of v|cLR|�1/4 ' 65 GeV.
The relative strength of semileptonic b ! c and b ! u

transitions generated by the Qi
R,Qi

RL or Qi
 operators is

fixed only once we explicitly specify the flavor structure.
For Qi

R and Qi
RL, MFV implies ziR,RL / mui leading to

extremely suppressed e↵ects in R⇡
⌧/`. Consequently we

do not consider these two operators within MFV. On the
other hand, in the case of Qi

 the MFV hypothesis is

satisfied by taking zi = V ib
CKM

c (⇤/v)2. The corrections

to R(⇤)

⌧/` and R⇡
⌧/` now also depend on the mass m of

the new invisible fermion  . Close to mB � mD(⇤) �
m⌧ thresholds the contributions to R(⇤)

⌧/` are suppressed
relative to the ones in R⇡

⌧/`. Varying both c and m the

best fit of �2 = 7.9 is reached for c ' 0.54 and m = 0
(see Fig. 1 right). Significant tensions between the three
observables remain.
Generic flavor structures. In the presence of

more general flavor violation the NP contributions to
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j,a , (8)

where ⌧a = �a/2, J µ
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H⇤ and
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CKMuL,j , dL,i)T , and charged lepton

mass basis, li = (V ji⇤
PMNS⌫L,j , eL,i)T . Our requirement

that there are no down-type tree-level FCNCs means that
we impose flavor alignment in the down sector for oper-
ators QL,QLR and Qi

RL. In this way we get rid of all
tree level FCNCs due to QLR while QL and Qi

RL still
generate contributions to c ! u⌫⌫̄ and t ! c(u)⌫⌫̄ tran-
sitions. The first process is typically obscured by SM tree
level contributions (i.e. D ! (⌧ ! ⇡⌫)⌫̄ [11]), while the
second will induce an interesting monotop signature at
the LHC [12].

Other di  8 operators can either be reduced to
the above using equations of motion, or have vanishing
h0| Qi |Bi hadronic matrix elements and thus cannot af-
fect R⇡
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aHbR). Note that Qi

L,R are tau

lepton flavor specific, while in the case of Qi
RL,LR LFU

violations are induced by the helicity suppression of the
leptonic current, as can be easily seen by integrating by
parts and using equations of motion.

In addition, new light invisible fermions  could mimic
the missing energy signature of SM neutrinos in the
b ! ui⌧⌫ decays. We thus also consider the lowest di-
mensional operator coupling  to SM quarks and charged
leptons and invariant under the SM gauge group [11]

Qi
 = (q̄ibR)(l̄3 R) . (9)

In the following we consider a single NP operator con-

tributing to R(⇤)

⌧/` and R⇡
⌧/` at a time and later compare

this to some explicit NP model examples.

Minimal flavor violation. The flavor structure of
QL and QLR is completely determined by our require-
ment that there are no tree level FCNCs in the down
sector. The charged currents are then proportional to the
same CKM elements as in the SM realizing the Minimal
Flavor Violation (MFV) structure [14]. The e↵ect of QL

is to rescale the SM predictions for R(⇤)

⌧/`, R⇡
⌧/` by a uni-

versal factor |1+ cL/2|2, where cL = zL(v/⇤)2. The best
fit to the three LFU ratios is obtained for |1+cL/2| ' 1.18
with a value of �2 ' 9.8 (for the SM, �2 ' 28). Both
R⌧/` and R⇤

⌧/` are then well accommodated, while the
R⇡
⌧/` tension remains above the 2� level. The e↵ective

NP scale probed is ⇤|zL|�1/2 = v|cL|�1/2 ' 0.29 TeV.
The contributions of QLR can be readily computed us-

ing results of [3, 13] yielding

R⇡,LR
⌧/` /R⇡,SM

⌧/` = 1� 0.038Re(cLR) + 3.6 10�4|cLR|2 ,

RLR

⌧/`/RSM

⌧/` = 1� 0.0076Re(cLR) + 2.6 10�5|cLR|2 ,

R⇤,LR
⌧/` /R⇤,SM

⌧/` = 1� 6.2 10�4 Re(cLR) + 1.2 10�6|cLR|2 ,

(10)

where cLR = zLR(v/⇤)4 . In the case of R⌧/` we also
need to take into account a significant experimental e�-
ciency correction due to the di↵erent kinematics induced
by theQLR operator compared toQL and the SM [1]. Ef-
fectively this amounts to multiplying the term quadratic
in cLR by a correction factor of ⇠ 1.5 (not included in
Eq. (10)). The same argument applies for the operators
Qi

RL and Q (near m = 0).
Switching on only the QLR operator the best fit point

is cLR ' �50, where �2 ' 6.2 with both R⌧/` and R⇡
⌧/`

perfectly accommodated, while a tension with the ob-
served value ofR⇤

⌧/` remains (see Fig. 1 left). Irrespective
of R⇡

⌧/`, the central measured values of R⌧/` and R⇤

⌧/`

can never be simultaneously obtained using only QLR [3].
The preferred value of cLR points to a very low e↵ective
NP scale of v|cLR|�1/4 ' 65 GeV.
The relative strength of semileptonic b ! c and b ! u

transitions generated by the Qi
R,Qi

RL or Qi
 operators is

fixed only once we explicitly specify the flavor structure.
For Qi

R and Qi
RL, MFV implies ziR,RL / mui leading to

extremely suppressed e↵ects in R⇡
⌧/`. Consequently we

do not consider these two operators within MFV. On the
other hand, in the case of Qi

 the MFV hypothesis is

satisfied by taking zi = V ib
CKM

c (⇤/v)2. The corrections

to R(⇤)

⌧/` and R⇡
⌧/` now also depend on the mass m of

the new invisible fermion  . Close to mB � mD(⇤) �
m⌧ thresholds the contributions to R(⇤)

⌧/` are suppressed
relative to the ones in R⇡

⌧/`. Varying both c and m the

best fit of �2 = 7.9 is reached for c ' 0.54 and m = 0
(see Fig. 1 right). Significant tensions between the three
observables remain.
Generic flavor structures. In the presence of

more general flavor violation the NP contributions to

}require flavor alignment
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Figure 1: Preferred 1� (darker green) and 2� (lighter yellow) pa-

rameter regions for e↵ective operators QLR (left plot, dependence

on complex cLR Wilson coe�cient) and MFV Qi
 (right plot, de-

pendence on  mass and modulus of the universal Wilson coe�-

cient, |c |). The 1� constraints from R⌧/`, R⇤

⌧/` and R⇡
⌧/` are

drawn in full black, dashed purple and dotted red contours, respec-

tively. The best fit points are marked with an asterisk.

QLR = i@µ(q̄3⌧
aHbR)
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J µ
j,a , (7)

Qi
RL = i@µ(ūR,iH̃

†⌧aq
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)
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j

J µ
j,a , (8)

where ⌧a = �a/2, J µ
j,a = (l̄j�µ⌧alj), H̃ ⌘ i�

2

H⇤ and
i, j are generational indices. We work in the down quark
mass basis, qi = (V ji⇤

CKMuL,j , dL,i)T , and charged lepton

mass basis, li = (V ji⇤
PMNS⌫L,j , eL,i)T . Our requirement

that there are no down-type tree-level FCNCs means that
we impose flavor alignment in the down sector for oper-
ators QL,QLR and Qi

RL. In this way we get rid of all
tree level FCNCs due to QLR while QL and Qi

RL still
generate contributions to c ! u⌫⌫̄ and t ! c(u)⌫⌫̄ tran-
sitions. The first process is typically obscured by SM tree
level contributions (i.e. D ! (⌧ ! ⇡⌫)⌫̄ [11]), while the
second will induce an interesting monotop signature at
the LHC [12].

Other di  8 operators can either be reduced to
the above using equations of motion, or have vanishing
h0| Qi |Bi hadronic matrix elements and thus cannot af-
fect R⇡

⌧/` (e.g., Q̄i�µ⌫⌧
aHbR). Note that Qi

L,R are tau

lepton flavor specific, while in the case of Qi
RL,LR LFU

violations are induced by the helicity suppression of the
leptonic current, as can be easily seen by integrating by
parts and using equations of motion.

In addition, new light invisible fermions  could mimic
the missing energy signature of SM neutrinos in the
b ! ui⌧⌫ decays. We thus also consider the lowest di-
mensional operator coupling  to SM quarks and charged
leptons and invariant under the SM gauge group [11]

Qi
 = (q̄ibR)(l̄3 R) . (9)

In the following we consider a single NP operator con-

tributing to R(⇤)

⌧/` and R⇡
⌧/` at a time and later compare

this to some explicit NP model examples.

Minimal flavor violation. The flavor structure of
QL and QLR is completely determined by our require-
ment that there are no tree level FCNCs in the down
sector. The charged currents are then proportional to the
same CKM elements as in the SM realizing the Minimal
Flavor Violation (MFV) structure [14]. The e↵ect of QL

is to rescale the SM predictions for R(⇤)

⌧/`, R⇡
⌧/` by a uni-

versal factor |1+ cL/2|2, where cL = zL(v/⇤)2. The best
fit to the three LFU ratios is obtained for |1+cL/2| ' 1.18
with a value of �2 ' 9.8 (for the SM, �2 ' 28). Both
R⌧/` and R⇤

⌧/` are then well accommodated, while the
R⇡
⌧/` tension remains above the 2� level. The e↵ective

NP scale probed is ⇤|zL|�1/2 = v|cL|�1/2 ' 0.29 TeV.
The contributions of QLR can be readily computed us-

ing results of [3, 13] yielding

R⇡,LR
⌧/` /R⇡,SM

⌧/` = 1� 0.038Re(cLR) + 3.6 10�4|cLR|2 ,

RLR

⌧/`/RSM

⌧/` = 1� 0.0076Re(cLR) + 2.6 10�5|cLR|2 ,

R⇤,LR
⌧/` /R⇤,SM

⌧/` = 1� 6.2 10�4 Re(cLR) + 1.2 10�6|cLR|2 ,

(10)

where cLR = zLR(v/⇤)4 . In the case of R⌧/` we also
need to take into account a significant experimental e�-
ciency correction due to the di↵erent kinematics induced
by theQLR operator compared toQL and the SM [1]. Ef-
fectively this amounts to multiplying the term quadratic
in cLR by a correction factor of ⇠ 1.5 (not included in
Eq. (10)). The same argument applies for the operators
Qi

RL and Q (near m = 0).
Switching on only the QLR operator the best fit point

is cLR ' �50, where �2 ' 6.2 with both R⌧/` and R⇡
⌧/`

perfectly accommodated, while a tension with the ob-
served value ofR⇤

⌧/` remains (see Fig. 1 left). Irrespective
of R⇡

⌧/`, the central measured values of R⌧/` and R⇤

⌧/`

can never be simultaneously obtained using only QLR [3].
The preferred value of cLR points to a very low e↵ective
NP scale of v|cLR|�1/4 ' 65 GeV.
The relative strength of semileptonic b ! c and b ! u

transitions generated by the Qi
R,Qi

RL or Qi
 operators is

fixed only once we explicitly specify the flavor structure.
For Qi

R and Qi
RL, MFV implies ziR,RL / mui leading to

extremely suppressed e↵ects in R⇡
⌧/`. Consequently we

do not consider these two operators within MFV. On the
other hand, in the case of Qi

 the MFV hypothesis is

satisfied by taking zi = V ib
CKM

c (⇤/v)2. The corrections

to R(⇤)

⌧/` and R⇡
⌧/` now also depend on the mass m of

the new invisible fermion  . Close to mB � mD(⇤) �
m⌧ thresholds the contributions to R(⇤)

⌧/` are suppressed
relative to the ones in R⇡

⌧/`. Varying both c and m the

best fit of �2 = 7.9 is reached for c ' 0.54 and m = 0
(see Fig. 1 right). Significant tensions between the three
observables remain.
Generic flavor structures. In the presence of

more general flavor violation the NP contributions to

quark flavor structure not fully determined
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Fixing the flavor structure I: MFV

• MFV obeyed by construction for QL and QLR

• QL predicts universal shift to all R - tension between

• QLR contributions helicity suppressed - tension between

•  imposing MFV on QR,RL,ψ

•                      - negligible contributions

•   Qψ does not interfere with SM, is helicity suppressed - tensions remain
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Figure 1: Preferred 1� (darker green) and 2� (lighter yellow) pa-

rameter regions for e↵ective operators QLR (left plot, dependence

on complex cLR Wilson coe�cient) and MFV Qi
 (right plot, de-

pendence on  mass and modulus of the universal Wilson coe�-

cient, |c |). The 1� constraints from R⌧/`, R⇤

⌧/` and R⇡
⌧/` are

drawn in full black, dashed purple and dotted red contours, respec-

tively. The best fit points are marked with an asterisk.

QLR = i@µ(q̄3⌧
aHbR)

X

j

J µ
j,a , (7)

Qi
RL = i@µ(ūR,iH̃

†⌧aq
3

)
X

j

J µ
j,a , (8)

where ⌧a = �a/2, J µ
j,a = (l̄j�µ⌧alj), H̃ ⌘ i�

2

H⇤ and
i, j are generational indices. We work in the down quark
mass basis, qi = (V ji⇤

CKMuL,j , dL,i)T , and charged lepton

mass basis, li = (V ji⇤
PMNS⌫L,j , eL,i)T . Our requirement

that there are no down-type tree-level FCNCs means that
we impose flavor alignment in the down sector for oper-
ators QL,QLR and Qi

RL. In this way we get rid of all
tree level FCNCs due to QLR while QL and Qi

RL still
generate contributions to c ! u⌫⌫̄ and t ! c(u)⌫⌫̄ tran-
sitions. The first process is typically obscured by SM tree
level contributions (i.e. D ! (⌧ ! ⇡⌫)⌫̄ [11]), while the
second will induce an interesting monotop signature at
the LHC [12].

Other di  8 operators can either be reduced to
the above using equations of motion, or have vanishing
h0| Qi |Bi hadronic matrix elements and thus cannot af-
fect R⇡

⌧/` (e.g., Q̄i�µ⌫⌧
aHbR). Note that Qi

L,R are tau

lepton flavor specific, while in the case of Qi
RL,LR LFU

violations are induced by the helicity suppression of the
leptonic current, as can be easily seen by integrating by
parts and using equations of motion.

In addition, new light invisible fermions  could mimic
the missing energy signature of SM neutrinos in the
b ! ui⌧⌫ decays. We thus also consider the lowest di-
mensional operator coupling  to SM quarks and charged
leptons and invariant under the SM gauge group [11]

Qi
 = (q̄ibR)(l̄3 R) . (9)

In the following we consider a single NP operator con-

tributing to R(⇤)

⌧/` and R⇡
⌧/` at a time and later compare

this to some explicit NP model examples.

Minimal flavor violation. The flavor structure of
QL and QLR is completely determined by our require-
ment that there are no tree level FCNCs in the down
sector. The charged currents are then proportional to the
same CKM elements as in the SM realizing the Minimal
Flavor Violation (MFV) structure [14]. The e↵ect of QL

is to rescale the SM predictions for R(⇤)

⌧/`, R⇡
⌧/` by a uni-

versal factor |1+ cL/2|2, where cL = zL(v/⇤)2. The best
fit to the three LFU ratios is obtained for |1+cL/2| ' 1.18
with a value of �2 ' 9.8 (for the SM, �2 ' 28). Both
R⌧/` and R⇤

⌧/` are then well accommodated, while the
R⇡
⌧/` tension remains above the 2� level. The e↵ective

NP scale probed is ⇤|zL|�1/2 = v|cL|�1/2 ' 0.29 TeV.
The contributions of QLR can be readily computed us-

ing results of [3, 13] yielding

R⇡,LR
⌧/` /R⇡,SM

⌧/` = 1� 0.038Re(cLR) + 3.6 10�4|cLR|2 ,

RLR

⌧/`/RSM

⌧/` = 1� 0.0076Re(cLR) + 2.6 10�5|cLR|2 ,

R⇤,LR
⌧/` /R⇤,SM

⌧/` = 1� 6.2 10�4 Re(cLR) + 1.2 10�6|cLR|2 ,

(10)

where cLR = zLR(v/⇤)4 . In the case of R⌧/` we also
need to take into account a significant experimental e�-
ciency correction due to the di↵erent kinematics induced
by theQLR operator compared toQL and the SM [1]. Ef-
fectively this amounts to multiplying the term quadratic
in cLR by a correction factor of ⇠ 1.5 (not included in
Eq. (10)). The same argument applies for the operators
Qi

RL and Q (near m = 0).
Switching on only the QLR operator the best fit point

is cLR ' �50, where �2 ' 6.2 with both R⌧/` and R⇡
⌧/`

perfectly accommodated, while a tension with the ob-
served value ofR⇤

⌧/` remains (see Fig. 1 left). Irrespective
of R⇡

⌧/`, the central measured values of R⌧/` and R⇤

⌧/`

can never be simultaneously obtained using only QLR [3].
The preferred value of cLR points to a very low e↵ective
NP scale of v|cLR|�1/4 ' 65 GeV.
The relative strength of semileptonic b ! c and b ! u

transitions generated by the Qi
R,Qi

RL or Qi
 operators is

fixed only once we explicitly specify the flavor structure.
For Qi

R and Qi
RL, MFV implies ziR,RL / mui leading to

extremely suppressed e↵ects in R⇡
⌧/`. Consequently we

do not consider these two operators within MFV. On the
other hand, in the case of Qi

 the MFV hypothesis is

satisfied by taking zi = V ib
CKM

c (⇤/v)2. The corrections

to R(⇤)

⌧/` and R⇡
⌧/` now also depend on the mass m of

the new invisible fermion  . Close to mB � mD(⇤) �
m⌧ thresholds the contributions to R(⇤)

⌧/` are suppressed
relative to the ones in R⇡

⌧/`. Varying both c and m the

best fit of �2 = 7.9 is reached for c ' 0.54 and m = 0
(see Fig. 1 right). Significant tensions between the three
observables remain.
Generic flavor structures. In the presence of

more general flavor violation the NP contributions to
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Figure 1: Preferred 1� (darker green) and 2� (lighter yellow) pa-

rameter regions for e↵ective operators QLR (left plot, dependence

on complex cLR Wilson coe�cient) and MFV Qi
 (right plot, de-

pendence on  mass and modulus of the universal Wilson coe�-

cient, |c |). The 1� constraints from R⌧/`, R⇤

⌧/` and R⇡
⌧/` are

drawn in full black, dashed purple and dotted red contours, respec-

tively. The best fit points are marked with an asterisk.
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aHbR)
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J µ
j,a , (7)
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†⌧aq
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j,a , (8)

where ⌧a = �a/2, J µ
j,a = (l̄j�µ⌧alj), H̃ ⌘ i�
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H⇤ and
i, j are generational indices. We work in the down quark
mass basis, qi = (V ji⇤

CKMuL,j , dL,i)T , and charged lepton

mass basis, li = (V ji⇤
PMNS⌫L,j , eL,i)T . Our requirement

that there are no down-type tree-level FCNCs means that
we impose flavor alignment in the down sector for oper-
ators QL,QLR and Qi

RL. In this way we get rid of all
tree level FCNCs due to QLR while QL and Qi

RL still
generate contributions to c ! u⌫⌫̄ and t ! c(u)⌫⌫̄ tran-
sitions. The first process is typically obscured by SM tree
level contributions (i.e. D ! (⌧ ! ⇡⌫)⌫̄ [11]), while the
second will induce an interesting monotop signature at
the LHC [12].

Other di  8 operators can either be reduced to
the above using equations of motion, or have vanishing
h0| Qi |Bi hadronic matrix elements and thus cannot af-
fect R⇡

⌧/` (e.g., Q̄i�µ⌫⌧
aHbR). Note that Qi

L,R are tau

lepton flavor specific, while in the case of Qi
RL,LR LFU

violations are induced by the helicity suppression of the
leptonic current, as can be easily seen by integrating by
parts and using equations of motion.

In addition, new light invisible fermions  could mimic
the missing energy signature of SM neutrinos in the
b ! ui⌧⌫ decays. We thus also consider the lowest di-
mensional operator coupling  to SM quarks and charged
leptons and invariant under the SM gauge group [11]

Qi
 = (q̄ibR)(l̄3 R) . (9)

In the following we consider a single NP operator con-

tributing to R(⇤)

⌧/` and R⇡
⌧/` at a time and later compare

this to some explicit NP model examples.

Minimal flavor violation. The flavor structure of
QL and QLR is completely determined by our require-
ment that there are no tree level FCNCs in the down
sector. The charged currents are then proportional to the
same CKM elements as in the SM realizing the Minimal
Flavor Violation (MFV) structure [14]. The e↵ect of QL

is to rescale the SM predictions for R(⇤)

⌧/`, R⇡
⌧/` by a uni-

versal factor |1+ cL/2|2, where cL = zL(v/⇤)2. The best
fit to the three LFU ratios is obtained for |1+cL/2| ' 1.18
with a value of �2 ' 9.8 (for the SM, �2 ' 28). Both
R⌧/` and R⇤

⌧/` are then well accommodated, while the
R⇡
⌧/` tension remains above the 2� level. The e↵ective

NP scale probed is ⇤|zL|�1/2 = v|cL|�1/2 ' 0.29 TeV.
The contributions of QLR can be readily computed us-

ing results of [3, 13] yielding

R⇡,LR
⌧/` /R⇡,SM

⌧/` = 1� 0.038Re(cLR) + 3.6 10�4|cLR|2 ,

RLR

⌧/`/RSM

⌧/` = 1� 0.0076Re(cLR) + 2.6 10�5|cLR|2 ,

R⇤,LR
⌧/` /R⇤,SM

⌧/` = 1� 6.2 10�4 Re(cLR) + 1.2 10�6|cLR|2 ,

(10)

where cLR = zLR(v/⇤)4 . In the case of R⌧/` we also
need to take into account a significant experimental e�-
ciency correction due to the di↵erent kinematics induced
by theQLR operator compared toQL and the SM [1]. Ef-
fectively this amounts to multiplying the term quadratic
in cLR by a correction factor of ⇠ 1.5 (not included in
Eq. (10)). The same argument applies for the operators
Qi

RL and Q (near m = 0).
Switching on only the QLR operator the best fit point

is cLR ' �50, where �2 ' 6.2 with both R⌧/` and R⇡
⌧/`

perfectly accommodated, while a tension with the ob-
served value ofR⇤

⌧/` remains (see Fig. 1 left). Irrespective
of R⇡

⌧/`, the central measured values of R⌧/` and R⇤

⌧/`

can never be simultaneously obtained using only QLR [3].
The preferred value of cLR points to a very low e↵ective
NP scale of v|cLR|�1/4 ' 65 GeV.
The relative strength of semileptonic b ! c and b ! u

transitions generated by the Qi
R,Qi

RL or Qi
 operators is

fixed only once we explicitly specify the flavor structure.
For Qi

R and Qi
RL, MFV implies ziR,RL / mui leading to

extremely suppressed e↵ects in R⇡
⌧/`. Consequently we

do not consider these two operators within MFV. On the
other hand, in the case of Qi

 the MFV hypothesis is

satisfied by taking zi = V ib
CKM

c (⇤/v)2. The corrections

to R(⇤)

⌧/` and R⇡
⌧/` now also depend on the mass m of

the new invisible fermion  . Close to mB � mD(⇤) �
m⌧ thresholds the contributions to R(⇤)

⌧/` are suppressed
relative to the ones in R⇡

⌧/`. Varying both c and m the

best fit of �2 = 7.9 is reached for c ' 0.54 and m = 0
(see Fig. 1 right). Significant tensions between the three
observables remain.
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⌧/` and R⇡
⌧/` are
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tively. The best fit points are marked with an asterisk.
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aHbR)
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j,a , (7)
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j,a , (8)

where ⌧a = �a/2, J µ
j,a = (l̄j�µ⌧alj), H̃ ⌘ i�
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H⇤ and
i, j are generational indices. We work in the down quark
mass basis, qi = (V ji⇤

CKMuL,j , dL,i)T , and charged lepton

mass basis, li = (V ji⇤
PMNS⌫L,j , eL,i)T . Our requirement

that there are no down-type tree-level FCNCs means that
we impose flavor alignment in the down sector for oper-
ators QL,QLR and Qi

RL. In this way we get rid of all
tree level FCNCs due to QLR while QL and Qi

RL still
generate contributions to c ! u⌫⌫̄ and t ! c(u)⌫⌫̄ tran-
sitions. The first process is typically obscured by SM tree
level contributions (i.e. D ! (⌧ ! ⇡⌫)⌫̄ [11]), while the
second will induce an interesting monotop signature at
the LHC [12].

Other di  8 operators can either be reduced to
the above using equations of motion, or have vanishing
h0| Qi |Bi hadronic matrix elements and thus cannot af-
fect R⇡

⌧/` (e.g., Q̄i�µ⌫⌧
aHbR). Note that Qi

L,R are tau

lepton flavor specific, while in the case of Qi
RL,LR LFU

violations are induced by the helicity suppression of the
leptonic current, as can be easily seen by integrating by
parts and using equations of motion.

In addition, new light invisible fermions  could mimic
the missing energy signature of SM neutrinos in the
b ! ui⌧⌫ decays. We thus also consider the lowest di-
mensional operator coupling  to SM quarks and charged
leptons and invariant under the SM gauge group [11]

Qi
 = (q̄ibR)(l̄3 R) . (9)

In the following we consider a single NP operator con-

tributing to R(⇤)

⌧/` and R⇡
⌧/` at a time and later compare

this to some explicit NP model examples.

Minimal flavor violation. The flavor structure of
QL and QLR is completely determined by our require-
ment that there are no tree level FCNCs in the down
sector. The charged currents are then proportional to the
same CKM elements as in the SM realizing the Minimal
Flavor Violation (MFV) structure [14]. The e↵ect of QL

is to rescale the SM predictions for R(⇤)

⌧/`, R⇡
⌧/` by a uni-

versal factor |1+ cL/2|2, where cL = zL(v/⇤)2. The best
fit to the three LFU ratios is obtained for |1+cL/2| ' 1.18
with a value of �2 ' 9.8 (for the SM, �2 ' 28). Both
R⌧/` and R⇤

⌧/` are then well accommodated, while the
R⇡
⌧/` tension remains above the 2� level. The e↵ective

NP scale probed is ⇤|zL|�1/2 = v|cL|�1/2 ' 0.29 TeV.
The contributions of QLR can be readily computed us-

ing results of [3, 13] yielding

R⇡,LR
⌧/` /R⇡,SM

⌧/` = 1� 0.038Re(cLR) + 3.6 10�4|cLR|2 ,

RLR

⌧/`/RSM

⌧/` = 1� 0.0076Re(cLR) + 2.6 10�5|cLR|2 ,

R⇤,LR
⌧/` /R⇤,SM

⌧/` = 1� 6.2 10�4 Re(cLR) + 1.2 10�6|cLR|2 ,

(10)

where cLR = zLR(v/⇤)4 . In the case of R⌧/` we also
need to take into account a significant experimental e�-
ciency correction due to the di↵erent kinematics induced
by theQLR operator compared toQL and the SM [1]. Ef-
fectively this amounts to multiplying the term quadratic
in cLR by a correction factor of ⇠ 1.5 (not included in
Eq. (10)). The same argument applies for the operators
Qi

RL and Q (near m = 0).
Switching on only the QLR operator the best fit point

is cLR ' �50, where �2 ' 6.2 with both R⌧/` and R⇡
⌧/`

perfectly accommodated, while a tension with the ob-
served value ofR⇤

⌧/` remains (see Fig. 1 left). Irrespective
of R⇡

⌧/`, the central measured values of R⌧/` and R⇤

⌧/`

can never be simultaneously obtained using only QLR [3].
The preferred value of cLR points to a very low e↵ective
NP scale of v|cLR|�1/4 ' 65 GeV.
The relative strength of semileptonic b ! c and b ! u

transitions generated by the Qi
R,Qi

RL or Qi
 operators is

fixed only once we explicitly specify the flavor structure.
For Qi

R and Qi
RL, MFV implies ziR,RL / mui leading to

extremely suppressed e↵ects in R⇡
⌧/`. Consequently we

do not consider these two operators within MFV. On the
other hand, in the case of Qi

 the MFV hypothesis is

satisfied by taking zi = V ib
CKM

c (⇤/v)2. The corrections

to R(⇤)

⌧/` and R⇡
⌧/` now also depend on the mass m of

the new invisible fermion  . Close to mB � mD(⇤) �
m⌧ thresholds the contributions to R(⇤)

⌧/` are suppressed
relative to the ones in R⇡

⌧/`. Varying both c and m the

best fit of �2 = 7.9 is reached for c ' 0.54 and m = 0
(see Fig. 1 right). Significant tensions between the three
observables remain.
Generic flavor structures. In the presence of

more general flavor violation the NP contributions to

The observed pattern of LFU violations points towards non MFV NP
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R⇡
⌧/` are no longer related to those in R(⇤)

⌧/`. We thus

parametrize the contributions of Qi
 and Qi

R,RL op-
erators to b ! c semileptonic transitions respectively
by zc ,R,RL = c ,R,RL(⇤/v)2, and to b ! u semilep-
tonic transitions by zu ,R,RL = ✏ ,R,RLz

c
 ,R,RL. The ef-

fect of Qi
R is to rescale the SM expectations R⌧/` by

|1 � cR/2Vcb|2 and R⇡
⌧/` by |1 + ✏RcR/2Vub|2. For R⇤

⌧/`

we obtain

R⇤,R(MFV)

⌧/` /R⇤,SM
⌧/` = 1� 0.88Re(cR/Vcb) + 0.25|cR/Vcb|2.

(11)
On the other hand contributions of Qi

RL can be obtained
from the corresponding expressions for QLR in the pre-
vious section with obvious modifications for the di↵erent
flavor and chiral structure.

We fit the data to pairs of (ci, ✏i) using CKM in-
puts from the global fit [5]). The results are pre-
sented in Fig. 2. Considering the NP operator Qi

R, all
three LFU ratios can now be perfectly accommodated at
cR ' �0.0039 ± 0.053i and ✏R ' 0.20. Interestingly, a
good fit necessarily implies a presence of large CP vio-
lating contributions, suppressed by an e↵ective NP scale
v|Im(c

R

)|�1/4 ' 0.36 TeV. Similarly, NP contributions
from Qi

RL can now simultaneously explain both R⇡
⌧/`

and R(⇤)

⌧/` discrepancies. The best fit of �2 ' 0.6 is
obtained at cRL ' 11 and ✏RL ' 0.013. The required
size of NP contributions points to a low NP scale of
v|cRL|�1/4 ' 97 GeV. On the other hand, generic fla-
vor structures do not significantly improve the MFV fit
of the Qi

 operator, due to the tension between R⌧/`

and R⇤

⌧/` (present also for QLR, see Fig. 1). Nonethe-
less, both R⌧/` and R⇡

⌧/` can now be accommodated si-
multaneously provided the parameters are near m = 0,
c ' 0.04 and ✏ ' 0.04 (at which point �2 ' 5.4) .

Explicit models. Specific NP models in general con-
tribute to more than one operator of the e↵ective La-
grangian in Eq. (4). The agreement with data for Qi

RL

operators suggests an obvious candidate – the two-Higgs

doublet model (2HDM), where charged Higgs (H+) ex-
changes generate both cRL and cLR. No tree level FC-
NCs arise in 2HDMs with natural flavor conservation
where the two Higgs doublets couple exclusively to uR

and/or dR. The four types of natural flavor conservation
2HDMs: Type I, Type II, “lepton specific” and “flipped”
[15] give cLR = (2mbv/m

2

H+){ctg2�, tg2�,�1,�1} and
ciRL = (2mi

uv/m
2

H+){ctg2�,�1,�1, ctg2�}, respectively.
Here tg� is the ratio of the two Higgs doublets’ vacuum
expectation values. Imposing the mH+ & 80 GeV bound
from direct searches at LEP [16] and O(1) . tg� .
O(100) so that the Yukawas are perturbative, we find
that none of the natural flavor conservation 2HDMs can
simultaneously account for the three LFU ratios.
In principle there is enough freedom in the Higgs

couplings to quarks to explain the observed LFU ra-
tios using 2HDMs with more general flavor structure.
A simple limit is that only one of the Higgs dou-
blets obtains a vacuum expectation value. The charged
Higgs is then part of the remaining Higgs doublet (H̄).
The interaction terms L � i

RLq̄3u
i
RH̄ + i

LRb̄RH̄
†qi +

⌧ ⌧̄Rl3H̄+h.c. generate ci⌧RL = �i⇤
RL(

⌧v/m⌧ )(v/mH+)2

and ci⌧LR = �i⇤
LR(

⌧v/m⌧ )(v/mH+)2 Wilson coe�cients
for the i@µ(ūiH̃

†⌧aq
3

)J µ
3,a and i@µ(q̄i⌧aHbR)J µ

3,a opera-
tors, generalizations of Eqs. (8) and (7), respectively. The
best fit regions have a fourfold amiguity with two solu-
tions for (u

LR�u
RL)

⌧ ' {1.5,�5}·10�3(mH+/v)2, and
two solutions for (c

RL
⌧ ,c

LR
⌧ ) ' {(�6, 8), (�12, 1)} ·

10�2(mH+/v)2. These values are large enough to pose

severe flavor building problems. The products 
c(u)
RL ⌧

are roughly three (four) orders of magnitude larger
than the corresponding Yukawas giving fermion masses,
(mc(u)/v)(m⌧/v). Furthermore, in order to satisfy FCNC
bounds from D0, Bs and Bd mixing, there needs to be at
least an order of magnitude cancellation between di↵er-
ent contributions even for ⌧ = 1 (for Bs,d a viable solu-
tion is also i

LR = 0). If such a charged Higgs is lighter
than the top quark, it could be observed in t ! bH+

decays. The null results of existing searches at ATLAS
and CMS imply |t

RL,LR| . O(0.2 � 0.4) for the H+

mass between 80 GeV and 160 GeV [17]. If the charged
Higgs is heavier than the top, the dominant signal could
come from gb ! H�t production with, e.g., the pp cross
section at the 8 TeV LHC of 1.4pb(|t

RL|2 + |t
LR|2) for

mH� = 200 GeV. Also for larger H+ masses ⌧+MET
and tb resonance searches [18] become e↵ective, since H�

then decays predominantly to t̄b and ⌧⌫ depending on the
relative sizes of t

LR,RL and ⌧ .
An alternative possibility is represented by lepto-

quarks. In particular, scalar leptoquarks forming the
(3,3,�1/3), (¯3,2,�7/6) and (3,1,�1/3) representa-
tions of the SM SU(3)c ⇥ SU(2)L ⇥ U(1)Y gauge
group as well as vector leptoquarks in the (3,3, 2/3),
(¯3,2, 5/6) and (3,1, 2/3) representations can contribute
to (semi)leptonic charged current meson decays at the
tree level. In general they will also induce dangerous

3

eR=0.2 *

*

-0.05 0.00 0.05

-0.05

0.00

0.05

Re@cRD

Im
@c RD

QR

*

6 8 10 12 14
0.000

0.005

0.010

0.015

0.020

0.025

0.030

cRL

e R
L

QRL

Figure 2: Preferred parameter regions for e↵ective operators Qi
R

(left plot, as a funciton of complex cR Wilson coe�cient, and ✏R
fixed to the best fit value), and for Qi
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of real cRL Wilson coe�cient and the mixing ratio ✏RL). Contours
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R⇡
⌧/` are no longer related to those in R(⇤)

⌧/`. We thus

parametrize the contributions of Qi
 and Qi

R,RL op-
erators to b ! c semileptonic transitions respectively
by zc ,R,RL = c ,R,RL(⇤/v)2, and to b ! u semilep-
tonic transitions by zu ,R,RL = ✏ ,R,RLz

c
 ,R,RL. The ef-

fect of Qi
R is to rescale the SM expectations R⌧/` by

|1 � cR/2Vcb|2 and R⇡
⌧/` by |1 + ✏RcR/2Vub|2. For R⇤

⌧/`

we obtain

R⇤,R(MFV)

⌧/` /R⇤,SM
⌧/` = 1� 0.88Re(cR/Vcb) + 0.25|cR/Vcb|2.

(11)
On the other hand contributions of Qi

RL can be obtained
from the corresponding expressions for QLR in the pre-
vious section with obvious modifications for the di↵erent
flavor and chiral structure.

We fit the data to pairs of (ci, ✏i) using CKM in-
puts from the global fit [5]). The results are pre-
sented in Fig. 2. Considering the NP operator Qi

R, all
three LFU ratios can now be perfectly accommodated at
cR ' �0.0039 ± 0.053i and ✏R ' 0.20. Interestingly, a
good fit necessarily implies a presence of large CP vio-
lating contributions, suppressed by an e↵ective NP scale
v|Im(c

R

)|�1/4 ' 0.36 TeV. Similarly, NP contributions
from Qi

RL can now simultaneously explain both R⇡
⌧/`

and R(⇤)

⌧/` discrepancies. The best fit of �2 ' 0.6 is
obtained at cRL ' 11 and ✏RL ' 0.013. The required
size of NP contributions points to a low NP scale of
v|cRL|�1/4 ' 97 GeV. On the other hand, generic fla-
vor structures do not significantly improve the MFV fit
of the Qi

 operator, due to the tension between R⌧/`

and R⇤

⌧/` (present also for QLR, see Fig. 1). Nonethe-
less, both R⌧/` and R⇡

⌧/` can now be accommodated si-
multaneously provided the parameters are near m = 0,
c ' 0.04 and ✏ ' 0.04 (at which point �2 ' 5.4) .

Explicit models. Specific NP models in general con-
tribute to more than one operator of the e↵ective La-
grangian in Eq. (4). The agreement with data for Qi

RL

operators suggests an obvious candidate – the two-Higgs

doublet model (2HDM), where charged Higgs (H+) ex-
changes generate both cRL and cLR. No tree level FC-
NCs arise in 2HDMs with natural flavor conservation
where the two Higgs doublets couple exclusively to uR

and/or dR. The four types of natural flavor conservation
2HDMs: Type I, Type II, “lepton specific” and “flipped”
[15] give cLR = (2mbv/m

2

H+){ctg2�, tg2�,�1,�1} and
ciRL = (2mi

uv/m
2

H+){ctg2�,�1,�1, ctg2�}, respectively.
Here tg� is the ratio of the two Higgs doublets’ vacuum
expectation values. Imposing the mH+ & 80 GeV bound
from direct searches at LEP [16] and O(1) . tg� .
O(100) so that the Yukawas are perturbative, we find
that none of the natural flavor conservation 2HDMs can
simultaneously account for the three LFU ratios.
In principle there is enough freedom in the Higgs

couplings to quarks to explain the observed LFU ra-
tios using 2HDMs with more general flavor structure.
A simple limit is that only one of the Higgs dou-
blets obtains a vacuum expectation value. The charged
Higgs is then part of the remaining Higgs doublet (H̄).
The interaction terms L � i

RLq̄3u
i
RH̄ + i

LRb̄RH̄
†qi +

⌧ ⌧̄Rl3H̄+h.c. generate ci⌧RL = �i⇤
RL(

⌧v/m⌧ )(v/mH+)2

and ci⌧LR = �i⇤
LR(

⌧v/m⌧ )(v/mH+)2 Wilson coe�cients
for the i@µ(ūiH̃

†⌧aq
3

)J µ
3,a and i@µ(q̄i⌧aHbR)J µ

3,a opera-
tors, generalizations of Eqs. (8) and (7), respectively. The
best fit regions have a fourfold amiguity with two solu-
tions for (u

LR�u
RL)

⌧ ' {1.5,�5}·10�3(mH+/v)2, and
two solutions for (c

RL
⌧ ,c

LR
⌧ ) ' {(�6, 8), (�12, 1)} ·

10�2(mH+/v)2. These values are large enough to pose

severe flavor building problems. The products 
c(u)
RL ⌧

are roughly three (four) orders of magnitude larger
than the corresponding Yukawas giving fermion masses,
(mc(u)/v)(m⌧/v). Furthermore, in order to satisfy FCNC
bounds from D0, Bs and Bd mixing, there needs to be at
least an order of magnitude cancellation between di↵er-
ent contributions even for ⌧ = 1 (for Bs,d a viable solu-
tion is also i

LR = 0). If such a charged Higgs is lighter
than the top quark, it could be observed in t ! bH+

decays. The null results of existing searches at ATLAS
and CMS imply |t

RL,LR| . O(0.2 � 0.4) for the H+

mass between 80 GeV and 160 GeV [17]. If the charged
Higgs is heavier than the top, the dominant signal could
come from gb ! H�t production with, e.g., the pp cross
section at the 8 TeV LHC of 1.4pb(|t

RL|2 + |t
LR|2) for

mH� = 200 GeV. Also for larger H+ masses ⌧+MET
and tb resonance searches [18] become e↵ective, since H�

then decays predominantly to t̄b and ⌧⌫ depending on the
relative sizes of t

LR,RL and ⌧ .
An alternative possibility is represented by lepto-

quarks. In particular, scalar leptoquarks forming the
(3,3,�1/3), (¯3,2,�7/6) and (3,1,�1/3) representa-
tions of the SM SU(3)c ⇥ SU(2)L ⇥ U(1)Y gauge
group as well as vector leptoquarks in the (3,3, 2/3),
(¯3,2, 5/6) and (3,1, 2/3) representations can contribute
to (semi)leptonic charged current meson decays at the
tree level. In general they will also induce dangerous
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R⇡
⌧/` are no longer related to those in R(⇤)

⌧/`. We thus

parametrize the contributions of Qi
 and Qi

R,RL op-
erators to b ! c semileptonic transitions respectively
by zc ,R,RL = c ,R,RL(⇤/v)2, and to b ! u semilep-
tonic transitions by zu ,R,RL = ✏ ,R,RLz

c
 ,R,RL. The ef-

fect of Qi
R is to rescale the SM expectations R⌧/` by

|1 � cR/2Vcb|2 and R⇡
⌧/` by |1 + ✏RcR/2Vub|2. For R⇤

⌧/`

we obtain

R⇤,R(MFV)

⌧/` /R⇤,SM
⌧/` = 1� 0.88Re(cR/Vcb) + 0.25|cR/Vcb|2.

(11)
On the other hand contributions of Qi

RL can be obtained
from the corresponding expressions for QLR in the pre-
vious section with obvious modifications for the di↵erent
flavor and chiral structure.

We fit the data to pairs of (ci, ✏i) using CKM in-
puts from the global fit [5]). The results are pre-
sented in Fig. 2. Considering the NP operator Qi

R, all
three LFU ratios can now be perfectly accommodated at
cR ' �0.0039 ± 0.053i and ✏R ' 0.20. Interestingly, a
good fit necessarily implies a presence of large CP vio-
lating contributions, suppressed by an e↵ective NP scale
v|Im(c

R

)|�1/4 ' 0.36 TeV. Similarly, NP contributions
from Qi

RL can now simultaneously explain both R⇡
⌧/`

and R(⇤)

⌧/` discrepancies. The best fit of �2 ' 0.6 is
obtained at cRL ' 11 and ✏RL ' 0.013. The required
size of NP contributions points to a low NP scale of
v|cRL|�1/4 ' 97 GeV. On the other hand, generic fla-
vor structures do not significantly improve the MFV fit
of the Qi

 operator, due to the tension between R⌧/`

and R⇤

⌧/` (present also for QLR, see Fig. 1). Nonethe-
less, both R⌧/` and R⇡

⌧/` can now be accommodated si-
multaneously provided the parameters are near m = 0,
c ' 0.04 and ✏ ' 0.04 (at which point �2 ' 5.4) .

Explicit models. Specific NP models in general con-
tribute to more than one operator of the e↵ective La-
grangian in Eq. (4). The agreement with data for Qi

RL

operators suggests an obvious candidate – the two-Higgs

doublet model (2HDM), where charged Higgs (H+) ex-
changes generate both cRL and cLR. No tree level FC-
NCs arise in 2HDMs with natural flavor conservation
where the two Higgs doublets couple exclusively to uR

and/or dR. The four types of natural flavor conservation
2HDMs: Type I, Type II, “lepton specific” and “flipped”
[15] give cLR = (2mbv/m

2

H+){ctg2�, tg2�,�1,�1} and
ciRL = (2mi

uv/m
2

H+){ctg2�,�1,�1, ctg2�}, respectively.
Here tg� is the ratio of the two Higgs doublets’ vacuum
expectation values. Imposing the mH+ & 80 GeV bound
from direct searches at LEP [16] and O(1) . tg� .
O(100) so that the Yukawas are perturbative, we find
that none of the natural flavor conservation 2HDMs can
simultaneously account for the three LFU ratios.
In principle there is enough freedom in the Higgs

couplings to quarks to explain the observed LFU ra-
tios using 2HDMs with more general flavor structure.
A simple limit is that only one of the Higgs dou-
blets obtains a vacuum expectation value. The charged
Higgs is then part of the remaining Higgs doublet (H̄).
The interaction terms L � i

RLq̄3u
i
RH̄ + i

LRb̄RH̄
†qi +

⌧ ⌧̄Rl3H̄+h.c. generate ci⌧RL = �i⇤
RL(

⌧v/m⌧ )(v/mH+)2

and ci⌧LR = �i⇤
LR(

⌧v/m⌧ )(v/mH+)2 Wilson coe�cients
for the i@µ(ūiH̃

†⌧aq
3

)J µ
3,a and i@µ(q̄i⌧aHbR)J µ

3,a opera-
tors, generalizations of Eqs. (8) and (7), respectively. The
best fit regions have a fourfold amiguity with two solu-
tions for (u

LR�u
RL)

⌧ ' {1.5,�5}·10�3(mH+/v)2, and
two solutions for (c

RL
⌧ ,c

LR
⌧ ) ' {(�6, 8), (�12, 1)} ·

10�2(mH+/v)2. These values are large enough to pose

severe flavor building problems. The products 
c(u)
RL ⌧

are roughly three (four) orders of magnitude larger
than the corresponding Yukawas giving fermion masses,
(mc(u)/v)(m⌧/v). Furthermore, in order to satisfy FCNC
bounds from D0, Bs and Bd mixing, there needs to be at
least an order of magnitude cancellation between di↵er-
ent contributions even for ⌧ = 1 (for Bs,d a viable solu-
tion is also i

LR = 0). If such a charged Higgs is lighter
than the top quark, it could be observed in t ! bH+

decays. The null results of existing searches at ATLAS
and CMS imply |t

RL,LR| . O(0.2 � 0.4) for the H+

mass between 80 GeV and 160 GeV [17]. If the charged
Higgs is heavier than the top, the dominant signal could
come from gb ! H�t production with, e.g., the pp cross
section at the 8 TeV LHC of 1.4pb(|t

RL|2 + |t
LR|2) for

mH� = 200 GeV. Also for larger H+ masses ⌧+MET
and tb resonance searches [18] become e↵ective, since H�

then decays predominantly to t̄b and ⌧⌫ depending on the
relative sizes of t

LR,RL and ⌧ .
An alternative possibility is represented by lepto-

quarks. In particular, scalar leptoquarks forming the
(3,3,�1/3), (¯3,2,�7/6) and (3,1,�1/3) representa-
tions of the SM SU(3)c ⇥ SU(2)L ⇥ U(1)Y gauge
group as well as vector leptoquarks in the (3,3, 2/3),
(¯3,2, 5/6) and (3,1, 2/3) representations can contribute
to (semi)leptonic charged current meson decays at the
tree level. In general they will also induce dangerous
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R⇡
⌧/` are no longer related to those in R(⇤)

⌧/`. We thus

parametrize the contributions of Qi
 and Qi

R,RL op-
erators to b ! c semileptonic transitions respectively
by zc ,R,RL = c ,R,RL(⇤/v)2, and to b ! u semilep-
tonic transitions by zu ,R,RL = ✏ ,R,RLz

c
 ,R,RL. The ef-

fect of Qi
R is to rescale the SM expectations R⌧/` by

|1 � cR/2Vcb|2 and R⇡
⌧/` by |1 + ✏RcR/2Vub|2. For R⇤

⌧/`

we obtain

R⇤,R(MFV)

⌧/` /R⇤,SM
⌧/` = 1� 0.88Re(cR/Vcb) + 0.25|cR/Vcb|2.

(11)
On the other hand contributions of Qi

RL can be obtained
from the corresponding expressions for QLR in the pre-
vious section with obvious modifications for the di↵erent
flavor and chiral structure.

We fit the data to pairs of (ci, ✏i) using CKM in-
puts from the global fit [5]). The results are pre-
sented in Fig. 2. Considering the NP operator Qi

R, all
three LFU ratios can now be perfectly accommodated at
cR ' �0.0039 ± 0.053i and ✏R ' 0.20. Interestingly, a
good fit necessarily implies a presence of large CP vio-
lating contributions, suppressed by an e↵ective NP scale
v|Im(c

R

)|�1/4 ' 0.36 TeV. Similarly, NP contributions
from Qi

RL can now simultaneously explain both R⇡
⌧/`

and R(⇤)

⌧/` discrepancies. The best fit of �2 ' 0.6 is
obtained at cRL ' 11 and ✏RL ' 0.013. The required
size of NP contributions points to a low NP scale of
v|cRL|�1/4 ' 97 GeV. On the other hand, generic fla-
vor structures do not significantly improve the MFV fit
of the Qi

 operator, due to the tension between R⌧/`

and R⇤

⌧/` (present also for QLR, see Fig. 1). Nonethe-
less, both R⌧/` and R⇡

⌧/` can now be accommodated si-
multaneously provided the parameters are near m = 0,
c ' 0.04 and ✏ ' 0.04 (at which point �2 ' 5.4) .

Explicit models. Specific NP models in general con-
tribute to more than one operator of the e↵ective La-
grangian in Eq. (4). The agreement with data for Qi

RL

operators suggests an obvious candidate – the two-Higgs

doublet model (2HDM), where charged Higgs (H+) ex-
changes generate both cRL and cLR. No tree level FC-
NCs arise in 2HDMs with natural flavor conservation
where the two Higgs doublets couple exclusively to uR

and/or dR. The four types of natural flavor conservation
2HDMs: Type I, Type II, “lepton specific” and “flipped”
[15] give cLR = (2mbv/m

2

H+){ctg2�, tg2�,�1,�1} and
ciRL = (2mi

uv/m
2

H+){ctg2�,�1,�1, ctg2�}, respectively.
Here tg� is the ratio of the two Higgs doublets’ vacuum
expectation values. Imposing the mH+ & 80 GeV bound
from direct searches at LEP [16] and O(1) . tg� .
O(100) so that the Yukawas are perturbative, we find
that none of the natural flavor conservation 2HDMs can
simultaneously account for the three LFU ratios.
In principle there is enough freedom in the Higgs

couplings to quarks to explain the observed LFU ra-
tios using 2HDMs with more general flavor structure.
A simple limit is that only one of the Higgs dou-
blets obtains a vacuum expectation value. The charged
Higgs is then part of the remaining Higgs doublet (H̄).
The interaction terms L � i

RLq̄3u
i
RH̄ + i

LRb̄RH̄
†qi +

⌧ ⌧̄Rl3H̄+h.c. generate ci⌧RL = �i⇤
RL(

⌧v/m⌧ )(v/mH+)2

and ci⌧LR = �i⇤
LR(

⌧v/m⌧ )(v/mH+)2 Wilson coe�cients
for the i@µ(ūiH̃

†⌧aq
3

)J µ
3,a and i@µ(q̄i⌧aHbR)J µ

3,a opera-
tors, generalizations of Eqs. (8) and (7), respectively. The
best fit regions have a fourfold amiguity with two solu-
tions for (u

LR�u
RL)

⌧ ' {1.5,�5}·10�3(mH+/v)2, and
two solutions for (c

RL
⌧ ,c

LR
⌧ ) ' {(�6, 8), (�12, 1)} ·

10�2(mH+/v)2. These values are large enough to pose

severe flavor building problems. The products 
c(u)
RL ⌧

are roughly three (four) orders of magnitude larger
than the corresponding Yukawas giving fermion masses,
(mc(u)/v)(m⌧/v). Furthermore, in order to satisfy FCNC
bounds from D0, Bs and Bd mixing, there needs to be at
least an order of magnitude cancellation between di↵er-
ent contributions even for ⌧ = 1 (for Bs,d a viable solu-
tion is also i

LR = 0). If such a charged Higgs is lighter
than the top quark, it could be observed in t ! bH+

decays. The null results of existing searches at ATLAS
and CMS imply |t

RL,LR| . O(0.2 � 0.4) for the H+

mass between 80 GeV and 160 GeV [17]. If the charged
Higgs is heavier than the top, the dominant signal could
come from gb ! H�t production with, e.g., the pp cross
section at the 8 TeV LHC of 1.4pb(|t

RL|2 + |t
LR|2) for

mH� = 200 GeV. Also for larger H+ masses ⌧+MET
and tb resonance searches [18] become e↵ective, since H�

then decays predominantly to t̄b and ⌧⌫ depending on the
relative sizes of t

LR,RL and ⌧ .
An alternative possibility is represented by lepto-

quarks. In particular, scalar leptoquarks forming the
(3,3,�1/3), (¯3,2,�7/6) and (3,1,�1/3) representa-
tions of the SM SU(3)c ⇥ SU(2)L ⇥ U(1)Y gauge
group as well as vector leptoquarks in the (3,3, 2/3),
(¯3,2, 5/6) and (3,1, 2/3) representations can contribute
to (semi)leptonic charged current meson decays at the
tree level. In general they will also induce dangerous
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R

(left plot, as a funciton of complex cR Wilson coe�cient, and ✏R
fixed to the best fit value), and for Qi

RL (right plot, as a function

of real cRL Wilson coe�cient and the mixing ratio ✏RL). Contours
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R⇡
⌧/` are no longer related to those in R(⇤)

⌧/`. We thus

parametrize the contributions of Qi
 and Qi

R,RL op-
erators to b ! c semileptonic transitions respectively
by zc ,R,RL = c ,R,RL(⇤/v)2, and to b ! u semilep-
tonic transitions by zu ,R,RL = ✏ ,R,RLz

c
 ,R,RL. The ef-

fect of Qi
R is to rescale the SM expectations R⌧/` by

|1 � cR/2Vcb|2 and R⇡
⌧/` by |1 + ✏RcR/2Vub|2. For R⇤

⌧/`

we obtain

R⇤,R(MFV)

⌧/` /R⇤,SM
⌧/` = 1� 0.88Re(cR/Vcb) + 0.25|cR/Vcb|2.

(11)
On the other hand contributions of Qi

RL can be obtained
from the corresponding expressions for QLR in the pre-
vious section with obvious modifications for the di↵erent
flavor and chiral structure.

We fit the data to pairs of (ci, ✏i) using CKM in-
puts from the global fit [5]). The results are pre-
sented in Fig. 2. Considering the NP operator Qi

R, all
three LFU ratios can now be perfectly accommodated at
cR ' �0.0039 ± 0.053i and ✏R ' 0.20. Interestingly, a
good fit necessarily implies a presence of large CP vio-
lating contributions, suppressed by an e↵ective NP scale
v|Im(c

R

)|�1/4 ' 0.36 TeV. Similarly, NP contributions
from Qi

RL can now simultaneously explain both R⇡
⌧/`

and R(⇤)

⌧/` discrepancies. The best fit of �2 ' 0.6 is
obtained at cRL ' 11 and ✏RL ' 0.013. The required
size of NP contributions points to a low NP scale of
v|cRL|�1/4 ' 97 GeV. On the other hand, generic fla-
vor structures do not significantly improve the MFV fit
of the Qi

 operator, due to the tension between R⌧/`

and R⇤

⌧/` (present also for QLR, see Fig. 1). Nonethe-
less, both R⌧/` and R⇡

⌧/` can now be accommodated si-
multaneously provided the parameters are near m = 0,
c ' 0.04 and ✏ ' 0.04 (at which point �2 ' 5.4) .

Explicit models. Specific NP models in general con-
tribute to more than one operator of the e↵ective La-
grangian in Eq. (4). The agreement with data for Qi

RL

operators suggests an obvious candidate – the two-Higgs

doublet model (2HDM), where charged Higgs (H+) ex-
changes generate both cRL and cLR. No tree level FC-
NCs arise in 2HDMs with natural flavor conservation
where the two Higgs doublets couple exclusively to uR

and/or dR. The four types of natural flavor conservation
2HDMs: Type I, Type II, “lepton specific” and “flipped”
[15] give cLR = (2mbv/m

2

H+){ctg2�, tg2�,�1,�1} and
ciRL = (2mi

uv/m
2

H+){ctg2�,�1,�1, ctg2�}, respectively.
Here tg� is the ratio of the two Higgs doublets’ vacuum
expectation values. Imposing the mH+ & 80 GeV bound
from direct searches at LEP [16] and O(1) . tg� .
O(100) so that the Yukawas are perturbative, we find
that none of the natural flavor conservation 2HDMs can
simultaneously account for the three LFU ratios.
In principle there is enough freedom in the Higgs

couplings to quarks to explain the observed LFU ra-
tios using 2HDMs with more general flavor structure.
A simple limit is that only one of the Higgs dou-
blets obtains a vacuum expectation value. The charged
Higgs is then part of the remaining Higgs doublet (H̄).
The interaction terms L � i

RLq̄3u
i
RH̄ + i

LRb̄RH̄
†qi +

⌧ ⌧̄Rl3H̄+h.c. generate ci⌧RL = �i⇤
RL(

⌧v/m⌧ )(v/mH+)2

and ci⌧LR = �i⇤
LR(

⌧v/m⌧ )(v/mH+)2 Wilson coe�cients
for the i@µ(ūiH̃

†⌧aq
3

)J µ
3,a and i@µ(q̄i⌧aHbR)J µ

3,a opera-
tors, generalizations of Eqs. (8) and (7), respectively. The
best fit regions have a fourfold amiguity with two solu-
tions for (u

LR�u
RL)

⌧ ' {1.5,�5}·10�3(mH+/v)2, and
two solutions for (c

RL
⌧ ,c

LR
⌧ ) ' {(�6, 8), (�12, 1)} ·

10�2(mH+/v)2. These values are large enough to pose

severe flavor building problems. The products 
c(u)
RL ⌧

are roughly three (four) orders of magnitude larger
than the corresponding Yukawas giving fermion masses,
(mc(u)/v)(m⌧/v). Furthermore, in order to satisfy FCNC
bounds from D0, Bs and Bd mixing, there needs to be at
least an order of magnitude cancellation between di↵er-
ent contributions even for ⌧ = 1 (for Bs,d a viable solu-
tion is also i

LR = 0). If such a charged Higgs is lighter
than the top quark, it could be observed in t ! bH+

decays. The null results of existing searches at ATLAS
and CMS imply |t

RL,LR| . O(0.2 � 0.4) for the H+

mass between 80 GeV and 160 GeV [17]. If the charged
Higgs is heavier than the top, the dominant signal could
come from gb ! H�t production with, e.g., the pp cross
section at the 8 TeV LHC of 1.4pb(|t

RL|2 + |t
LR|2) for

mH� = 200 GeV. Also for larger H+ masses ⌧+MET
and tb resonance searches [18] become e↵ective, since H�

then decays predominantly to t̄b and ⌧⌫ depending on the
relative sizes of t

LR,RL and ⌧ .
An alternative possibility is represented by lepto-

quarks. In particular, scalar leptoquarks forming the
(3,3,�1/3), (¯3,2,�7/6) and (3,1,�1/3) representa-
tions of the SM SU(3)c ⇥ SU(2)L ⇥ U(1)Y gauge
group as well as vector leptoquarks in the (3,3, 2/3),
(¯3,2, 5/6) and (3,1, 2/3) representations can contribute
to (semi)leptonic charged current meson decays at the
tree level. In general they will also induce dangerous
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(left plot, as a funciton of complex cR Wilson coe�cient, and ✏R
fixed to the best fit value), and for Qi

RL (right plot, as a function

of real cRL Wilson coe�cient and the mixing ratio ✏RL). Contours

and shaded regions as in Fig. 1. The best fit points are marked

with an asterisk.

R⇡
⌧/` are no longer related to those in R(⇤)

⌧/`. We thus

parametrize the contributions of Qi
 and Qi

R,RL op-
erators to b ! c semileptonic transitions respectively
by zc ,R,RL = c ,R,RL(⇤/v)2, and to b ! u semilep-
tonic transitions by zu ,R,RL = ✏ ,R,RLz

c
 ,R,RL. The ef-

fect of Qi
R is to rescale the SM expectations R⌧/` by

|1 � cR/2Vcb|2 and R⇡
⌧/` by |1 + ✏RcR/2Vub|2. For R⇤

⌧/`

we obtain

R⇤,R(MFV)

⌧/` /R⇤,SM
⌧/` = 1� 0.88Re(cR/Vcb) + 0.25|cR/Vcb|2.

(11)
On the other hand contributions of Qi

RL can be obtained
from the corresponding expressions for QLR in the pre-
vious section with obvious modifications for the di↵erent
flavor and chiral structure.

We fit the data to pairs of (ci, ✏i) using CKM in-
puts from the global fit [5]). The results are pre-
sented in Fig. 2. Considering the NP operator Qi

R, all
three LFU ratios can now be perfectly accommodated at
cR ' �0.0039 ± 0.053i and ✏R ' 0.20. Interestingly, a
good fit necessarily implies a presence of large CP vio-
lating contributions, suppressed by an e↵ective NP scale
v|Im(c

R

)|�1/4 ' 0.36 TeV. Similarly, NP contributions
from Qi

RL can now simultaneously explain both R⇡
⌧/`

and R(⇤)

⌧/` discrepancies. The best fit of �2 ' 0.6 is
obtained at cRL ' 11 and ✏RL ' 0.013. The required
size of NP contributions points to a low NP scale of
v|cRL|�1/4 ' 97 GeV. On the other hand, generic fla-
vor structures do not significantly improve the MFV fit
of the Qi

 operator, due to the tension between R⌧/`

and R⇤

⌧/` (present also for QLR, see Fig. 1). Nonethe-
less, both R⌧/` and R⇡

⌧/` can now be accommodated si-
multaneously provided the parameters are near m = 0,
c ' 0.04 and ✏ ' 0.04 (at which point �2 ' 5.4) .

Explicit models. Specific NP models in general con-
tribute to more than one operator of the e↵ective La-
grangian in Eq. (4). The agreement with data for Qi

RL

operators suggests an obvious candidate – the two-Higgs

doublet model (2HDM), where charged Higgs (H+) ex-
changes generate both cRL and cLR. No tree level FC-
NCs arise in 2HDMs with natural flavor conservation
where the two Higgs doublets couple exclusively to uR

and/or dR. The four types of natural flavor conservation
2HDMs: Type I, Type II, “lepton specific” and “flipped”
[15] give cLR = (2mbv/m

2

H+){ctg2�, tg2�,�1,�1} and
ciRL = (2mi

uv/m
2

H+){ctg2�,�1,�1, ctg2�}, respectively.
Here tg� is the ratio of the two Higgs doublets’ vacuum
expectation values. Imposing the mH+ & 80 GeV bound
from direct searches at LEP [16] and O(1) . tg� .
O(100) so that the Yukawas are perturbative, we find
that none of the natural flavor conservation 2HDMs can
simultaneously account for the three LFU ratios.
In principle there is enough freedom in the Higgs

couplings to quarks to explain the observed LFU ra-
tios using 2HDMs with more general flavor structure.
A simple limit is that only one of the Higgs dou-
blets obtains a vacuum expectation value. The charged
Higgs is then part of the remaining Higgs doublet (H̄).
The interaction terms L � i

RLq̄3u
i
RH̄ + i

LRb̄RH̄
†qi +

⌧ ⌧̄Rl3H̄+h.c. generate ci⌧RL = �i⇤
RL(

⌧v/m⌧ )(v/mH+)2

and ci⌧LR = �i⇤
LR(

⌧v/m⌧ )(v/mH+)2 Wilson coe�cients
for the i@µ(ūiH̃

†⌧aq
3

)J µ
3,a and i@µ(q̄i⌧aHbR)J µ

3,a opera-
tors, generalizations of Eqs. (8) and (7), respectively. The
best fit regions have a fourfold amiguity with two solu-
tions for (u

LR�u
RL)

⌧ ' {1.5,�5}·10�3(mH+/v)2, and
two solutions for (c

RL
⌧ ,c

LR
⌧ ) ' {(�6, 8), (�12, 1)} ·

10�2(mH+/v)2. These values are large enough to pose

severe flavor building problems. The products 
c(u)
RL ⌧

are roughly three (four) orders of magnitude larger
than the corresponding Yukawas giving fermion masses,
(mc(u)/v)(m⌧/v). Furthermore, in order to satisfy FCNC
bounds from D0, Bs and Bd mixing, there needs to be at
least an order of magnitude cancellation between di↵er-
ent contributions even for ⌧ = 1 (for Bs,d a viable solu-
tion is also i

LR = 0). If such a charged Higgs is lighter
than the top quark, it could be observed in t ! bH+

decays. The null results of existing searches at ATLAS
and CMS imply |t

RL,LR| . O(0.2 � 0.4) for the H+

mass between 80 GeV and 160 GeV [17]. If the charged
Higgs is heavier than the top, the dominant signal could
come from gb ! H�t production with, e.g., the pp cross
section at the 8 TeV LHC of 1.4pb(|t

RL|2 + |t
LR|2) for

mH� = 200 GeV. Also for larger H+ masses ⌧+MET
and tb resonance searches [18] become e↵ective, since H�

then decays predominantly to t̄b and ⌧⌫ depending on the
relative sizes of t

LR,RL and ⌧ .
An alternative possibility is represented by lepto-

quarks. In particular, scalar leptoquarks forming the
(3,3,�1/3), (¯3,2,�7/6) and (3,1,�1/3) representa-
tions of the SM SU(3)c ⇥ SU(2)L ⇥ U(1)Y gauge
group as well as vector leptoquarks in the (3,3, 2/3),
(¯3,2, 5/6) and (3,1, 2/3) representations can contribute
to (semi)leptonic charged current meson decays at the
tree level. In general they will also induce dangerous

see also, Crivellin, Greub & Kokulu
1206.2634



Example NP models: Leptoquarks

• Many possibilities:

• scalars in

• vectors in  

• Scalar EW triplet example

• matches onto QL - cannot simultaneously explain

•                                        in tension with EWPTs

• direct LHC searches already probing interesting mass range
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R

(left plot, as a funciton of complex cR Wilson coe�cient, and ✏R
fixed to the best fit value), and for Qi

RL (right plot, as a function

of real cRL Wilson coe�cient and the mixing ratio ✏RL). Contours
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R⇡
⌧/` are no longer related to those in R(⇤)

⌧/`. We thus

parametrize the contributions of Qi
 and Qi

R,RL op-
erators to b ! c semileptonic transitions respectively
by zc ,R,RL = c ,R,RL(⇤/v)2, and to b ! u semilep-
tonic transitions by zu ,R,RL = ✏ ,R,RLz

c
 ,R,RL. The ef-

fect of Qi
R is to rescale the SM expectations R⌧/` by

|1 � cR/2Vcb|2 and R⇡
⌧/` by |1 + ✏RcR/2Vub|2. For R⇤

⌧/`

we obtain

R⇤,R(MFV)

⌧/` /R⇤,SM
⌧/` = 1� 0.88Re(cR/Vcb) + 0.25|cR/Vcb|2.

(11)
On the other hand contributions of Qi

RL can be obtained
from the corresponding expressions for QLR in the pre-
vious section with obvious modifications for the di↵erent
flavor and chiral structure.

We fit the data to pairs of (ci, ✏i) using CKM in-
puts from the global fit [5]). The results are pre-
sented in Fig. 2. Considering the NP operator Qi

R, all
three LFU ratios can now be perfectly accommodated at
cR ' �0.0039 ± 0.053i and ✏R ' 0.20. Interestingly, a
good fit necessarily implies a presence of large CP vio-
lating contributions, suppressed by an e↵ective NP scale
v|Im(c

R

)|�1/4 ' 0.36 TeV. Similarly, NP contributions
from Qi

RL can now simultaneously explain both R⇡
⌧/`

and R(⇤)

⌧/` discrepancies. The best fit of �2 ' 0.6 is
obtained at cRL ' 11 and ✏RL ' 0.013. The required
size of NP contributions points to a low NP scale of
v|cRL|�1/4 ' 97 GeV. On the other hand, generic fla-
vor structures do not significantly improve the MFV fit
of the Qi

 operator, due to the tension between R⌧/`

and R⇤

⌧/` (present also for QLR, see Fig. 1). Nonethe-
less, both R⌧/` and R⇡

⌧/` can now be accommodated si-
multaneously provided the parameters are near m = 0,
c ' 0.04 and ✏ ' 0.04 (at which point �2 ' 5.4) .

Explicit models. Specific NP models in general con-
tribute to more than one operator of the e↵ective La-
grangian in Eq. (4). The agreement with data for Qi

RL

operators suggests an obvious candidate – the two-Higgs

doublet model (2HDM), where charged Higgs (H+) ex-
changes generate both cRL and cLR. No tree level FC-
NCs arise in 2HDMs with natural flavor conservation
where the two Higgs doublets couple exclusively to uR

and/or dR. The four types of natural flavor conservation
2HDMs: Type I, Type II, “lepton specific” and “flipped”
[15] give cLR = (2mbv/m

2

H+){ctg2�, tg2�,�1,�1} and
ciRL = (2mi

uv/m
2

H+){ctg2�,�1,�1, ctg2�}, respectively.
Here tg� is the ratio of the two Higgs doublets’ vacuum
expectation values. Imposing the mH+ & 80 GeV bound
from direct searches at LEP [16] and O(1) . tg� .
O(100) so that the Yukawas are perturbative, we find
that none of the natural flavor conservation 2HDMs can
simultaneously account for the three LFU ratios.
In principle there is enough freedom in the Higgs

couplings to quarks to explain the observed LFU ra-
tios using 2HDMs with more general flavor structure.
A simple limit is that only one of the Higgs dou-
blets obtains a vacuum expectation value. The charged
Higgs is then part of the remaining Higgs doublet (H̄).
The interaction terms L � i

RLq̄3u
i
RH̄ + i

LRb̄RH̄
†qi +

⌧ ⌧̄Rl3H̄+h.c. generate ci⌧RL = �i⇤
RL(

⌧v/m⌧ )(v/mH+)2

and ci⌧LR = �i⇤
LR(

⌧v/m⌧ )(v/mH+)2 Wilson coe�cients
for the i@µ(ūiH̃

†⌧aq
3

)J µ
3,a and i@µ(q̄i⌧aHbR)J µ

3,a opera-
tors, generalizations of Eqs. (8) and (7), respectively. The
best fit regions have a fourfold amiguity with two solu-
tions for (u

LR�u
RL)

⌧ ' {1.5,�5}·10�3(mH+/v)2, and
two solutions for (c

RL
⌧ ,c

LR
⌧ ) ' {(�6, 8), (�12, 1)} ·

10�2(mH+/v)2. These values are large enough to pose

severe flavor building problems. The products 
c(u)
RL ⌧

are roughly three (four) orders of magnitude larger
than the corresponding Yukawas giving fermion masses,
(mc(u)/v)(m⌧/v). Furthermore, in order to satisfy FCNC
bounds from D0, Bs and Bd mixing, there needs to be at
least an order of magnitude cancellation between di↵er-
ent contributions even for ⌧ = 1 (for Bs,d a viable solu-
tion is also i

LR = 0). If such a charged Higgs is lighter
than the top quark, it could be observed in t ! bH+

decays. The null results of existing searches at ATLAS
and CMS imply |t

RL,LR| . O(0.2 � 0.4) for the H+

mass between 80 GeV and 160 GeV [17]. If the charged
Higgs is heavier than the top, the dominant signal could
come from gb ! H�t production with, e.g., the pp cross
section at the 8 TeV LHC of 1.4pb(|t

RL|2 + |t
LR|2) for

mH� = 200 GeV. Also for larger H+ masses ⌧+MET
and tb resonance searches [18] become e↵ective, since H�

then decays predominantly to t̄b and ⌧⌫ depending on the
relative sizes of t

LR,RL and ⌧ .
An alternative possibility is represented by lepto-

quarks. In particular, scalar leptoquarks forming the
(3,3,�1/3), (¯3,2,�7/6) and (3,1,�1/3) representa-
tions of the SM SU(3)c ⇥ SU(2)L ⇥ U(1)Y gauge
group as well as vector leptoquarks in the (3,3, 2/3),
(¯3,2, 5/6) and (3,1, 2/3) representations can contribute
to (semi)leptonic charged current meson decays at the
tree level. In general they will also induce dangerous
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R⇡
⌧/` are no longer related to those in R(⇤)

⌧/`. We thus

parametrize the contributions of Qi
 and Qi

R,RL op-
erators to b ! c semileptonic transitions respectively
by zc ,R,RL = c ,R,RL(⇤/v)2, and to b ! u semilep-
tonic transitions by zu ,R,RL = ✏ ,R,RLz

c
 ,R,RL. The ef-

fect of Qi
R is to rescale the SM expectations R⌧/` by

|1 � cR/2Vcb|2 and R⇡
⌧/` by |1 + ✏RcR/2Vub|2. For R⇤

⌧/`

we obtain

R⇤,R(MFV)

⌧/` /R⇤,SM
⌧/` = 1� 0.88Re(cR/Vcb) + 0.25|cR/Vcb|2.

(11)
On the other hand contributions of Qi

RL can be obtained
from the corresponding expressions for QLR in the pre-
vious section with obvious modifications for the di↵erent
flavor and chiral structure.

We fit the data to pairs of (ci, ✏i) using CKM in-
puts from the global fit [5]). The results are pre-
sented in Fig. 2. Considering the NP operator Qi

R, all
three LFU ratios can now be perfectly accommodated at
cR ' �0.0039 ± 0.053i and ✏R ' 0.20. Interestingly, a
good fit necessarily implies a presence of large CP vio-
lating contributions, suppressed by an e↵ective NP scale
v|Im(c

R

)|�1/4 ' 0.36 TeV. Similarly, NP contributions
from Qi

RL can now simultaneously explain both R⇡
⌧/`

and R(⇤)

⌧/` discrepancies. The best fit of �2 ' 0.6 is
obtained at cRL ' 11 and ✏RL ' 0.013. The required
size of NP contributions points to a low NP scale of
v|cRL|�1/4 ' 97 GeV. On the other hand, generic fla-
vor structures do not significantly improve the MFV fit
of the Qi

 operator, due to the tension between R⌧/`

and R⇤

⌧/` (present also for QLR, see Fig. 1). Nonethe-
less, both R⌧/` and R⇡

⌧/` can now be accommodated si-
multaneously provided the parameters are near m = 0,
c ' 0.04 and ✏ ' 0.04 (at which point �2 ' 5.4) .

Explicit models. Specific NP models in general con-
tribute to more than one operator of the e↵ective La-
grangian in Eq. (4). The agreement with data for Qi

RL

operators suggests an obvious candidate – the two-Higgs

doublet model (2HDM), where charged Higgs (H+) ex-
changes generate both cRL and cLR. No tree level FC-
NCs arise in 2HDMs with natural flavor conservation
where the two Higgs doublets couple exclusively to uR

and/or dR. The four types of natural flavor conservation
2HDMs: Type I, Type II, “lepton specific” and “flipped”
[15] give cLR = (2mbv/m

2

H+){ctg2�, tg2�,�1,�1} and
ciRL = (2mi

uv/m
2

H+){ctg2�,�1,�1, ctg2�}, respectively.
Here tg� is the ratio of the two Higgs doublets’ vacuum
expectation values. Imposing the mH+ & 80 GeV bound
from direct searches at LEP [16] and O(1) . tg� .
O(100) so that the Yukawas are perturbative, we find
that none of the natural flavor conservation 2HDMs can
simultaneously account for the three LFU ratios.
In principle there is enough freedom in the Higgs

couplings to quarks to explain the observed LFU ra-
tios using 2HDMs with more general flavor structure.
A simple limit is that only one of the Higgs dou-
blets obtains a vacuum expectation value. The charged
Higgs is then part of the remaining Higgs doublet (H̄).
The interaction terms L � i

RLq̄3u
i
RH̄ + i

LRb̄RH̄
†qi +

⌧ ⌧̄Rl3H̄+h.c. generate ci⌧RL = �i⇤
RL(

⌧v/m⌧ )(v/mH+)2

and ci⌧LR = �i⇤
LR(

⌧v/m⌧ )(v/mH+)2 Wilson coe�cients
for the i@µ(ūiH̃

†⌧aq
3

)J µ
3,a and i@µ(q̄i⌧aHbR)J µ

3,a opera-
tors, generalizations of Eqs. (8) and (7), respectively. The
best fit regions have a fourfold amiguity with two solu-
tions for (u

LR�u
RL)

⌧ ' {1.5,�5}·10�3(mH+/v)2, and
two solutions for (c

RL
⌧ ,c

LR
⌧ ) ' {(�6, 8), (�12, 1)} ·

10�2(mH+/v)2. These values are large enough to pose

severe flavor building problems. The products 
c(u)
RL ⌧

are roughly three (four) orders of magnitude larger
than the corresponding Yukawas giving fermion masses,
(mc(u)/v)(m⌧/v). Furthermore, in order to satisfy FCNC
bounds from D0, Bs and Bd mixing, there needs to be at
least an order of magnitude cancellation between di↵er-
ent contributions even for ⌧ = 1 (for Bs,d a viable solu-
tion is also i

LR = 0). If such a charged Higgs is lighter
than the top quark, it could be observed in t ! bH+

decays. The null results of existing searches at ATLAS
and CMS imply |t

RL,LR| . O(0.2 � 0.4) for the H+

mass between 80 GeV and 160 GeV [17]. If the charged
Higgs is heavier than the top, the dominant signal could
come from gb ! H�t production with, e.g., the pp cross
section at the 8 TeV LHC of 1.4pb(|t

RL|2 + |t
LR|2) for

mH� = 200 GeV. Also for larger H+ masses ⌧+MET
and tb resonance searches [18] become e↵ective, since H�

then decays predominantly to t̄b and ⌧⌫ depending on the
relative sizes of t

LR,RL and ⌧ .
An alternative possibility is represented by lepto-

quarks. In particular, scalar leptoquarks forming the
(3,3,�1/3), (¯3,2,�7/6) and (3,1,�1/3) representa-
tions of the SM SU(3)c ⇥ SU(2)L ⇥ U(1)Y gauge
group as well as vector leptoquarks in the (3,3, 2/3),
(¯3,2, 5/6) and (3,1, 2/3) representations can contribute
to (semi)leptonic charged current meson decays at the
tree level. In general they will also induce dangerous
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R⇡
⌧/` are no longer related to those in R(⇤)

⌧/`. We thus

parametrize the contributions of Qi
 and Qi

R,RL op-
erators to b ! c semileptonic transitions respectively
by zc ,R,RL = c ,R,RL(⇤/v)2, and to b ! u semilep-
tonic transitions by zu ,R,RL = ✏ ,R,RLz

c
 ,R,RL. The ef-

fect of Qi
R is to rescale the SM expectations R⌧/` by

|1 � cR/2Vcb|2 and R⇡
⌧/` by |1 + ✏RcR/2Vub|2. For R⇤

⌧/`

we obtain

R⇤,R(MFV)

⌧/` /R⇤,SM
⌧/` = 1� 0.88Re(cR/Vcb) + 0.25|cR/Vcb|2.

(11)
On the other hand contributions of Qi

RL can be obtained
from the corresponding expressions for QLR in the pre-
vious section with obvious modifications for the di↵erent
flavor and chiral structure.

We fit the data to pairs of (ci, ✏i) using CKM in-
puts from the global fit [5]). The results are pre-
sented in Fig. 2. Considering the NP operator Qi

R, all
three LFU ratios can now be perfectly accommodated at
cR ' �0.0039 ± 0.053i and ✏R ' 0.20. Interestingly, a
good fit necessarily implies a presence of large CP vio-
lating contributions, suppressed by an e↵ective NP scale
v|Im(c

R

)|�1/4 ' 0.36 TeV. Similarly, NP contributions
from Qi

RL can now simultaneously explain both R⇡
⌧/`

and R(⇤)

⌧/` discrepancies. The best fit of �2 ' 0.6 is
obtained at cRL ' 11 and ✏RL ' 0.013. The required
size of NP contributions points to a low NP scale of
v|cRL|�1/4 ' 97 GeV. On the other hand, generic fla-
vor structures do not significantly improve the MFV fit
of the Qi

 operator, due to the tension between R⌧/`

and R⇤

⌧/` (present also for QLR, see Fig. 1). Nonethe-
less, both R⌧/` and R⇡

⌧/` can now be accommodated si-
multaneously provided the parameters are near m = 0,
c ' 0.04 and ✏ ' 0.04 (at which point �2 ' 5.4) .

Explicit models. Specific NP models in general con-
tribute to more than one operator of the e↵ective La-
grangian in Eq. (4). The agreement with data for Qi

RL

operators suggests an obvious candidate – the two-Higgs

doublet model (2HDM), where charged Higgs (H+) ex-
changes generate both cRL and cLR. No tree level FC-
NCs arise in 2HDMs with natural flavor conservation
where the two Higgs doublets couple exclusively to uR

and/or dR. The four types of natural flavor conservation
2HDMs: Type I, Type II, “lepton specific” and “flipped”
[15] give cLR = (2mbv/m

2

H+){ctg2�, tg2�,�1,�1} and
ciRL = (2mi

uv/m
2

H+){ctg2�,�1,�1, ctg2�}, respectively.
Here tg� is the ratio of the two Higgs doublets’ vacuum
expectation values. Imposing the mH+ & 80 GeV bound
from direct searches at LEP [16] and O(1) . tg� .
O(100) so that the Yukawas are perturbative, we find
that none of the natural flavor conservation 2HDMs can
simultaneously account for the three LFU ratios.
In principle there is enough freedom in the Higgs

couplings to quarks to explain the observed LFU ra-
tios using 2HDMs with more general flavor structure.
A simple limit is that only one of the Higgs dou-
blets obtains a vacuum expectation value. The charged
Higgs is then part of the remaining Higgs doublet (H̄).
The interaction terms L � i

RLq̄3u
i
RH̄ + i

LRb̄RH̄
†qi +

⌧ ⌧̄Rl3H̄+h.c. generate ci⌧RL = �i⇤
RL(

⌧v/m⌧ )(v/mH+)2

and ci⌧LR = �i⇤
LR(

⌧v/m⌧ )(v/mH+)2 Wilson coe�cients
for the i@µ(ūiH̃

†⌧aq
3

)J µ
3,a and i@µ(q̄i⌧aHbR)J µ

3,a opera-
tors, generalizations of Eqs. (8) and (7), respectively. The
best fit regions have a fourfold amiguity with two solu-
tions for (u

LR�u
RL)

⌧ ' {1.5,�5}·10�3(mH+/v)2, and
two solutions for (c

RL
⌧ ,c

LR
⌧ ) ' {(�6, 8), (�12, 1)} ·

10�2(mH+/v)2. These values are large enough to pose

severe flavor building problems. The products 
c(u)
RL ⌧

are roughly three (four) orders of magnitude larger
than the corresponding Yukawas giving fermion masses,
(mc(u)/v)(m⌧/v). Furthermore, in order to satisfy FCNC
bounds from D0, Bs and Bd mixing, there needs to be at
least an order of magnitude cancellation between di↵er-
ent contributions even for ⌧ = 1 (for Bs,d a viable solu-
tion is also i

LR = 0). If such a charged Higgs is lighter
than the top quark, it could be observed in t ! bH+

decays. The null results of existing searches at ATLAS
and CMS imply |t

RL,LR| . O(0.2 � 0.4) for the H+

mass between 80 GeV and 160 GeV [17]. If the charged
Higgs is heavier than the top, the dominant signal could
come from gb ! H�t production with, e.g., the pp cross
section at the 8 TeV LHC of 1.4pb(|t

RL|2 + |t
LR|2) for

mH� = 200 GeV. Also for larger H+ masses ⌧+MET
and tb resonance searches [18] become e↵ective, since H�

then decays predominantly to t̄b and ⌧⌫ depending on the
relative sizes of t

LR,RL and ⌧ .
An alternative possibility is represented by lepto-

quarks. In particular, scalar leptoquarks forming the
(3,3,�1/3), (¯3,2,�7/6) and (3,1,�1/3) representa-
tions of the SM SU(3)c ⇥ SU(2)L ⇥ U(1)Y gauge
group as well as vector leptoquarks in the (3,3, 2/3),
(¯3,2, 5/6) and (3,1, 2/3) representations can contribute
to (semi)leptonic charged current meson decays at the
tree level. In general they will also induce dangerous

4

FCNC operators and are thus potentially severely con-
strained [19]. As an example we consider the scalar elec-
troweak triplet leptoquark S

3

= (3,3,�1/3) with renor-
malizable interactions to 3rd generation SM fermions
(aligned with the mass basis of down-like quarks and
charged leptons)

Lint

S3
= YS3q

c
3

i�
2

⌧aSa⇤
3

l
3

+ h.c. . (12)

Integrating out S
3

at the tree level induces a contribution
to QL with cL = (|YS3 |2/4)(v/mS3)

2. LFU violations
in B ! D(⇤) transitions (but not R⇡

⌧/`) can then be

accommodated provided |YS3 |/mS3 ' 1/150 GeV. The
most severe constraints on these parameters come from
electroweak precision tests [20] requiring |YS3 |/mS3 .
1/450 GeV, in tension with the value preferred by B
decays. Additional contributions to electroweak preci-
sion observables from the UV completion of the e↵ective
model in Eq. (12) could soften this tension. Most con-
straining direct bound on the mass of S

3

is from the CMS
search for 3rd generation scalar leptoquarks decaying to
b⌫ [21]. Taking into account the S

3

! b⌫ branching ra-
tio we obtain a bound mS3 & 280 GeV. Future dedicated
searches using also the t⌧ decay channel [22] or associ-
ated S

3

production with the monotop signature [12] could
further constrain this model.

Modifications of semileptonic transitions involving the
third generation quarks and leptons are also expected in
models of strong electroweak symmetry breaking or com-
posite Higgs models where the heavier SM fermions are
expected to be partially or mostly composite [23]. The
exchange of strong sector vector resonances will induce
contributions to QL,R which can be parametrized as

zL
⇤2

⇠ g2⇢
m2

⇢

[fq
3

]2[f l
3

]2 ,
z
u(c)
R

⇤4

⇠ g2⇢
m2

⇢

yQd
3

yQu
1(2)

m2

Q

[f l
3

]2 , (13)

where g⇢ .
p
4⇡ and m⇢ ⇠ O(TeV) are the strong sector

vector resonance coupling and mass, whilemQ . O(TeV)
is the mass of the strong sector fermion resonances (Q)
transforming as (3,2, 1/6) under the SM gauge group.
Furthermore, fq,l

i 2 [0, 1] are compositeness fractions
of i-th generation left handed quarks and leptons re-
spectively, parametrizing the mixing of chiral fermions
with strong sector fermion resonances (again assuming
down type mass alignment), while yQd,Qu

i are the cou-
plings of right-handed chiral up- and down-type quarks
to the composite Higgs and Q fermion resonance fields
in L � yQd

i Q̄HdiR + yQu
i Q̄H̃ui

R + h.c.. For concrete-
ness we fix f l

3

= fq
3

= 1 (third generation composite-

ness), g⇢ =
p
4⇡ and fit m⇢, ✏32 ⌘ yQd

3

yQu
2

v2/m2

Q and

✏
31

⌘ yQd
3

yQu
1

v2/m2

Q to the three LFU ratios. A good
fit to all three observables is obtained for m⇢ ' 1 TeV
in two regions, around ✏

32

' 0 and ✏
31

' �0.01 but also
✏
32

' 0.01 and ✏
31

' 0.05. Note that non-zero ✏i are
required to fit R(⇤)

⌧/` and R⇡
⌧/` simultaneously. Similarly

to the H+ in 2HDMs, the strong sector charged vector
resonances are susceptible to ⌧+MET and tb resonance
searches [18] at the LHC. Another interesting channel is
the resonant or Higgs associated production of fermionic
Q resonances through dig or uig fusion.
Prospects. It is important that the indications of

LFU violation in B ! D(⇤)⌧⌫ and B ! ⌧⌫ decays are
verified using related B decays. Measuring the B̄ ! ⇡⌧ ⌫̄
branching ratio could confirm LFU violation in b ! u⌧ ⌫̄
transitions. In the SM one has

[B(B ! ⇡⌧⌫)/B(B ! ⇡`⌫)]SM = 0.68± 0.03 , (14)

using form factor estimates from the lattice [9], and where
the uncertainty is dominated by the shape of the scalar
B ! ⇡ form factor as extracted from the lattice sim-
ulation [24]. A measurement of this observable should
be possible at the (super)B-factories. It would also help
to disentangle the possible underlying NP, since di↵erent
e↵ective operators in Eqs. (5)–(8) give di↵erent contri-
butions compared to R⇡

⌧/`. A similarly useful observable
probing LFU in b ! c transitions would be the purely
leptonic decay of the Bc meson Bc ! ⌧⌫. The experi-
mental prospects for such a measurement are more un-
certain, however.
The NP interpretations of the LFU violation in B

decays have also interesting implications for the direct
searches at the LHC. The details of the LHC signa-
tures are model dependent. The relevant results of the
model specific searches for charged Higgs, leptoquarks
and strong sector resonant states that are already be-
ing performed by CMS and ATLAS have been briefly
reviewed above. In addition there are also some generic
signatures that are more tightly related to the fact that
LFU violation is seen in B decays. All the models either
predict contributions to h+⌧+MET (missing transverse
energy) channel where h is the physical neutral Higgs bo-
son (for the models that match onto Qi

R, QLR and Qi
RL

EFT operators), the monotop t+MET signature (for QL

and Qi
RL operators) or the (t+)⌧ +MET channels. The

latter are possible for all EFT operators, but the final
state with a top quark is directly related to the strength
of B decay LFU anomalies only for QL and QLR opera-
tors. For instance in the 2HDM the h⌧⌫ final state would
arise from resonant production pp ! H� ! hH�, how-
ever this is suppressed compared to gb ! H�t by the
smallness of u

RL.
In conclusion, we have found that the 4.6� indication

for the violation of LFU in B decays can be explained
in presence of non-MFV right-right vector or right-left
scalar currents. We have also shown how these could arise
from 2HDMs, from leptoquark models or from models
with composite quarks and leptons (all with nontrivial
flavor structure).
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Figure 1: Preferred 1� (darker green) and 2� (lighter yellow) pa-

rameter regions for e↵ective operators QLR (left plot, dependence

on complex cLR Wilson coe�cient) and MFV Qi
 (right plot, de-

pendence on  mass and modulus of the universal Wilson coe�-

cient, |c |). The 1� constraints from R⌧/`, R⇤

⌧/` and R⇡
⌧/` are

drawn in full black, dashed purple and dotted red contours, respec-

tively. The best fit points are marked with an asterisk.
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CKMuL,j , dL,i)T , and charged lepton

mass basis, li = (V ji⇤
PMNS⌫L,j , eL,i)T . Our requirement
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tree level FCNCs due to QLR while QL and Qi

RL still
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sitions. The first process is typically obscured by SM tree
level contributions (i.e. D ! (⌧ ! ⇡⌫)⌫̄ [11]), while the
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ment that there are no tree level FCNCs in the down
sector. The charged currents are then proportional to the
same CKM elements as in the SM realizing the Minimal
Flavor Violation (MFV) structure [14]. The e↵ect of QL

is to rescale the SM predictions for R(⇤)
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Generic flavor structures. In the presence of

more general flavor violation the NP contributions to
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FCNC operators and are thus potentially severely con-
strained [19]. As an example we consider the scalar elec-
troweak triplet leptoquark S

3

= (3,3,�1/3) with renor-
malizable interactions to 3rd generation SM fermions
(aligned with the mass basis of down-like quarks and
charged leptons)

Lint

S3
= YS3q

c
3

i�
2

⌧aSa⇤
3

l
3

+ h.c. . (12)

Integrating out S
3

at the tree level induces a contribution
to QL with cL = (|YS3 |2/4)(v/mS3)

2. LFU violations
in B ! D(⇤) transitions (but not R⇡

⌧/`) can then be

accommodated provided |YS3 |/mS3 ' 1/150 GeV. The
most severe constraints on these parameters come from
electroweak precision tests [20] requiring |YS3 |/mS3 .
1/450 GeV, in tension with the value preferred by B
decays. Additional contributions to electroweak preci-
sion observables from the UV completion of the e↵ective
model in Eq. (12) could soften this tension. Most con-
straining direct bound on the mass of S

3

is from the CMS
search for 3rd generation scalar leptoquarks decaying to
b⌫ [21]. Taking into account the S

3

! b⌫ branching ra-
tio we obtain a bound mS3 & 280 GeV. Future dedicated
searches using also the t⌧ decay channel [22] or associ-
ated S

3

production with the monotop signature [12] could
further constrain this model.

Modifications of semileptonic transitions involving the
third generation quarks and leptons are also expected in
models of strong electroweak symmetry breaking or com-
posite Higgs models where the heavier SM fermions are
expected to be partially or mostly composite [23]. The
exchange of strong sector vector resonances will induce
contributions to QL,R which can be parametrized as

zL
⇤2

⇠ g2⇢
m2

⇢

[fq
3

]2[f l
3

]2 ,
z
u(c)
R

⇤4

⇠ g2⇢
m2

⇢

yQd
3

yQu
1(2)

m2

Q

[f l
3

]2 , (13)

where g⇢ .
p
4⇡ and m⇢ ⇠ O(TeV) are the strong sector

vector resonance coupling and mass, whilemQ . O(TeV)
is the mass of the strong sector fermion resonances (Q)
transforming as (3,2, 1/6) under the SM gauge group.
Furthermore, fq,l

i 2 [0, 1] are compositeness fractions
of i-th generation left handed quarks and leptons re-
spectively, parametrizing the mixing of chiral fermions
with strong sector fermion resonances (again assuming
down type mass alignment), while yQd,Qu

i are the cou-
plings of right-handed chiral up- and down-type quarks
to the composite Higgs and Q fermion resonance fields
in L � yQd

i Q̄HdiR + yQu
i Q̄H̃ui

R + h.c.. For concrete-
ness we fix f l

3

= fq
3

= 1 (third generation composite-

ness), g⇢ =
p
4⇡ and fit m⇢, ✏32 ⌘ yQd

3

yQu
2

v2/m2

Q and

✏
31

⌘ yQd
3

yQu
1

v2/m2

Q to the three LFU ratios. A good
fit to all three observables is obtained for m⇢ ' 1 TeV
in two regions, around ✏

32

' 0 and ✏
31

' �0.01 but also
✏
32

' 0.01 and ✏
31

' 0.05. Note that non-zero ✏i are
required to fit R(⇤)

⌧/` and R⇡
⌧/` simultaneously. Similarly

to the H+ in 2HDMs, the strong sector charged vector
resonances are susceptible to ⌧+MET and tb resonance
searches [18] at the LHC. Another interesting channel is
the resonant or Higgs associated production of fermionic
Q resonances through dig or uig fusion.
Prospects. It is important that the indications of

LFU violation in B ! D(⇤)⌧⌫ and B ! ⌧⌫ decays are
verified using related B decays. Measuring the B̄ ! ⇡⌧ ⌫̄
branching ratio could confirm LFU violation in b ! u⌧ ⌫̄
transitions. In the SM one has

[B(B ! ⇡⌧⌫)/B(B ! ⇡`⌫)]SM = 0.68± 0.03 , (14)

using form factor estimates from the lattice [9], and where
the uncertainty is dominated by the shape of the scalar
B ! ⇡ form factor as extracted from the lattice sim-
ulation [24]. A measurement of this observable should
be possible at the (super)B-factories. It would also help
to disentangle the possible underlying NP, since di↵erent
e↵ective operators in Eqs. (5)–(8) give di↵erent contri-
butions compared to R⇡

⌧/`. A similarly useful observable
probing LFU in b ! c transitions would be the purely
leptonic decay of the Bc meson Bc ! ⌧⌫. The experi-
mental prospects for such a measurement are more un-
certain, however.
The NP interpretations of the LFU violation in B

decays have also interesting implications for the direct
searches at the LHC. The details of the LHC signa-
tures are model dependent. The relevant results of the
model specific searches for charged Higgs, leptoquarks
and strong sector resonant states that are already be-
ing performed by CMS and ATLAS have been briefly
reviewed above. In addition there are also some generic
signatures that are more tightly related to the fact that
LFU violation is seen in B decays. All the models either
predict contributions to h+⌧+MET (missing transverse
energy) channel where h is the physical neutral Higgs bo-
son (for the models that match onto Qi

R, QLR and Qi
RL

EFT operators), the monotop t+MET signature (for QL

and Qi
RL operators) or the (t+)⌧ +MET channels. The

latter are possible for all EFT operators, but the final
state with a top quark is directly related to the strength
of B decay LFU anomalies only for QL and QLR opera-
tors. For instance in the 2HDM the h⌧⌫ final state would
arise from resonant production pp ! H� ! hH�, how-
ever this is suppressed compared to gb ! H�t by the
smallness of u

RL.
In conclusion, we have found that the 4.6� indication

for the violation of LFU in B decays can be explained
in presence of non-MFV right-right vector or right-left
scalar currents. We have also shown how these could arise
from 2HDMs, from leptoquark models or from models
with composite quarks and leptons (all with nontrivial
flavor structure).
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Example NP models: Partial compositeness

• Common feature of strong EWSB & composite Higgs models

• Assume SM fermions obtain masses through kinetic mixing with massive 
Dirac fermion resonances (Q,L,U,D,E) of the composite sector

• Composite EW vector resonance exchange induces

• assume 3rd gen. q, l compositeness

• observed LFU violations can be accommodated for 
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tures are model dependent. The relevant results of the
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ing performed by CMS and ATLAS have been briefly
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state with a top quark is directly related to the strength
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tors. For instance in the 2HDM the h⌧⌫ final state would
arise from resonant production pp ! H� ! hH�, how-
ever this is suppressed compared to gb ! H�t by the
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further constrain this model.

Modifications of semileptonic transitions involving the
third generation quarks and leptons are also expected in
models of strong electroweak symmetry breaking or com-
posite Higgs models where the heavier SM fermions are
expected to be partially or mostly composite [23]. The
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resonances are susceptible to ⌧+MET and tb resonance
searches [18] at the LHC. Another interesting channel is
the resonant or Higgs associated production of fermionic
Q resonances through dig or uig fusion.
Prospects. It is important that the indications of

LFU violation in B ! D(⇤)⌧⌫ and B ! ⌧⌫ decays are
verified using related B decays. Measuring the B̄ ! ⇡⌧ ⌫̄
branching ratio could confirm LFU violation in b ! u⌧ ⌫̄
transitions. In the SM one has

[B(B ! ⇡⌧⌫)/B(B ! ⇡`⌫)]SM = 0.68± 0.03 , (14)

using form factor estimates from the lattice [9], and where
the uncertainty is dominated by the shape of the scalar
B ! ⇡ form factor as extracted from the lattice sim-
ulation [24]. A measurement of this observable should
be possible at the (super)B-factories. It would also help
to disentangle the possible underlying NP, since di↵erent
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⌧/`. A similarly useful observable
probing LFU in b ! c transitions would be the purely
leptonic decay of the Bc meson Bc ! ⌧⌫. The experi-
mental prospects for such a measurement are more un-
certain, however.
The NP interpretations of the LFU violation in B

decays have also interesting implications for the direct
searches at the LHC. The details of the LHC signa-
tures are model dependent. The relevant results of the
model specific searches for charged Higgs, leptoquarks
and strong sector resonant states that are already be-
ing performed by CMS and ATLAS have been briefly
reviewed above. In addition there are also some generic
signatures that are more tightly related to the fact that
LFU violation is seen in B decays. All the models either
predict contributions to h+⌧+MET (missing transverse
energy) channel where h is the physical neutral Higgs bo-
son (for the models that match onto Qi

R, QLR and Qi
RL

EFT operators), the monotop t+MET signature (for QL

and Qi
RL operators) or the (t+)⌧ +MET channels. The

latter are possible for all EFT operators, but the final
state with a top quark is directly related to the strength
of B decay LFU anomalies only for QL and QLR opera-
tors. For instance in the 2HDM the h⌧⌫ final state would
arise from resonant production pp ! H� ! hH�, how-
ever this is suppressed compared to gb ! H�t by the
smallness of u

RL.
In conclusion, we have found that the 4.6� indication

for the violation of LFU in B decays can be explained
in presence of non-MFV right-right vector or right-left
scalar currents. We have also shown how these could arise
from 2HDMs, from leptoquark models or from models
with composite quarks and leptons (all with nontrivial
flavor structure).
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Prospects

• Experimental verification of observed LFU violations crucial

• examples:

• If confirmed, points  towards non MFV NP below TeV

• Generic LHC predictions

• + on-shell NP d.o.f. production in explicit models
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searches [18] at the LHC. Another interesting channel is
the resonant or Higgs associated production of fermionic
Q resonances through dig or uig fusion.
Prospects. It is important that the indications of

LFU violation in B ! D(⇤)⌧⌫ and B ! ⌧⌫ decays are
verified using related B decays. Measuring the B̄ ! ⇡⌧ ⌫̄
branching ratio could confirm LFU violation in b ! u⌧ ⌫̄
transitions. In the SM one has

[B(B ! ⇡⌧⌫)/B(B ! ⇡`⌫)]SM = 0.68± 0.03 , (14)

using form factor estimates from the lattice [9], and where
the uncertainty is dominated by the shape of the scalar
B ! ⇡ form factor as extracted from the lattice sim-
ulation [24]. A measurement of this observable should
be possible at the (super)B-factories. It would also help
to disentangle the possible underlying NP, since di↵erent
e↵ective operators in Eqs. (5)–(8) give di↵erent contri-
butions compared to R⇡

⌧/`. A similarly useful observable
probing LFU in b ! c transitions would be the purely
leptonic decay of the Bc meson Bc ! ⌧⌫. The experi-
mental prospects for such a measurement are more un-
certain, however.
The NP interpretations of the LFU violation in B

decays have also interesting implications for the direct
searches at the LHC. The details of the LHC signa-
tures are model dependent. The relevant results of the
model specific searches for charged Higgs, leptoquarks
and strong sector resonant states that are already be-
ing performed by CMS and ATLAS have been briefly
reviewed above. In addition there are also some generic
signatures that are more tightly related to the fact that
LFU violation is seen in B decays. All the models either
predict contributions to h+⌧+MET (missing transverse
energy) channel where h is the physical neutral Higgs bo-
son (for the models that match onto Qi

R, QLR and Qi
RL

EFT operators), the monotop t+MET signature (for QL

and Qi
RL operators) or the (t+)⌧ +MET channels. The

latter are possible for all EFT operators, but the final
state with a top quark is directly related to the strength
of B decay LFU anomalies only for QL and QLR opera-
tors. For instance in the 2HDM the h⌧⌫ final state would
arise from resonant production pp ! H� ! hH�, how-
ever this is suppressed compared to gb ! H�t by the
smallness of u

RL.
In conclusion, we have found that the 4.6� indication

for the violation of LFU in B decays can be explained
in presence of non-MFV right-right vector or right-left
scalar currents. We have also shown how these could arise
from 2HDMs, from leptoquark models or from models
with composite quarks and leptons (all with nontrivial
flavor structure).
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models of strong electroweak symmetry breaking or com-
posite Higgs models where the heavier SM fermions are
expected to be partially or mostly composite [23]. The
exchange of strong sector vector resonances will induce
contributions to QL,R which can be parametrized as

zL
⇤2

⇠ g2⇢
m2

⇢

[fq
3

]2[f l
3

]2 ,
z
u(c)
R

⇤4

⇠ g2⇢
m2

⇢

yQd
3

yQu
1(2)

m2

Q

[f l
3

]2 , (13)

where g⇢ .
p
4⇡ and m⇢ ⇠ O(TeV) are the strong sector

vector resonance coupling and mass, whilemQ . O(TeV)
is the mass of the strong sector fermion resonances (Q)
transforming as (3,2, 1/6) under the SM gauge group.
Furthermore, fq,l

i 2 [0, 1] are compositeness fractions
of i-th generation left handed quarks and leptons re-
spectively, parametrizing the mixing of chiral fermions
with strong sector fermion resonances (again assuming
down type mass alignment), while yQd,Qu

i are the cou-
plings of right-handed chiral up- and down-type quarks
to the composite Higgs and Q fermion resonance fields
in L � yQd

i Q̄HdiR + yQu
i Q̄H̃ui

R + h.c.. For concrete-
ness we fix f l

3

= fq
3

= 1 (third generation composite-

ness), g⇢ =
p
4⇡ and fit m⇢, ✏32 ⌘ yQd

3

yQu
2

v2/m2

Q and

✏
31

⌘ yQd
3

yQu
1

v2/m2

Q to the three LFU ratios. A good
fit to all three observables is obtained for m⇢ ' 1 TeV
in two regions, around ✏

32

' 0 and ✏
31

' �0.01 but also
✏
32

' 0.01 and ✏
31

' 0.05. Note that non-zero ✏i are
required to fit R(⇤)

⌧/` and R⇡
⌧/` simultaneously. Similarly

to the H+ in 2HDMs, the strong sector charged vector
resonances are susceptible to ⌧+MET and tb resonance
searches [18] at the LHC. Another interesting channel is
the resonant or Higgs associated production of fermionic
Q resonances through dig or uig fusion.
Prospects. It is important that the indications of

LFU violation in B ! D(⇤)⌧⌫ and B ! ⌧⌫ decays are
verified using related B decays. Measuring the B̄ ! ⇡⌧ ⌫̄
branching ratio could confirm LFU violation in b ! u⌧ ⌫̄
transitions. In the SM one has

[B(B ! ⇡⌧⌫)/B(B ! ⇡`⌫)]SM = 0.68± 0.03 , (14)

using form factor estimates from the lattice [9], and where
the uncertainty is dominated by the shape of the scalar
B ! ⇡ form factor as extracted from the lattice sim-
ulation [24]. A measurement of this observable should
be possible at the (super)B-factories. It would also help
to disentangle the possible underlying NP, since di↵erent
e↵ective operators in Eqs. (5)–(8) give di↵erent contri-
butions compared to R⇡

⌧/`. A similarly useful observable
probing LFU in b ! c transitions would be the purely
leptonic decay of the Bc meson Bc ! ⌧⌫. The experi-
mental prospects for such a measurement are more un-
certain, however.
The NP interpretations of the LFU violation in B

decays have also interesting implications for the direct
searches at the LHC. The details of the LHC signa-
tures are model dependent. The relevant results of the
model specific searches for charged Higgs, leptoquarks
and strong sector resonant states that are already be-
ing performed by CMS and ATLAS have been briefly
reviewed above. In addition there are also some generic
signatures that are more tightly related to the fact that
LFU violation is seen in B decays. All the models either
predict contributions to h+⌧+MET (missing transverse
energy) channel where h is the physical neutral Higgs bo-
son (for the models that match onto Qi

R, QLR and Qi
RL

EFT operators), the monotop t+MET signature (for QL

and Qi
RL operators) or the (t+)⌧ +MET channels. The

latter are possible for all EFT operators, but the final
state with a top quark is directly related to the strength
of B decay LFU anomalies only for QL and QLR opera-
tors. For instance in the 2HDM the h⌧⌫ final state would
arise from resonant production pp ! H� ! hH�, how-
ever this is suppressed compared to gb ! H�t by the
smallness of u

RL.
In conclusion, we have found that the 4.6� indication

for the violation of LFU in B decays can be explained
in presence of non-MFV right-right vector or right-left
scalar currents. We have also shown how these could arise
from 2HDMs, from leptoquark models or from models
with composite quarks and leptons (all with nontrivial
flavor structure).
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FB & Charge asymmetries in tt production

• Charge (a)symmetric cross-section

Forward-backward asymmetry in tt̄ production

Charge-(a)symmetric cross section

σa(s) =

∫ 1

0
cos θ

[

dσ(pp̄ → tt̄X )

d cos θ
− (+)

dσ(pp̄ → t̄tX )

d cos θ

]

P P̄

q̄q

t

t̄ B F

θ
At

FB =
Nt(F ) − Nt(B)

Nt(F ) + Nt(B)
=

σa

σs

Measurement at Tevatron: inclusive and in bins of invariant mass Mtt̄

(At
FB)pp̄

exp = (15.0 ± 5.0stat ± 2.4syst)%

(At
FB)Mtt̄ > 450 GeV

exp ≡ (At,>
FB )exp = (47.5 ± 11.4)%

[CDF ’11]

2

�y = yt � yt̄

_

Here the angle θ is defined as the angle between the direction of motion of the top quark

and the direction of motion of the incoming quark (e.g., the u-quark) in the tt̄ c.m. system.

The subscripts “SM”, “INT” and “NPS” denote the contribution from the SM, the interfer-

ence between the SM and NP, and the NP amplitude squared. For the G′ model, the SM

contribution is from the gluon-mediated s-channel diagram, the NPS contribution from the

exotic gluon G′-mediated diagram, and the INT contribution from the interference between

the two. The squared c.m. energy of the tt̄ system is ŝ = (pq + pq̄)
2, and β =

√

1− 4m2
t/ŝ

is the top quark velocity in the tt̄ c.m. system.

The forward-backward asymmetry of the top quark in the tt̄ c.m. frame is defined as

Att̄
FB =

σF − σB

σF + σB
, (23)

where

σF ≡
∫ 1

0

dσ

d cos θ
d cos θ, σB ≡

∫ 0

−1

dσ

d cos θ
d cos θ. (24)

We further parameterize the differential cross section dσ/d cos θ as follows:

dσi

d cos θ
= Ai +Bi cos θ + Ci cos

2 θ, (25)

where the subindex i denotes “SM”, “INT” and “NPS”. Hence, after integrating over the

angle θ, we obtain the asymmetry and total cross section

AFB =

∑

i Bi
∑

i(2Ai +
2
3Ci)

, and σtot =
∑

i

(

2Ai +
2Ci

3

)

, (26)

where the sums are over the SM, INT and NPS terms. In reality the incoming quark could

originate from either a proton or an anti-proton, but it predominantly comes from a proton

due to large valence quark parton distribution functions. Taking the quark from the anti-

proton and the anti-quark from the proton contributes less than 1% of the total tt̄ cross

section. Therefore, in p̄p collisions at the Tevatron one can choose the direction of the

proton to define the forward direction.

Now let us comment on a few interesting features of the asymmetry and cross section

generated by the INT and NPS effects individually, because both effects are sensitive to

different new physics scales: the former to a higher NP scale and the latter to a lower scale.

First, we note that the asymmetry is sensitive to the ratio of coupling (squared) differences

and sums for the INT (NPS) effects, e.g.,

AINT
FB ∝

(fL − fR)(gL − gR)

(fL + fR)(gL + gR)
×

2 〈β〉
2(2− 〈β2〉) + 2

3 〈β2〉
, (27)

13

AFB =
N(�y > 0)�N(�y < 0)
N(�y > 0) + N(�y < 0)

=
��

�+
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section. Therefore, in p̄p collisions at the Tevatron one can choose the direction of the
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generated by the INT and NPS effects individually, because both effects are sensitive to
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AC = sign(Y )
�F � �B

�F + �B
=

N(�y2 > 0)�N(�y2 < 0)

N(�y2 > 0) +N(�y2 < 0)

Y = yt + yt̄

�y2 = y2t � y2t̄
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• Precisely measured inclusive observables

Measurements of tt production at Tevatron & LHC
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Figure 11: Distributions dσ/dβt at the Tevatron (left) and LHC (right).
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Figure 12: Comparison of the RG-improved predictions for the invariant mass spectrum with
CDF data [9]. The valuemt = 173.1GeV has been used. No fit to the data has been performed.

very useful distribution dσ/dβt, with βt defined as in (4). A simple change of variables yields

dσ

dβt
=

2mtβt

(1− β2
t )

3
2

dσ

dM
. (106)

The resulting spectra for the Tevatron and LHC, obtained using RG-improved perturbation
theory, are shown in Figure 11. As before, the distributions are normalized such that the area
under the curves corresponds to the total cross section. Recall that the physical meaning of
the variable βt is that of the 3-velocity of the top quarks in the tt̄ rest frame. The distributions
show that the dominant contributions to the cross section arise from the region of relativistic
top quarks, with velocities of order 0.4–0.8 at the Tevatron and 0.5–0.9 at the LHC. We will
come back to the significance of this observation in the next section.

In Figure 12, we compare our RG-improved prediction for the invariant mass spectrum
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• Confronting Tevatron AFB & LHC AC measurements

_
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Measurements of tt production at Tevatron & LHC
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• Present impact of LHC: Z’, W’ incompatible with combined AFB & AC values

• Tensions present in all NP interpretations on the market
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Figure 1: The 1� (green), 2� (yellow) and 3� (red) regions for
a fit of EFT NP contributions in Eq. (5) to the inclusive FBA
(dashed) and CA (dotted) measurements. The best fit point where
the central measured values of both CA and FBA are reproduced
is marked with an asterisk.

signs. This is because pp̄ and pp initial states have dif-
ferent valence structures. At large parton energy frac-
tion ⌧ = ŝ/s, where s is the collider energy squared, the
ratio of parton luminosity functions f(uū)/f(dd̄) at the
Tevatron is roughly twice the one at the LHC, where
the anti-quarks are non-valence. Both ratios decrease to-
wards 1 at low ⌧ . Since at the LHC smaller values of ⌧
are probed for the same mtt̄, this further enhances the
di↵erence between the Tevatron and the LHC. It is then
possible to have simultaneously a large positive FBA and
a small CA, if the partonic charge-asymmetry for uū ! tt̄
is positive, while it is negative for dd̄ ! tt̄.

The above insight is easiest to check against data in
the e↵ective field theory (EFT) approach (we discuss on-
shell models below). The FBA and CA can be generated
from the interference of the leading order SM amplitudes
and NP contributions. At O(↵S⇤�2) there are only two
relevant dimension 6 NP operators

L = LSM +
X

q=u,d

Cqt
A

⇤2
(q̄�µ�5q)(t̄�µ�5t) , (5)

where ⇤ is the NP scale, and Cqt
A the NP Wilson coe�-

cients. Note that at O(↵s⇤�2) the NP operators in (5)
do not a↵ect the forward-backward symmetric tt̄ cross-
section, while they do generate shifts in inclusive FBA
and CA

�AFB = �10%⇥ �
0.84Cut

A + 0.12Cdt
A

��
1TeV/⇤

�2
,

�AC = �1%⇥ �
1.4Cut

A + 0.52Cdt
A

��
1TeV/⇤

�2
.

(6)

A large FBA and small or negative CA are possible, if Cdt
A

and Cut
A have opposite signs and |Cdt

A | & |Cut
A |. Both CA

and FBA measurements can then be accommodated as
shown in Fig. 1. A fairly large value of Cdt

A is required or
a correspondingly low NP scale ⇤, so the EFT description
is likely not valid. However, the generic requirements – a
large coupling to d̄d quark currents, and ūu contributions
of the opposite sign – are expected to apply also to on-
shell NP models.

In passing we also mention a second e↵ect that breaks
the correlation between the FBA and CA. The luminosity
functions are falling faster with ŝ ⇠ mtt̄ at the Tevatron
than at the LHC. Therefore it would be theoretically pos-
sible that at the LHC a small inclusive CA is due to a
cancellation between a positive CA at lowmtt̄ and a large
negative CA at large mtt̄ (at the Tevatron the positive
contribution would dominate). This mechanism would
yield FBA and CA falling with mtt̄ in contrast to obser-
vations.
We next consider explicit on-shell NP models, and

discuss in turn the asymmetric axigluon, and the elec-
troweak triplet of color octet vectors. These models are
representative of scenarios where the cancellation in the
CA can occur.
Asymmetric Axigluon. The model is a simple

modification of the light axigluon model originally in-
troduced by Tavares and Schmaltz [12] (see also [13]).
An SU(3)L ⇥ SU(3)R gauge symmetry is broken spon-
taneously via a bifundamental scalar � to the diago-
nal SU(3)color. The SM fermions are charged under
the full gauge group and transform as Q = (3, 1) and
U,D = (1, 3). Additional heavy vector-like fermions are
integrated out at the scale ⇤ inducing dimension five and
six interactions between the light (SM-like) fermions and
the axigluon [12]. The relevant e↵ective Lagrangian at
scales h�i . µ . ⇤ is then

L = �1

4
(F a

L)
2 � 1

4
(F a

R)
2 + Q̄i/DQ+ Ū i/DU + D̄i/DD

+
1

⇤2

h
�2
Q(�

†Q)i/D(�†Q) + �2
U (�U)i/D(�U)

+�2
D(�D)i/D(�D)

i
+ LYuk + L� , (7)

where LYuk are the SM Yukawa terms and L� contains
the kinetic and potential terms for the scalar field �.
To decorrelate FBA and CA the only necessary mod-

ification of the original construction [12] is to allow for
sizable parity breaking in the new fermionic sector. As
a consequence �Q 6= �U 6= �D. For notational simplicity
we keep �Q,U,D flavor universal and the gauge interac-
tions left-right symmetric, gL = gR ⌘ g (we will relax
both assumptions below). After SU(3)L ⇥ SU(3)R !
SU(3)color breaking, diagonalizing the gauge boson mass
matrix, and rescaling the fermion fields, one obtains a
new e↵ective Lagrangian at the EW scale

L = �1

4
(Ga

µ⌫)
2 � 1

4
(G̃a

µ⌫)
2 +

m̃2

2
Ã2

µ + Q̄(i/D � g̃Q/̃A)Q

+Ū(i/D + g̃U /̃A)U + D̄(i/D + g̃D/̃A)D + . . . , (8)

where Ga
µ⌫ is the gluon field strength, Ãµ ⌘ (ARµ �

ALµ)/
p
2 is the axigluon field, G̃a

µ⌫ the axigluon field
strength, and the covariant derivative Dµ now contains
only the gluon field. If the initial SU(3)R⇥SU(3)L gauge
interactions are left-right symmetric the axigluon cou-
plings to fermions are bounded by |g̃Q,D,U |  gs . In the
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Figure 1: The 1� (green), 2� (yellow) and 3� (red) regions for
a fit of EFT NP contributions in Eq. (5) to the inclusive FBA
(dashed) and CA (dotted) measurements. The best fit point where
the central measured values of both CA and FBA are reproduced
is marked with an asterisk.

signs. This is because pp̄ and pp initial states have dif-
ferent valence structures. At large parton energy frac-
tion ⌧ = ŝ/s, where s is the collider energy squared, the
ratio of parton luminosity functions f(uū)/f(dd̄) at the
Tevatron is roughly twice the one at the LHC, where
the anti-quarks are non-valence. Both ratios decrease to-
wards 1 at low ⌧ . Since at the LHC smaller values of ⌧
are probed for the same mtt̄, this further enhances the
di↵erence between the Tevatron and the LHC. It is then
possible to have simultaneously a large positive FBA and
a small CA, if the partonic charge-asymmetry for uū ! tt̄
is positive, while it is negative for dd̄ ! tt̄.

The above insight is easiest to check against data in
the e↵ective field theory (EFT) approach (we discuss on-
shell models below). The FBA and CA can be generated
from the interference of the leading order SM amplitudes
and NP contributions. At O(↵S⇤�2) there are only two
relevant dimension 6 NP operators

L = LSM +
X

q=u,d

Cqt
A

⇤2
(q̄�µ�5q)(t̄�µ�5t) , (5)

where ⇤ is the NP scale, and Cqt
A the NP Wilson coe�-

cients. Note that at O(↵s⇤�2) the NP operators in (5)
do not a↵ect the forward-backward symmetric tt̄ cross-
section, while they do generate shifts in inclusive FBA
and CA
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,
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(6)

A large FBA and small or negative CA are possible, if Cdt
A

and Cut
A have opposite signs and |Cdt

A | & |Cut
A |. Both CA

and FBA measurements can then be accommodated as
shown in Fig. 1. A fairly large value of Cdt

A is required or
a correspondingly low NP scale ⇤, so the EFT description
is likely not valid. However, the generic requirements – a
large coupling to d̄d quark currents, and ūu contributions
of the opposite sign – are expected to apply also to on-
shell NP models.

In passing we also mention a second e↵ect that breaks
the correlation between the FBA and CA. The luminosity
functions are falling faster with ŝ ⇠ mtt̄ at the Tevatron
than at the LHC. Therefore it would be theoretically pos-
sible that at the LHC a small inclusive CA is due to a
cancellation between a positive CA at lowmtt̄ and a large
negative CA at large mtt̄ (at the Tevatron the positive
contribution would dominate). This mechanism would
yield FBA and CA falling with mtt̄ in contrast to obser-
vations.
We next consider explicit on-shell NP models, and

discuss in turn the asymmetric axigluon, and the elec-
troweak triplet of color octet vectors. These models are
representative of scenarios where the cancellation in the
CA can occur.
Asymmetric Axigluon. The model is a simple

modification of the light axigluon model originally in-
troduced by Tavares and Schmaltz [12] (see also [13]).
An SU(3)L ⇥ SU(3)R gauge symmetry is broken spon-
taneously via a bifundamental scalar � to the diago-
nal SU(3)color. The SM fermions are charged under
the full gauge group and transform as Q = (3, 1) and
U,D = (1, 3). Additional heavy vector-like fermions are
integrated out at the scale ⇤ inducing dimension five and
six interactions between the light (SM-like) fermions and
the axigluon [12]. The relevant e↵ective Lagrangian at
scales h�i . µ . ⇤ is then

L = �1

4
(F a

L)
2 � 1

4
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2 + Q̄i/DQ+ Ū i/DU + D̄i/DD

+
1
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†Q)i/D(�†Q) + �2
U (�U)i/D(�U)

+�2
D(�D)i/D(�D)

i
+ LYuk + L� , (7)

where LYuk are the SM Yukawa terms and L� contains
the kinetic and potential terms for the scalar field �.
To decorrelate FBA and CA the only necessary mod-

ification of the original construction [12] is to allow for
sizable parity breaking in the new fermionic sector. As
a consequence �Q 6= �U 6= �D. For notational simplicity
we keep �Q,U,D flavor universal and the gauge interac-
tions left-right symmetric, gL = gR ⌘ g (we will relax
both assumptions below). After SU(3)L ⇥ SU(3)R !
SU(3)color breaking, diagonalizing the gauge boson mass
matrix, and rescaling the fermion fields, one obtains a
new e↵ective Lagrangian at the EW scale

L = �1

4
(Ga

µ⌫)
2 � 1

4
(G̃a

µ⌫)
2 +

m̃2

2
Ã2

µ + Q̄(i/D � g̃Q/̃A)Q

+Ū(i/D + g̃U /̃A)U + D̄(i/D + g̃D/̃A)D + . . . , (8)

where Ga
µ⌫ is the gluon field strength, Ãµ ⌘ (ARµ �

ALµ)/
p
2 is the axigluon field, G̃a

µ⌫ the axigluon field
strength, and the covariant derivative Dµ now contains
only the gluon field. If the initial SU(3)R⇥SU(3)L gauge
interactions are left-right symmetric the axigluon cou-
plings to fermions are bounded by |g̃Q,D,U |  gs . In the
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Figure 1: The 1� (green), 2� (yellow) and 3� (red) regions for
a fit of EFT NP contributions in Eq. (5) to the inclusive FBA
(dashed) and CA (dotted) measurements. The best fit point where
the central measured values of both CA and FBA are reproduced
is marked with an asterisk.

signs. This is because pp̄ and pp initial states have dif-
ferent valence structures. At large parton energy frac-
tion ⌧ = ŝ/s, where s is the collider energy squared, the
ratio of parton luminosity functions f(uū)/f(dd̄) at the
Tevatron is roughly twice the one at the LHC, where
the anti-quarks are non-valence. Both ratios decrease to-
wards 1 at low ⌧ . Since at the LHC smaller values of ⌧
are probed for the same mtt̄, this further enhances the
di↵erence between the Tevatron and the LHC. It is then
possible to have simultaneously a large positive FBA and
a small CA, if the partonic charge-asymmetry for uū ! tt̄
is positive, while it is negative for dd̄ ! tt̄.

The above insight is easiest to check against data in
the e↵ective field theory (EFT) approach (we discuss on-
shell models below). The FBA and CA can be generated
from the interference of the leading order SM amplitudes
and NP contributions. At O(↵S⇤�2) there are only two
relevant dimension 6 NP operators

L = LSM +
X

q=u,d

Cqt
A

⇤2
(q̄�µ�5q)(t̄�µ�5t) , (5)

where ⇤ is the NP scale, and Cqt
A the NP Wilson coe�-

cients. Note that at O(↵s⇤�2) the NP operators in (5)
do not a↵ect the forward-backward symmetric tt̄ cross-
section, while they do generate shifts in inclusive FBA
and CA

�AFB = �10%⇥ �
0.84Cut

A + 0.12Cdt
A
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,

�AC = �1%⇥ �
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A + 0.52Cdt
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(6)

A large FBA and small or negative CA are possible, if Cdt
A

and Cut
A have opposite signs and |Cdt

A | & |Cut
A |. Both CA

and FBA measurements can then be accommodated as
shown in Fig. 1. A fairly large value of Cdt

A is required or
a correspondingly low NP scale ⇤, so the EFT description
is likely not valid. However, the generic requirements – a
large coupling to d̄d quark currents, and ūu contributions
of the opposite sign – are expected to apply also to on-
shell NP models.

In passing we also mention a second e↵ect that breaks
the correlation between the FBA and CA. The luminosity
functions are falling faster with ŝ ⇠ mtt̄ at the Tevatron
than at the LHC. Therefore it would be theoretically pos-
sible that at the LHC a small inclusive CA is due to a
cancellation between a positive CA at lowmtt̄ and a large
negative CA at large mtt̄ (at the Tevatron the positive
contribution would dominate). This mechanism would
yield FBA and CA falling with mtt̄ in contrast to obser-
vations.
We next consider explicit on-shell NP models, and

discuss in turn the asymmetric axigluon, and the elec-
troweak triplet of color octet vectors. These models are
representative of scenarios where the cancellation in the
CA can occur.
Asymmetric Axigluon. The model is a simple

modification of the light axigluon model originally in-
troduced by Tavares and Schmaltz [12] (see also [13]).
An SU(3)L ⇥ SU(3)R gauge symmetry is broken spon-
taneously via a bifundamental scalar � to the diago-
nal SU(3)color. The SM fermions are charged under
the full gauge group and transform as Q = (3, 1) and
U,D = (1, 3). Additional heavy vector-like fermions are
integrated out at the scale ⇤ inducing dimension five and
six interactions between the light (SM-like) fermions and
the axigluon [12]. The relevant e↵ective Lagrangian at
scales h�i . µ . ⇤ is then

L = �1

4
(F a

L)
2 � 1

4
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R)
2 + Q̄i/DQ+ Ū i/DU + D̄i/DD

+
1
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†Q)i/D(�†Q) + �2
U (�U)i/D(�U)

+�2
D(�D)i/D(�D)

i
+ LYuk + L� , (7)

where LYuk are the SM Yukawa terms and L� contains
the kinetic and potential terms for the scalar field �.
To decorrelate FBA and CA the only necessary mod-

ification of the original construction [12] is to allow for
sizable parity breaking in the new fermionic sector. As
a consequence �Q 6= �U 6= �D. For notational simplicity
we keep �Q,U,D flavor universal and the gauge interac-
tions left-right symmetric, gL = gR ⌘ g (we will relax
both assumptions below). After SU(3)L ⇥ SU(3)R !
SU(3)color breaking, diagonalizing the gauge boson mass
matrix, and rescaling the fermion fields, one obtains a
new e↵ective Lagrangian at the EW scale

L = �1

4
(Ga

µ⌫)
2 � 1

4
(G̃a

µ⌫)
2 +

m̃2

2
Ã2

µ + Q̄(i/D � g̃Q/̃A)Q

+Ū(i/D + g̃U /̃A)U + D̄(i/D + g̃D/̃A)D + . . . , (8)

where Ga
µ⌫ is the gluon field strength, Ãµ ⌘ (ARµ �

ALµ)/
p
2 is the axigluon field, G̃a

µ⌫ the axigluon field
strength, and the covariant derivative Dµ now contains
only the gluon field. If the initial SU(3)R⇥SU(3)L gauge
interactions are left-right symmetric the axigluon cou-
plings to fermions are bounded by |g̃Q,D,U |  gs . In the
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Figure 1: The 1� (green), 2� (yellow) and 3� (red) regions for
a fit of EFT NP contributions in Eq. (5) to the inclusive FBA
(dashed) and CA (dotted) measurements. The best fit point where
the central measured values of both CA and FBA are reproduced
is marked with an asterisk.

signs. This is because pp̄ and pp initial states have dif-
ferent valence structures. At large parton energy frac-
tion ⌧ = ŝ/s, where s is the collider energy squared, the
ratio of parton luminosity functions f(uū)/f(dd̄) at the
Tevatron is roughly twice the one at the LHC, where
the anti-quarks are non-valence. Both ratios decrease to-
wards 1 at low ⌧ . Since at the LHC smaller values of ⌧
are probed for the same mtt̄, this further enhances the
di↵erence between the Tevatron and the LHC. It is then
possible to have simultaneously a large positive FBA and
a small CA, if the partonic charge-asymmetry for uū ! tt̄
is positive, while it is negative for dd̄ ! tt̄.

The above insight is easiest to check against data in
the e↵ective field theory (EFT) approach (we discuss on-
shell models below). The FBA and CA can be generated
from the interference of the leading order SM amplitudes
and NP contributions. At O(↵S⇤�2) there are only two
relevant dimension 6 NP operators

L = LSM +
X

q=u,d

Cqt
A

⇤2
(q̄�µ�5q)(t̄�µ�5t) , (5)

where ⇤ is the NP scale, and Cqt
A the NP Wilson coe�-

cients. Note that at O(↵s⇤�2) the NP operators in (5)
do not a↵ect the forward-backward symmetric tt̄ cross-
section, while they do generate shifts in inclusive FBA
and CA
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,
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A large FBA and small or negative CA are possible, if Cdt
A

and Cut
A have opposite signs and |Cdt

A | & |Cut
A |. Both CA

and FBA measurements can then be accommodated as
shown in Fig. 1. A fairly large value of Cdt

A is required or
a correspondingly low NP scale ⇤, so the EFT description
is likely not valid. However, the generic requirements – a
large coupling to d̄d quark currents, and ūu contributions
of the opposite sign – are expected to apply also to on-
shell NP models.

In passing we also mention a second e↵ect that breaks
the correlation between the FBA and CA. The luminosity
functions are falling faster with ŝ ⇠ mtt̄ at the Tevatron
than at the LHC. Therefore it would be theoretically pos-
sible that at the LHC a small inclusive CA is due to a
cancellation between a positive CA at lowmtt̄ and a large
negative CA at large mtt̄ (at the Tevatron the positive
contribution would dominate). This mechanism would
yield FBA and CA falling with mtt̄ in contrast to obser-
vations.
We next consider explicit on-shell NP models, and

discuss in turn the asymmetric axigluon, and the elec-
troweak triplet of color octet vectors. These models are
representative of scenarios where the cancellation in the
CA can occur.
Asymmetric Axigluon. The model is a simple

modification of the light axigluon model originally in-
troduced by Tavares and Schmaltz [12] (see also [13]).
An SU(3)L ⇥ SU(3)R gauge symmetry is broken spon-
taneously via a bifundamental scalar � to the diago-
nal SU(3)color. The SM fermions are charged under
the full gauge group and transform as Q = (3, 1) and
U,D = (1, 3). Additional heavy vector-like fermions are
integrated out at the scale ⇤ inducing dimension five and
six interactions between the light (SM-like) fermions and
the axigluon [12]. The relevant e↵ective Lagrangian at
scales h�i . µ . ⇤ is then

L = �1

4
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2 � 1
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+ LYuk + L� , (7)

where LYuk are the SM Yukawa terms and L� contains
the kinetic and potential terms for the scalar field �.
To decorrelate FBA and CA the only necessary mod-

ification of the original construction [12] is to allow for
sizable parity breaking in the new fermionic sector. As
a consequence �Q 6= �U 6= �D. For notational simplicity
we keep �Q,U,D flavor universal and the gauge interac-
tions left-right symmetric, gL = gR ⌘ g (we will relax
both assumptions below). After SU(3)L ⇥ SU(3)R !
SU(3)color breaking, diagonalizing the gauge boson mass
matrix, and rescaling the fermion fields, one obtains a
new e↵ective Lagrangian at the EW scale

L = �1

4
(Ga

µ⌫)
2 � 1

4
(G̃a

µ⌫)
2 +

m̃2

2
Ã2

µ + Q̄(i/D � g̃Q/̃A)Q

+Ū(i/D + g̃U /̃A)U + D̄(i/D + g̃D/̃A)D + . . . , (8)

where Ga
µ⌫ is the gluon field strength, Ãµ ⌘ (ARµ �

ALµ)/
p
2 is the axigluon field, G̃a

µ⌫ the axigluon field
strength, and the covariant derivative Dµ now contains
only the gluon field. If the initial SU(3)R⇥SU(3)L gauge
interactions are left-right symmetric the axigluon cou-
plings to fermions are bounded by |g̃Q,D,U |  gs . In the
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• Explicit model example: two site SU(3)L x SU(3)R → SU(3)c

• parity breaking in the new fermionic sector:
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Figure 1: The 1� (green), 2� (yellow) and 3� (red) regions for
a fit of EFT NP contributions in Eq. (5) to the inclusive FBA
(dashed) and CA (dotted) measurements. The best fit point where
the central measured values of both CA and FBA are reproduced
is marked with an asterisk.

signs. This is because pp̄ and pp initial states have dif-
ferent valence structures. At large parton energy frac-
tion ⌧ = ŝ/s, where s is the collider energy squared, the
ratio of parton luminosity functions f(uū)/f(dd̄) at the
Tevatron is roughly twice the one at the LHC, where
the anti-quarks are non-valence. Both ratios decrease to-
wards 1 at low ⌧ . Since at the LHC smaller values of ⌧
are probed for the same mtt̄, this further enhances the
di↵erence between the Tevatron and the LHC. It is then
possible to have simultaneously a large positive FBA and
a small CA, if the partonic charge-asymmetry for uū ! tt̄
is positive, while it is negative for dd̄ ! tt̄.

The above insight is easiest to check against data in
the e↵ective field theory (EFT) approach (we discuss on-
shell models below). The FBA and CA can be generated
from the interference of the leading order SM amplitudes
and NP contributions. At O(↵S⇤�2) there are only two
relevant dimension 6 NP operators

L = LSM +
X

q=u,d

Cqt
A

⇤2
(q̄�µ�5q)(t̄�µ�5t) , (5)

where ⇤ is the NP scale, and Cqt
A the NP Wilson coe�-

cients. Note that at O(↵s⇤�2) the NP operators in (5)
do not a↵ect the forward-backward symmetric tt̄ cross-
section, while they do generate shifts in inclusive FBA
and CA
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A large FBA and small or negative CA are possible, if Cdt
A

and Cut
A have opposite signs and |Cdt

A | & |Cut
A |. Both CA

and FBA measurements can then be accommodated as
shown in Fig. 1. A fairly large value of Cdt

A is required or
a correspondingly low NP scale ⇤, so the EFT description
is likely not valid. However, the generic requirements – a
large coupling to d̄d quark currents, and ūu contributions
of the opposite sign – are expected to apply also to on-
shell NP models.

In passing we also mention a second e↵ect that breaks
the correlation between the FBA and CA. The luminosity
functions are falling faster with ŝ ⇠ mtt̄ at the Tevatron
than at the LHC. Therefore it would be theoretically pos-
sible that at the LHC a small inclusive CA is due to a
cancellation between a positive CA at lowmtt̄ and a large
negative CA at large mtt̄ (at the Tevatron the positive
contribution would dominate). This mechanism would
yield FBA and CA falling with mtt̄ in contrast to obser-
vations.
We next consider explicit on-shell NP models, and

discuss in turn the asymmetric axigluon, and the elec-
troweak triplet of color octet vectors. These models are
representative of scenarios where the cancellation in the
CA can occur.
Asymmetric Axigluon. The model is a simple

modification of the light axigluon model originally in-
troduced by Tavares and Schmaltz [12] (see also [13]).
An SU(3)L ⇥ SU(3)R gauge symmetry is broken spon-
taneously via a bifundamental scalar � to the diago-
nal SU(3)color. The SM fermions are charged under
the full gauge group and transform as Q = (3, 1) and
U,D = (1, 3). Additional heavy vector-like fermions are
integrated out at the scale ⇤ inducing dimension five and
six interactions between the light (SM-like) fermions and
the axigluon [12]. The relevant e↵ective Lagrangian at
scales h�i . µ . ⇤ is then
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where LYuk are the SM Yukawa terms and L� contains
the kinetic and potential terms for the scalar field �.
To decorrelate FBA and CA the only necessary mod-

ification of the original construction [12] is to allow for
sizable parity breaking in the new fermionic sector. As
a consequence �Q 6= �U 6= �D. For notational simplicity
we keep �Q,U,D flavor universal and the gauge interac-
tions left-right symmetric, gL = gR ⌘ g (we will relax
both assumptions below). After SU(3)L ⇥ SU(3)R !
SU(3)color breaking, diagonalizing the gauge boson mass
matrix, and rescaling the fermion fields, one obtains a
new e↵ective Lagrangian at the EW scale
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where Ga
µ⌫ is the gluon field strength, Ãµ ⌘ (ARµ �

ALµ)/
p
2 is the axigluon field, G̃a

µ⌫ the axigluon field
strength, and the covariant derivative Dµ now contains
only the gluon field. If the initial SU(3)R⇥SU(3)L gauge
interactions are left-right symmetric the axigluon cou-
plings to fermions are bounded by |g̃Q,D,U |  gs . In the
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Figure 1: The 1� (green), 2� (yellow) and 3� (red) regions for
a fit of EFT NP contributions in Eq. (5) to the inclusive FBA
(dashed) and CA (dotted) measurements. The best fit point where
the central measured values of both CA and FBA are reproduced
is marked with an asterisk.

signs. This is because pp̄ and pp initial states have dif-
ferent valence structures. At large parton energy frac-
tion ⌧ = ŝ/s, where s is the collider energy squared, the
ratio of parton luminosity functions f(uū)/f(dd̄) at the
Tevatron is roughly twice the one at the LHC, where
the anti-quarks are non-valence. Both ratios decrease to-
wards 1 at low ⌧ . Since at the LHC smaller values of ⌧
are probed for the same mtt̄, this further enhances the
di↵erence between the Tevatron and the LHC. It is then
possible to have simultaneously a large positive FBA and
a small CA, if the partonic charge-asymmetry for uū ! tt̄
is positive, while it is negative for dd̄ ! tt̄.

The above insight is easiest to check against data in
the e↵ective field theory (EFT) approach (we discuss on-
shell models below). The FBA and CA can be generated
from the interference of the leading order SM amplitudes
and NP contributions. At O(↵S⇤�2) there are only two
relevant dimension 6 NP operators

L = LSM +
X

q=u,d

Cqt
A

⇤2
(q̄�µ�5q)(t̄�µ�5t) , (5)

where ⇤ is the NP scale, and Cqt
A the NP Wilson coe�-

cients. Note that at O(↵s⇤�2) the NP operators in (5)
do not a↵ect the forward-backward symmetric tt̄ cross-
section, while they do generate shifts in inclusive FBA
and CA
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A large FBA and small or negative CA are possible, if Cdt
A

and Cut
A have opposite signs and |Cdt

A | & |Cut
A |. Both CA

and FBA measurements can then be accommodated as
shown in Fig. 1. A fairly large value of Cdt

A is required or
a correspondingly low NP scale ⇤, so the EFT description
is likely not valid. However, the generic requirements – a
large coupling to d̄d quark currents, and ūu contributions
of the opposite sign – are expected to apply also to on-
shell NP models.

In passing we also mention a second e↵ect that breaks
the correlation between the FBA and CA. The luminosity
functions are falling faster with ŝ ⇠ mtt̄ at the Tevatron
than at the LHC. Therefore it would be theoretically pos-
sible that at the LHC a small inclusive CA is due to a
cancellation between a positive CA at lowmtt̄ and a large
negative CA at large mtt̄ (at the Tevatron the positive
contribution would dominate). This mechanism would
yield FBA and CA falling with mtt̄ in contrast to obser-
vations.
We next consider explicit on-shell NP models, and

discuss in turn the asymmetric axigluon, and the elec-
troweak triplet of color octet vectors. These models are
representative of scenarios where the cancellation in the
CA can occur.
Asymmetric Axigluon. The model is a simple

modification of the light axigluon model originally in-
troduced by Tavares and Schmaltz [12] (see also [13]).
An SU(3)L ⇥ SU(3)R gauge symmetry is broken spon-
taneously via a bifundamental scalar � to the diago-
nal SU(3)color. The SM fermions are charged under
the full gauge group and transform as Q = (3, 1) and
U,D = (1, 3). Additional heavy vector-like fermions are
integrated out at the scale ⇤ inducing dimension five and
six interactions between the light (SM-like) fermions and
the axigluon [12]. The relevant e↵ective Lagrangian at
scales h�i . µ . ⇤ is then
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where LYuk are the SM Yukawa terms and L� contains
the kinetic and potential terms for the scalar field �.
To decorrelate FBA and CA the only necessary mod-

ification of the original construction [12] is to allow for
sizable parity breaking in the new fermionic sector. As
a consequence �Q 6= �U 6= �D. For notational simplicity
we keep �Q,U,D flavor universal and the gauge interac-
tions left-right symmetric, gL = gR ⌘ g (we will relax
both assumptions below). After SU(3)L ⇥ SU(3)R !
SU(3)color breaking, diagonalizing the gauge boson mass
matrix, and rescaling the fermion fields, one obtains a
new e↵ective Lagrangian at the EW scale
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where Ga
µ⌫ is the gluon field strength, Ãµ ⌘ (ARµ �

ALµ)/
p
2 is the axigluon field, G̃a

µ⌫ the axigluon field
strength, and the covariant derivative Dµ now contains
only the gluon field. If the initial SU(3)R⇥SU(3)L gauge
interactions are left-right symmetric the axigluon cou-
plings to fermions are bounded by |g̃Q,D,U |  gs . In the
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• Explicit model example: two site SU(3)L x SU(3)R → SU(3)c

• parity breaking in the new fermionic sector:
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Figure 1: The 1� (green), 2� (yellow) and 3� (red) regions for
a fit of EFT NP contributions in Eq. (5) to the inclusive FBA
(dashed) and CA (dotted) measurements. The best fit point where
the central measured values of both CA and FBA are reproduced
is marked with an asterisk.

signs. This is because pp̄ and pp initial states have dif-
ferent valence structures. At large parton energy frac-
tion ⌧ = ŝ/s, where s is the collider energy squared, the
ratio of parton luminosity functions f(uū)/f(dd̄) at the
Tevatron is roughly twice the one at the LHC, where
the anti-quarks are non-valence. Both ratios decrease to-
wards 1 at low ⌧ . Since at the LHC smaller values of ⌧
are probed for the same mtt̄, this further enhances the
di↵erence between the Tevatron and the LHC. It is then
possible to have simultaneously a large positive FBA and
a small CA, if the partonic charge-asymmetry for uū ! tt̄
is positive, while it is negative for dd̄ ! tt̄.

The above insight is easiest to check against data in
the e↵ective field theory (EFT) approach (we discuss on-
shell models below). The FBA and CA can be generated
from the interference of the leading order SM amplitudes
and NP contributions. At O(↵S⇤�2) there are only two
relevant dimension 6 NP operators

L = LSM +
X

q=u,d

Cqt
A

⇤2
(q̄�µ�5q)(t̄�µ�5t) , (5)

where ⇤ is the NP scale, and Cqt
A the NP Wilson coe�-

cients. Note that at O(↵s⇤�2) the NP operators in (5)
do not a↵ect the forward-backward symmetric tt̄ cross-
section, while they do generate shifts in inclusive FBA
and CA
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and FBA measurements can then be accommodated as
shown in Fig. 1. A fairly large value of Cdt

A is required or
a correspondingly low NP scale ⇤, so the EFT description
is likely not valid. However, the generic requirements – a
large coupling to d̄d quark currents, and ūu contributions
of the opposite sign – are expected to apply also to on-
shell NP models.

In passing we also mention a second e↵ect that breaks
the correlation between the FBA and CA. The luminosity
functions are falling faster with ŝ ⇠ mtt̄ at the Tevatron
than at the LHC. Therefore it would be theoretically pos-
sible that at the LHC a small inclusive CA is due to a
cancellation between a positive CA at lowmtt̄ and a large
negative CA at large mtt̄ (at the Tevatron the positive
contribution would dominate). This mechanism would
yield FBA and CA falling with mtt̄ in contrast to obser-
vations.
We next consider explicit on-shell NP models, and

discuss in turn the asymmetric axigluon, and the elec-
troweak triplet of color octet vectors. These models are
representative of scenarios where the cancellation in the
CA can occur.
Asymmetric Axigluon. The model is a simple

modification of the light axigluon model originally in-
troduced by Tavares and Schmaltz [12] (see also [13]).
An SU(3)L ⇥ SU(3)R gauge symmetry is broken spon-
taneously via a bifundamental scalar � to the diago-
nal SU(3)color. The SM fermions are charged under
the full gauge group and transform as Q = (3, 1) and
U,D = (1, 3). Additional heavy vector-like fermions are
integrated out at the scale ⇤ inducing dimension five and
six interactions between the light (SM-like) fermions and
the axigluon [12]. The relevant e↵ective Lagrangian at
scales h�i . µ . ⇤ is then
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where LYuk are the SM Yukawa terms and L� contains
the kinetic and potential terms for the scalar field �.
To decorrelate FBA and CA the only necessary mod-

ification of the original construction [12] is to allow for
sizable parity breaking in the new fermionic sector. As
a consequence �Q 6= �U 6= �D. For notational simplicity
we keep �Q,U,D flavor universal and the gauge interac-
tions left-right symmetric, gL = gR ⌘ g (we will relax
both assumptions below). After SU(3)L ⇥ SU(3)R !
SU(3)color breaking, diagonalizing the gauge boson mass
matrix, and rescaling the fermion fields, one obtains a
new e↵ective Lagrangian at the EW scale
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where Ga
µ⌫ is the gluon field strength, Ãµ ⌘ (ARµ �

ALµ)/
p
2 is the axigluon field, G̃a

µ⌫ the axigluon field
strength, and the covariant derivative Dµ now contains
only the gluon field. If the initial SU(3)R⇥SU(3)L gauge
interactions are left-right symmetric the axigluon cou-
plings to fermions are bounded by |g̃Q,D,U |  gs . In the
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Figure 1: The 1� (green), 2� (yellow) and 3� (red) regions for
a fit of EFT NP contributions in Eq. (5) to the inclusive FBA
(dashed) and CA (dotted) measurements. The best fit point where
the central measured values of both CA and FBA are reproduced
is marked with an asterisk.

signs. This is because pp̄ and pp initial states have dif-
ferent valence structures. At large parton energy frac-
tion ⌧ = ŝ/s, where s is the collider energy squared, the
ratio of parton luminosity functions f(uū)/f(dd̄) at the
Tevatron is roughly twice the one at the LHC, where
the anti-quarks are non-valence. Both ratios decrease to-
wards 1 at low ⌧ . Since at the LHC smaller values of ⌧
are probed for the same mtt̄, this further enhances the
di↵erence between the Tevatron and the LHC. It is then
possible to have simultaneously a large positive FBA and
a small CA, if the partonic charge-asymmetry for uū ! tt̄
is positive, while it is negative for dd̄ ! tt̄.

The above insight is easiest to check against data in
the e↵ective field theory (EFT) approach (we discuss on-
shell models below). The FBA and CA can be generated
from the interference of the leading order SM amplitudes
and NP contributions. At O(↵S⇤�2) there are only two
relevant dimension 6 NP operators

L = LSM +
X

q=u,d

Cqt
A

⇤2
(q̄�µ�5q)(t̄�µ�5t) , (5)

where ⇤ is the NP scale, and Cqt
A the NP Wilson coe�-

cients. Note that at O(↵s⇤�2) the NP operators in (5)
do not a↵ect the forward-backward symmetric tt̄ cross-
section, while they do generate shifts in inclusive FBA
and CA
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and FBA measurements can then be accommodated as
shown in Fig. 1. A fairly large value of Cdt

A is required or
a correspondingly low NP scale ⇤, so the EFT description
is likely not valid. However, the generic requirements – a
large coupling to d̄d quark currents, and ūu contributions
of the opposite sign – are expected to apply also to on-
shell NP models.

In passing we also mention a second e↵ect that breaks
the correlation between the FBA and CA. The luminosity
functions are falling faster with ŝ ⇠ mtt̄ at the Tevatron
than at the LHC. Therefore it would be theoretically pos-
sible that at the LHC a small inclusive CA is due to a
cancellation between a positive CA at lowmtt̄ and a large
negative CA at large mtt̄ (at the Tevatron the positive
contribution would dominate). This mechanism would
yield FBA and CA falling with mtt̄ in contrast to obser-
vations.
We next consider explicit on-shell NP models, and

discuss in turn the asymmetric axigluon, and the elec-
troweak triplet of color octet vectors. These models are
representative of scenarios where the cancellation in the
CA can occur.
Asymmetric Axigluon. The model is a simple

modification of the light axigluon model originally in-
troduced by Tavares and Schmaltz [12] (see also [13]).
An SU(3)L ⇥ SU(3)R gauge symmetry is broken spon-
taneously via a bifundamental scalar � to the diago-
nal SU(3)color. The SM fermions are charged under
the full gauge group and transform as Q = (3, 1) and
U,D = (1, 3). Additional heavy vector-like fermions are
integrated out at the scale ⇤ inducing dimension five and
six interactions between the light (SM-like) fermions and
the axigluon [12]. The relevant e↵ective Lagrangian at
scales h�i . µ . ⇤ is then
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2 + Q̄i/DQ+ Ū i/DU + D̄i/DD

+
1

⇤2

h
�2
Q(�

†Q)i/D(�†Q) + �2
U (�U)i/D(�U)

+�2
D(�D)i/D(�D)

i
+ LYuk + L� , (7)

where LYuk are the SM Yukawa terms and L� contains
the kinetic and potential terms for the scalar field �.
To decorrelate FBA and CA the only necessary mod-

ification of the original construction [12] is to allow for
sizable parity breaking in the new fermionic sector. As
a consequence �Q 6= �U 6= �D. For notational simplicity
we keep �Q,U,D flavor universal and the gauge interac-
tions left-right symmetric, gL = gR ⌘ g (we will relax
both assumptions below). After SU(3)L ⇥ SU(3)R !
SU(3)color breaking, diagonalizing the gauge boson mass
matrix, and rescaling the fermion fields, one obtains a
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strength, and the covariant derivative Dµ now contains
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Figure 2: Predictions for the relevant tt̄ observables in the ax-
igluon model (8) with mass m̃ = 350 GeV, decay width � = 0.2m̃,
and g̃Q = 0.5, when varying g̃D, g̃U , compared to the 1� constraints

from inclusive AC (dashed blue lines), from Ahi
C (blue band), inclu-

sive AFB (dashed red lines), from Ahi
FB (red band), and inclusive

�tt̄ (green band) [14]. The vertical dotted line is the boundary of
the left-right symmetric model g̃D = �gs. Yellow cross denotes the
chosen benchmark point (see text for details).

general case where gR 6= gL, the couplings g̃Q,D,U can be
arbitrarily large (up to the perturbative limit).

The partial decay width for the axigluon decaying to
qq̄ pairs is

�q

m̃
=

p
1� 4rq
48⇡

⇥
(1� rq)(g̃

2
Q + g̃2U,D) + 6rq g̃U,D g̃Q

⇤
,

(9)
where rq = m2

q/m̃
2 and the g̃U,D couplings apply for

decays to up- and down-type quarks, respectively. The
axigluon lighter than 2mt thus has a total decay width
of

� ' m̃

48⇡

⇥
5g̃2Q + 2g̃2U + 3g̃2D

⇤
. (10)

For g̃i ⇠ gs ⇠ O(1), the axigluon decay width is sizeable,
� ⇠ 0.1m̃.

The agreement with AC , AFB , and the inclusive tt̄
cross section (�tt̄) at the Tevatron [14, 15] is shown in
Fig. 2 for an axigluon mass m̃ = 350 GeV and de-
cay width fixed to � = 0.2m̃ for simplicity (this de-
cay width is saturated for |g̃D| ' 3, otherwise flavor
non-universal couplings to bR,sR (larger than to dR)
are implicitly assumed). The predictions are made us-
ing FeynRules1.5.48 [16], Madgraph5.1.3.30 [17] with
Pythia6.425 [18] + PGS4 [19] pipeline. Scanning over
g̃Q,U,D the best fit region is obtained for g̃Q ' g̃U ' 0.5
and g̃D ' �2, where the NP predictions are well within
the 1� experimental regions. As a benchmark we choose
a point on the boundary of the g̃D values in the left-right
symmetric axigluon model, g̃Q = 0.5, g̃U = 0.32, g̃D =
�1.2. For this point we obtain the central values for
inclusive AFB = 0.16 and AC = 0.015, while in the
high mtt̄ > 450 GeV region we predict Ahi

FB = 0.23 and
Ahi

C = 0.019.
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Figure 3: Comparison of the CMS data on paired dijet produc-
tion [20] (blue points), the SM LO prediction (black) and the ax-
igluon model benchmark point from Fig. 2 (red). The bands of the
two theory curves are estimates of statistical Monte Carlo errors
and are not representative of SM theory errors.

We have checked that the benchmark satisfies all the
remaining LHC and Tevatron constraints. The 350 GeV
axigluon is below the tt̄ threshold and does not pro-
duce a resonance in the di↵erential d�tt̄/dmtt̄ distribution
which is then in good agreement with the measurements.
The d�tt̄/dmtt̄ spectrum would be an important con-
straint, though, for a heavier axigluon with non-universal
g̃Q 6= g̃U 6= g̃D resulting in vectorial couplings of the ax-
igluon to the SM quarks. The bump hunting and angu-
lar correlations measurements in dijet production at the
LHC and the Tevatron are not yet sensitive to the ax-
igluon with the benchmark point couplings (even if the
decay width is smaller, e.g. � = 0.1m̃). More constrain-
ing is the CMS resonance search in paired dijets [20]. A
qualitative comparison of the CMS data with our sim-
ulated LO SM and axigluon model predictions is shown
in Fig. 3, where we have assumed that the axigluon de-
cays to two jets with a 100% branching fraction. For
smaller decay widths, e.g., already for � = 0.1m̃, there
would be an observable resonance peak in the distribu-
tion, which is excluded. A decay width of � = 0.2m̃
implies that at our benchmark point the axigluon has
large couplings to either sR, bR or both, for instance
g̃D(sR) = g̃D(bR) = �3.7, and can be searched for using
the bb̄ forward-backward asymmetry as we show below.
Electroweak Triplets. The cancellation between the

uū and dd̄ contributions is automatic for NP resonances
that are electroweak triplets (EWT). As an example we
consider a color octet EWT vector (model IVo in [22])
with the interaction Lagrangian

L = ⌘0Q̄LT
a⌧ i/V a,iQL + · · · , (11)

where the SU(3)color and SU(2)L generators are normal-
ized to Tr(T aT b) = Tr(⌧a⌧ b) = �ab/2. The tt̄ produc-
tion asymmetry is due to the s�channel exchange of the
charge neutral V a,3 resonances. They couple to uL and
dL with opposite signs, which leads to a natural sup-
pression of �AC . Since the relative sizes and signs of
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• parity breaking:                        - vector contributions - “pseudo axigluon”

• constraints from tt, dijet resonance searches

• flavor universality breaking: large (pseudo) axigluon width possible
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Figure 2: Predictions for the relevant tt̄ observables in the ax-
igluon model (8) with mass m̃ = 350 GeV, decay width � = 0.2m̃,
and g̃Q = 0.5, when varying g̃D, g̃U , compared to the 1� constraints

from inclusive AC (dashed blue lines), from Ahi
C (blue band), inclu-

sive AFB (dashed red lines), from Ahi
FB (red band), and inclusive

�tt̄ (green band) [14]. The vertical dotted line is the boundary of
the left-right symmetric model g̃D = �gs. Yellow cross denotes the
chosen benchmark point (see text for details).

general case where gR 6= gL, the couplings g̃Q,D,U can be
arbitrarily large (up to the perturbative limit).

The partial decay width for the axigluon decaying to
qq̄ pairs is

�q

m̃
=

p
1� 4rq
48⇡

⇥
(1� rq)(g̃

2
Q + g̃2U,D) + 6rq g̃U,D g̃Q

⇤
,

(9)
where rq = m2

q/m̃
2 and the g̃U,D couplings apply for

decays to up- and down-type quarks, respectively. The
axigluon lighter than 2mt thus has a total decay width
of

� ' m̃

48⇡

⇥
5g̃2Q + 2g̃2U + 3g̃2D

⇤
. (10)

For g̃i ⇠ gs ⇠ O(1), the axigluon decay width is sizeable,
� ⇠ 0.1m̃.

The agreement with AC , AFB , and the inclusive tt̄
cross section (�tt̄) at the Tevatron [14, 15] is shown in
Fig. 2 for an axigluon mass m̃ = 350 GeV and de-
cay width fixed to � = 0.2m̃ for simplicity (this de-
cay width is saturated for |g̃D| ' 3, otherwise flavor
non-universal couplings to bR,sR (larger than to dR)
are implicitly assumed). The predictions are made us-
ing FeynRules1.5.48 [16], Madgraph5.1.3.30 [17] with
Pythia6.425 [18] + PGS4 [19] pipeline. Scanning over
g̃Q,U,D the best fit region is obtained for g̃Q ' g̃U ' 0.5
and g̃D ' �2, where the NP predictions are well within
the 1� experimental regions. As a benchmark we choose
a point on the boundary of the g̃D values in the left-right
symmetric axigluon model, g̃Q = 0.5, g̃U = 0.32, g̃D =
�1.2. For this point we obtain the central values for
inclusive AFB = 0.16 and AC = 0.015, while in the
high mtt̄ > 450 GeV region we predict Ahi

FB = 0.23 and
Ahi

C = 0.019.
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Figure 3: Comparison of the CMS data on paired dijet produc-
tion [20] (blue points), the SM LO prediction (black) and the ax-
igluon model benchmark point from Fig. 2 (red). The bands of the
two theory curves are estimates of statistical Monte Carlo errors
and are not representative of SM theory errors.

We have checked that the benchmark satisfies all the
remaining LHC and Tevatron constraints. The 350 GeV
axigluon is below the tt̄ threshold and does not pro-
duce a resonance in the di↵erential d�tt̄/dmtt̄ distribution
which is then in good agreement with the measurements.
The d�tt̄/dmtt̄ spectrum would be an important con-
straint, though, for a heavier axigluon with non-universal
g̃Q 6= g̃U 6= g̃D resulting in vectorial couplings of the ax-
igluon to the SM quarks. The bump hunting and angu-
lar correlations measurements in dijet production at the
LHC and the Tevatron are not yet sensitive to the ax-
igluon with the benchmark point couplings (even if the
decay width is smaller, e.g. � = 0.1m̃). More constrain-
ing is the CMS resonance search in paired dijets [20]. A
qualitative comparison of the CMS data with our sim-
ulated LO SM and axigluon model predictions is shown
in Fig. 3, where we have assumed that the axigluon de-
cays to two jets with a 100% branching fraction. For
smaller decay widths, e.g., already for � = 0.1m̃, there
would be an observable resonance peak in the distribu-
tion, which is excluded. A decay width of � = 0.2m̃
implies that at our benchmark point the axigluon has
large couplings to either sR, bR or both, for instance
g̃D(sR) = g̃D(bR) = �3.7, and can be searched for using
the bb̄ forward-backward asymmetry as we show below.
Electroweak Triplets. The cancellation between the

uū and dd̄ contributions is automatic for NP resonances
that are electroweak triplets (EWT). As an example we
consider a color octet EWT vector (model IVo in [22])
with the interaction Lagrangian

L = ⌘0Q̄LT
a⌧ i/V a,iQL + · · · , (11)

where the SU(3)color and SU(2)L generators are normal-
ized to Tr(T aT b) = Tr(⌧a⌧ b) = �ab/2. The tt̄ produc-
tion asymmetry is due to the s�channel exchange of the
charge neutral V a,3 resonances. They couple to uL and
dL with opposite signs, which leads to a natural sup-
pression of �AC . Since the relative sizes and signs of

(m̃ < 2mt)
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• parity breaking:                        - vector contributions - “pseudo axigluon”

• constraints from tt, dijet resonance searches

• flavor universality breaking: large (pseudo) axigluon width possible
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Figure 2: Predictions for the relevant tt̄ observables in the ax-
igluon model (8) with mass m̃ = 350 GeV, decay width � = 0.2m̃,
and g̃Q = 0.5, when varying g̃D, g̃U , compared to the 1� constraints

from inclusive AC (dashed blue lines), from Ahi
C (blue band), inclu-

sive AFB (dashed red lines), from Ahi
FB (red band), and inclusive

�tt̄ (green band) [14]. The vertical dotted line is the boundary of
the left-right symmetric model g̃D = �gs. Yellow cross denotes the
chosen benchmark point (see text for details).

general case where gR 6= gL, the couplings g̃Q,D,U can be
arbitrarily large (up to the perturbative limit).

The partial decay width for the axigluon decaying to
qq̄ pairs is

�q

m̃
=
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1� 4rq
48⇡
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(1� rq)(g̃

2
Q + g̃2U,D) + 6rq g̃U,D g̃Q
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,

(9)
where rq = m2

q/m̃
2 and the g̃U,D couplings apply for

decays to up- and down-type quarks, respectively. The
axigluon lighter than 2mt thus has a total decay width
of

� ' m̃

48⇡

⇥
5g̃2Q + 2g̃2U + 3g̃2D

⇤
. (10)

For g̃i ⇠ gs ⇠ O(1), the axigluon decay width is sizeable,
� ⇠ 0.1m̃.

The agreement with AC , AFB , and the inclusive tt̄
cross section (�tt̄) at the Tevatron [14, 15] is shown in
Fig. 2 for an axigluon mass m̃ = 350 GeV and de-
cay width fixed to � = 0.2m̃ for simplicity (this de-
cay width is saturated for |g̃D| ' 3, otherwise flavor
non-universal couplings to bR,sR (larger than to dR)
are implicitly assumed). The predictions are made us-
ing FeynRules1.5.48 [16], Madgraph5.1.3.30 [17] with
Pythia6.425 [18] + PGS4 [19] pipeline. Scanning over
g̃Q,U,D the best fit region is obtained for g̃Q ' g̃U ' 0.5
and g̃D ' �2, where the NP predictions are well within
the 1� experimental regions. As a benchmark we choose
a point on the boundary of the g̃D values in the left-right
symmetric axigluon model, g̃Q = 0.5, g̃U = 0.32, g̃D =
�1.2. For this point we obtain the central values for
inclusive AFB = 0.16 and AC = 0.015, while in the
high mtt̄ > 450 GeV region we predict Ahi

FB = 0.23 and
Ahi

C = 0.019.
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Figure 3: Comparison of the CMS data on paired dijet produc-
tion [20] (blue points), the SM LO prediction (black) and the ax-
igluon model benchmark point from Fig. 2 (red). The bands of the
two theory curves are estimates of statistical Monte Carlo errors
and are not representative of SM theory errors.

We have checked that the benchmark satisfies all the
remaining LHC and Tevatron constraints. The 350 GeV
axigluon is below the tt̄ threshold and does not pro-
duce a resonance in the di↵erential d�tt̄/dmtt̄ distribution
which is then in good agreement with the measurements.
The d�tt̄/dmtt̄ spectrum would be an important con-
straint, though, for a heavier axigluon with non-universal
g̃Q 6= g̃U 6= g̃D resulting in vectorial couplings of the ax-
igluon to the SM quarks. The bump hunting and angu-
lar correlations measurements in dijet production at the
LHC and the Tevatron are not yet sensitive to the ax-
igluon with the benchmark point couplings (even if the
decay width is smaller, e.g. � = 0.1m̃). More constrain-
ing is the CMS resonance search in paired dijets [20]. A
qualitative comparison of the CMS data with our sim-
ulated LO SM and axigluon model predictions is shown
in Fig. 3, where we have assumed that the axigluon de-
cays to two jets with a 100% branching fraction. For
smaller decay widths, e.g., already for � = 0.1m̃, there
would be an observable resonance peak in the distribu-
tion, which is excluded. A decay width of � = 0.2m̃
implies that at our benchmark point the axigluon has
large couplings to either sR, bR or both, for instance
g̃D(sR) = g̃D(bR) = �3.7, and can be searched for using
the bb̄ forward-backward asymmetry as we show below.
Electroweak Triplets. The cancellation between the

uū and dd̄ contributions is automatic for NP resonances
that are electroweak triplets (EWT). As an example we
consider a color octet EWT vector (model IVo in [22])
with the interaction Lagrangian

L = ⌘0Q̄LT
a⌧ i/V a,iQL + · · · , (11)

where the SU(3)color and SU(2)L generators are normal-
ized to Tr(T aT b) = Tr(⌧a⌧ b) = �ab/2. The tt̄ produc-
tion asymmetry is due to the s�channel exchange of the
charge neutral V a,3 resonances. They couple to uL and
dL with opposite signs, which leads to a natural sup-
pression of �AC . Since the relative sizes and signs of
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Figure 2: Predictions for the relevant tt̄ observables in the ax-
igluon model (8) with mass m̃ = 350 GeV, decay width � = 0.2m̃,
and g̃Q = 0.5, when varying g̃D, g̃U , compared to the 1� constraints

from inclusive AC (dashed blue lines), from Ahi
C (blue band), inclu-

sive AFB (dashed red lines), from Ahi
FB (red band), and inclusive

�tt̄ (green band) [14]. The vertical dotted line is the boundary of
the left-right symmetric model g̃D = �gs. Yellow cross denotes the
chosen benchmark point (see text for details).

general case where gR 6= gL, the couplings g̃Q,D,U can be
arbitrarily large (up to the perturbative limit).

The partial decay width for the axigluon decaying to
qq̄ pairs is

�q

m̃
=

p
1� 4rq
48⇡

⇥
(1� rq)(g̃

2
Q + g̃2U,D) + 6rq g̃U,D g̃Q

⇤
,

(9)
where rq = m2

q/m̃
2 and the g̃U,D couplings apply for

decays to up- and down-type quarks, respectively. The
axigluon lighter than 2mt thus has a total decay width
of

� ' m̃

48⇡

⇥
5g̃2Q + 2g̃2U + 3g̃2D

⇤
. (10)

For g̃i ⇠ gs ⇠ O(1), the axigluon decay width is sizeable,
� ⇠ 0.1m̃.

The agreement with AC , AFB , and the inclusive tt̄
cross section (�tt̄) at the Tevatron [14, 15] is shown in
Fig. 2 for an axigluon mass m̃ = 350 GeV and de-
cay width fixed to � = 0.2m̃ for simplicity (this de-
cay width is saturated for |g̃D| ' 3, otherwise flavor
non-universal couplings to bR,sR (larger than to dR)
are implicitly assumed). The predictions are made us-
ing FeynRules1.5.48 [16], Madgraph5.1.3.30 [17] with
Pythia6.425 [18] + PGS4 [19] pipeline. Scanning over
g̃Q,U,D the best fit region is obtained for g̃Q ' g̃U ' 0.5
and g̃D ' �2, where the NP predictions are well within
the 1� experimental regions. As a benchmark we choose
a point on the boundary of the g̃D values in the left-right
symmetric axigluon model, g̃Q = 0.5, g̃U = 0.32, g̃D =
�1.2. For this point we obtain the central values for
inclusive AFB = 0.16 and AC = 0.015, while in the
high mtt̄ > 450 GeV region we predict Ahi

FB = 0.23 and
Ahi

C = 0.019.
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Figure 3: Comparison of the CMS data on paired dijet produc-
tion [20] (blue points), the SM LO prediction (black) and the ax-
igluon model benchmark point from Fig. 2 (red). The bands of the
two theory curves are estimates of statistical Monte Carlo errors
and are not representative of SM theory errors.

We have checked that the benchmark satisfies all the
remaining LHC and Tevatron constraints. The 350 GeV
axigluon is below the tt̄ threshold and does not pro-
duce a resonance in the di↵erential d�tt̄/dmtt̄ distribution
which is then in good agreement with the measurements.
The d�tt̄/dmtt̄ spectrum would be an important con-
straint, though, for a heavier axigluon with non-universal
g̃Q 6= g̃U 6= g̃D resulting in vectorial couplings of the ax-
igluon to the SM quarks. The bump hunting and angu-
lar correlations measurements in dijet production at the
LHC and the Tevatron are not yet sensitive to the ax-
igluon with the benchmark point couplings (even if the
decay width is smaller, e.g. � = 0.1m̃). More constrain-
ing is the CMS resonance search in paired dijets [20]. A
qualitative comparison of the CMS data with our sim-
ulated LO SM and axigluon model predictions is shown
in Fig. 3, where we have assumed that the axigluon de-
cays to two jets with a 100% branching fraction. For
smaller decay widths, e.g., already for � = 0.1m̃, there
would be an observable resonance peak in the distribu-
tion, which is excluded. A decay width of � = 0.2m̃
implies that at our benchmark point the axigluon has
large couplings to either sR, bR or both, for instance
g̃D(sR) = g̃D(bR) = �3.7, and can be searched for using
the bb̄ forward-backward asymmetry as we show below.
Electroweak Triplets. The cancellation between the

uū and dd̄ contributions is automatic for NP resonances
that are electroweak triplets (EWT). As an example we
consider a color octet EWT vector (model IVo in [22])
with the interaction Lagrangian

L = ⌘0Q̄LT
a⌧ i/V a,iQL + · · · , (11)

where the SU(3)color and SU(2)L generators are normal-
ized to Tr(T aT b) = Tr(⌧a⌧ b) = �ab/2. The tt̄ produc-
tion asymmetry is due to the s�channel exchange of the
charge neutral V a,3 resonances. They couple to uL and
dL with opposite signs, which leads to a natural sup-
pression of �AC . Since the relative sizes and signs of
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Figure 2: Predictions for the relevant tt̄ observables in the ax-
igluon model (8) with mass m̃ = 350 GeV, decay width � = 0.2m̃,
and g̃Q = 0.5, when varying g̃D, g̃U , compared to the 1� constraints

from inclusive AC (dashed blue lines), from Ahi
C (blue band), inclu-

sive AFB (dashed red lines), from Ahi
FB (red band), and inclusive

�tt̄ (green band) [14]. The vertical dotted line is the boundary of
the left-right symmetric model g̃D = �gs. Yellow cross denotes the
chosen benchmark point (see text for details).

general case where gR 6= gL, the couplings g̃Q,D,U can be
arbitrarily large (up to the perturbative limit).

The partial decay width for the axigluon decaying to
qq̄ pairs is

�q

m̃
=

p
1� 4rq
48⇡

⇥
(1� rq)(g̃

2
Q + g̃2U,D) + 6rq g̃U,D g̃Q

⇤
,

(9)
where rq = m2

q/m̃
2 and the g̃U,D couplings apply for

decays to up- and down-type quarks, respectively. The
axigluon lighter than 2mt thus has a total decay width
of

� ' m̃

48⇡

⇥
5g̃2Q + 2g̃2U + 3g̃2D

⇤
. (10)

For g̃i ⇠ gs ⇠ O(1), the axigluon decay width is sizeable,
� ⇠ 0.1m̃.

The agreement with AC , AFB , and the inclusive tt̄
cross section (�tt̄) at the Tevatron [14, 15] is shown in
Fig. 2 for an axigluon mass m̃ = 350 GeV and de-
cay width fixed to � = 0.2m̃ for simplicity (this de-
cay width is saturated for |g̃D| ' 3, otherwise flavor
non-universal couplings to bR,sR (larger than to dR)
are implicitly assumed). The predictions are made us-
ing FeynRules1.5.48 [16], Madgraph5.1.3.30 [17] with
Pythia6.425 [18] + PGS4 [19] pipeline. Scanning over
g̃Q,U,D the best fit region is obtained for g̃Q ' g̃U ' 0.5
and g̃D ' �2, where the NP predictions are well within
the 1� experimental regions. As a benchmark we choose
a point on the boundary of the g̃D values in the left-right
symmetric axigluon model, g̃Q = 0.5, g̃U = 0.32, g̃D =
�1.2. For this point we obtain the central values for
inclusive AFB = 0.16 and AC = 0.015, while in the
high mtt̄ > 450 GeV region we predict Ahi

FB = 0.23 and
Ahi

C = 0.019.
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Figure 3: Comparison of the CMS data on paired dijet produc-
tion [20] (blue points), the SM LO prediction (black) and the ax-
igluon model benchmark point from Fig. 2 (red). The bands of the
two theory curves are estimates of statistical Monte Carlo errors
and are not representative of SM theory errors.

We have checked that the benchmark satisfies all the
remaining LHC and Tevatron constraints. The 350 GeV
axigluon is below the tt̄ threshold and does not pro-
duce a resonance in the di↵erential d�tt̄/dmtt̄ distribution
which is then in good agreement with the measurements.
The d�tt̄/dmtt̄ spectrum would be an important con-
straint, though, for a heavier axigluon with non-universal
g̃Q 6= g̃U 6= g̃D resulting in vectorial couplings of the ax-
igluon to the SM quarks. The bump hunting and angu-
lar correlations measurements in dijet production at the
LHC and the Tevatron are not yet sensitive to the ax-
igluon with the benchmark point couplings (even if the
decay width is smaller, e.g. � = 0.1m̃). More constrain-
ing is the CMS resonance search in paired dijets [20]. A
qualitative comparison of the CMS data with our sim-
ulated LO SM and axigluon model predictions is shown
in Fig. 3, where we have assumed that the axigluon de-
cays to two jets with a 100% branching fraction. For
smaller decay widths, e.g., already for � = 0.1m̃, there
would be an observable resonance peak in the distribu-
tion, which is excluded. A decay width of � = 0.2m̃
implies that at our benchmark point the axigluon has
large couplings to either sR, bR or both, for instance
g̃D(sR) = g̃D(bR) = �3.7, and can be searched for using
the bb̄ forward-backward asymmetry as we show below.
Electroweak Triplets. The cancellation between the

uū and dd̄ contributions is automatic for NP resonances
that are electroweak triplets (EWT). As an example we
consider a color octet EWT vector (model IVo in [22])
with the interaction Lagrangian

L = ⌘0Q̄LT
a⌧ i/V a,iQL + · · · , (11)

where the SU(3)color and SU(2)L generators are normal-
ized to Tr(T aT b) = Tr(⌧a⌧ b) = �ab/2. The tt̄ produc-
tion asymmetry is due to the s�channel exchange of the
charge neutral V a,3 resonances. They couple to uL and
dL with opposite signs, which leads to a natural sup-
pression of �AC . Since the relative sizes and signs of
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• parity breaking:                        - vector contributions - “pseudo axigluon”

• constraints from tt, dijet resonance searches

• flavor universality breaking: large (pseudo) axigluon width possible

• contributions to FBA in bb production!
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Figure 2: Predictions for the relevant tt̄ observables in the ax-
igluon model (8) with mass m̃ = 350 GeV, decay width � = 0.2m̃,
and g̃Q = 0.5, when varying g̃D, g̃U , compared to the 1� constraints

from inclusive AC (dashed blue lines), from Ahi
C (blue band), inclu-

sive AFB (dashed red lines), from Ahi
FB (red band), and inclusive

�tt̄ (green band) [14]. The vertical dotted line is the boundary of
the left-right symmetric model g̃D = �gs. Yellow cross denotes the
chosen benchmark point (see text for details).

general case where gR 6= gL, the couplings g̃Q,D,U can be
arbitrarily large (up to the perturbative limit).

The partial decay width for the axigluon decaying to
qq̄ pairs is
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where rq = m2
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2 and the g̃U,D couplings apply for

decays to up- and down-type quarks, respectively. The
axigluon lighter than 2mt thus has a total decay width
of
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⇥
5g̃2Q + 2g̃2U + 3g̃2D

⇤
. (10)

For g̃i ⇠ gs ⇠ O(1), the axigluon decay width is sizeable,
� ⇠ 0.1m̃.

The agreement with AC , AFB , and the inclusive tt̄
cross section (�tt̄) at the Tevatron [14, 15] is shown in
Fig. 2 for an axigluon mass m̃ = 350 GeV and de-
cay width fixed to � = 0.2m̃ for simplicity (this de-
cay width is saturated for |g̃D| ' 3, otherwise flavor
non-universal couplings to bR,sR (larger than to dR)
are implicitly assumed). The predictions are made us-
ing FeynRules1.5.48 [16], Madgraph5.1.3.30 [17] with
Pythia6.425 [18] + PGS4 [19] pipeline. Scanning over
g̃Q,U,D the best fit region is obtained for g̃Q ' g̃U ' 0.5
and g̃D ' �2, where the NP predictions are well within
the 1� experimental regions. As a benchmark we choose
a point on the boundary of the g̃D values in the left-right
symmetric axigluon model, g̃Q = 0.5, g̃U = 0.32, g̃D =
�1.2. For this point we obtain the central values for
inclusive AFB = 0.16 and AC = 0.015, while in the
high mtt̄ > 450 GeV region we predict Ahi

FB = 0.23 and
Ahi

C = 0.019.
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Figure 3: Comparison of the CMS data on paired dijet produc-
tion [20] (blue points), the SM LO prediction (black) and the ax-
igluon model benchmark point from Fig. 2 (red). The bands of the
two theory curves are estimates of statistical Monte Carlo errors
and are not representative of SM theory errors.

We have checked that the benchmark satisfies all the
remaining LHC and Tevatron constraints. The 350 GeV
axigluon is below the tt̄ threshold and does not pro-
duce a resonance in the di↵erential d�tt̄/dmtt̄ distribution
which is then in good agreement with the measurements.
The d�tt̄/dmtt̄ spectrum would be an important con-
straint, though, for a heavier axigluon with non-universal
g̃Q 6= g̃U 6= g̃D resulting in vectorial couplings of the ax-
igluon to the SM quarks. The bump hunting and angu-
lar correlations measurements in dijet production at the
LHC and the Tevatron are not yet sensitive to the ax-
igluon with the benchmark point couplings (even if the
decay width is smaller, e.g. � = 0.1m̃). More constrain-
ing is the CMS resonance search in paired dijets [20]. A
qualitative comparison of the CMS data with our sim-
ulated LO SM and axigluon model predictions is shown
in Fig. 3, where we have assumed that the axigluon de-
cays to two jets with a 100% branching fraction. For
smaller decay widths, e.g., already for � = 0.1m̃, there
would be an observable resonance peak in the distribu-
tion, which is excluded. A decay width of � = 0.2m̃
implies that at our benchmark point the axigluon has
large couplings to either sR, bR or both, for instance
g̃D(sR) = g̃D(bR) = �3.7, and can be searched for using
the bb̄ forward-backward asymmetry as we show below.
Electroweak Triplets. The cancellation between the

uū and dd̄ contributions is automatic for NP resonances
that are electroweak triplets (EWT). As an example we
consider a color octet EWT vector (model IVo in [22])
with the interaction Lagrangian

L = ⌘0Q̄LT
a⌧ i/V a,iQL + · · · , (11)

where the SU(3)color and SU(2)L generators are normal-
ized to Tr(T aT b) = Tr(⌧a⌧ b) = �ab/2. The tt̄ produc-
tion asymmetry is due to the s�channel exchange of the
charge neutral V a,3 resonances. They couple to uL and
dL with opposite signs, which leads to a natural sup-
pression of �AC . Since the relative sizes and signs of
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• parity breaking:                        - vector contributions - “pseudo axigluon”

• constraints from tt, dijet resonance searches

• flavor universality breaking: large (pseudo) axigluon width possible

• contributions to FBA in bb production!
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Figure 2: Predictions for the relevant tt̄ observables in the ax-
igluon model (8) with mass m̃ = 350 GeV, decay width � = 0.2m̃,
and g̃Q = 0.5, when varying g̃D, g̃U , compared to the 1� constraints

from inclusive AC (dashed blue lines), from Ahi
C (blue band), inclu-

sive AFB (dashed red lines), from Ahi
FB (red band), and inclusive

�tt̄ (green band) [14]. The vertical dotted line is the boundary of
the left-right symmetric model g̃D = �gs. Yellow cross denotes the
chosen benchmark point (see text for details).

general case where gR 6= gL, the couplings g̃Q,D,U can be
arbitrarily large (up to the perturbative limit).

The partial decay width for the axigluon decaying to
qq̄ pairs is

�q

m̃
=

p
1� 4rq
48⇡

⇥
(1� rq)(g̃

2
Q + g̃2U,D) + 6rq g̃U,D g̃Q

⇤
,

(9)
where rq = m2

q/m̃
2 and the g̃U,D couplings apply for

decays to up- and down-type quarks, respectively. The
axigluon lighter than 2mt thus has a total decay width
of

� ' m̃

48⇡

⇥
5g̃2Q + 2g̃2U + 3g̃2D

⇤
. (10)

For g̃i ⇠ gs ⇠ O(1), the axigluon decay width is sizeable,
� ⇠ 0.1m̃.

The agreement with AC , AFB , and the inclusive tt̄
cross section (�tt̄) at the Tevatron [14, 15] is shown in
Fig. 2 for an axigluon mass m̃ = 350 GeV and de-
cay width fixed to � = 0.2m̃ for simplicity (this de-
cay width is saturated for |g̃D| ' 3, otherwise flavor
non-universal couplings to bR,sR (larger than to dR)
are implicitly assumed). The predictions are made us-
ing FeynRules1.5.48 [16], Madgraph5.1.3.30 [17] with
Pythia6.425 [18] + PGS4 [19] pipeline. Scanning over
g̃Q,U,D the best fit region is obtained for g̃Q ' g̃U ' 0.5
and g̃D ' �2, where the NP predictions are well within
the 1� experimental regions. As a benchmark we choose
a point on the boundary of the g̃D values in the left-right
symmetric axigluon model, g̃Q = 0.5, g̃U = 0.32, g̃D =
�1.2. For this point we obtain the central values for
inclusive AFB = 0.16 and AC = 0.015, while in the
high mtt̄ > 450 GeV region we predict Ahi

FB = 0.23 and
Ahi

C = 0.019.
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Figure 3: Comparison of the CMS data on paired dijet produc-
tion [20] (blue points), the SM LO prediction (black) and the ax-
igluon model benchmark point from Fig. 2 (red). The bands of the
two theory curves are estimates of statistical Monte Carlo errors
and are not representative of SM theory errors.

We have checked that the benchmark satisfies all the
remaining LHC and Tevatron constraints. The 350 GeV
axigluon is below the tt̄ threshold and does not pro-
duce a resonance in the di↵erential d�tt̄/dmtt̄ distribution
which is then in good agreement with the measurements.
The d�tt̄/dmtt̄ spectrum would be an important con-
straint, though, for a heavier axigluon with non-universal
g̃Q 6= g̃U 6= g̃D resulting in vectorial couplings of the ax-
igluon to the SM quarks. The bump hunting and angu-
lar correlations measurements in dijet production at the
LHC and the Tevatron are not yet sensitive to the ax-
igluon with the benchmark point couplings (even if the
decay width is smaller, e.g. � = 0.1m̃). More constrain-
ing is the CMS resonance search in paired dijets [20]. A
qualitative comparison of the CMS data with our sim-
ulated LO SM and axigluon model predictions is shown
in Fig. 3, where we have assumed that the axigluon de-
cays to two jets with a 100% branching fraction. For
smaller decay widths, e.g., already for � = 0.1m̃, there
would be an observable resonance peak in the distribu-
tion, which is excluded. A decay width of � = 0.2m̃
implies that at our benchmark point the axigluon has
large couplings to either sR, bR or both, for instance
g̃D(sR) = g̃D(bR) = �3.7, and can be searched for using
the bb̄ forward-backward asymmetry as we show below.
Electroweak Triplets. The cancellation between the

uū and dd̄ contributions is automatic for NP resonances
that are electroweak triplets (EWT). As an example we
consider a color octet EWT vector (model IVo in [22])
with the interaction Lagrangian

L = ⌘0Q̄LT
a⌧ i/V a,iQL + · · · , (11)

where the SU(3)color and SU(2)L generators are normal-
ized to Tr(T aT b) = Tr(⌧a⌧ b) = �ab/2. The tt̄ produc-
tion asymmetry is due to the s�channel exchange of the
charge neutral V a,3 resonances. They couple to uL and
dL with opposite signs, which leads to a natural sup-
pression of �AC . Since the relative sizes and signs of
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Figure 4: The correlation between AFB and AC in two mod-
els, the colored EWT model (black) and the asymmetric axigluon
model (blue), the later allowing for much larger spread in AC at
fixed AFB . The scan is over the range of g̃U,D in Fig. 2 for the
axigluon and over ⌘0 2 [0, 2.6] for the EWT, while m̃ = mV = 350
GeV and � = 70 GeV in both models. Gray bands represent the
experimental 1� regions for the two observables.
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Figure 5: The bb̄ forward-backward asymmetry at the Tevatron as
predicted by the axigluon model (8) with the benchmark param-
eter set from Fig. 2 (black) and with additional flavor symmetry
breaking g̃D(sR) = g̃D(bR) = �3.7 (red) or g̃D(bR) = �5.1 (blue).

these couplings are fixed by gauge symmetry, contribu-
tions to the CA and FBA are tightly correlated. This is
illustrated in Fig. 4 where we vary ⌘0 2 [0, 2.6], but fix
mV = 350 GeV and � = 0.2mV for ease of comparison
with the asymmetric axigluon model. A more compre-
hensive scan over ⌘0,mV and � comparing the predic-
tions with Ahi

FB , AFB , Ahi
C , AC and d�tt̄/dmtt̄, reveals,

however, that it is not possible to simultaneously satisfy
all the above constraints within 1�. The main reason is
that accommodating both the FBA and the CA simul-
taneously, requires couplings to d̄d currents much larger
than to ūu (c.f. Eq. (6)), something not allowed by the
gauge symmetric structure of the model. Consequently,
at present the model is disfavored. It could become vi-
able again, if the present tension among the observed
FBA and CA values is somewhat reduced by future more
precise measurements.

Discovery observables. Finally, let us discuss the
observables with the help of which the above NP models
could be discovered at the LHC. Any NP model a↵ecting
the FBA and CA needs to couple to light quarks. More
precise measurement of dijet production or paired dijet

production could therefore reveal irregularities, though,
as we have shown above, this could be challenging for
broad resonances.
There are also several other common features of the

models in which AC is suppressed. For instance, to have
a large cancellation between uū and dd̄ contributions,
the couplings to down quarks are necessarily enhanced,
c.f. Eq. (6). This then generically implies a signifi-
cant e↵ect in the bb̄ forward-backward asymmetry at the
Tevatron (though precise predictions are model depen-
dent). In the asymmetric light axigluon model, for ex-
ample, the couplings to bR and sR should be even fur-
ther enhanced to make the axigluon broad. In Fig. 5
we show three representative cases. The first one is the
benchmark point in Fig. 2 with flavor universal couplings
g̃D = �1.2 for dR, sR and bR (black line), for which the
decay width would be small unless channels besides qq̄
are open. The blue and red lines denote flavor nonuni-
versal choices where the couplings are changed either
to g̃D(sR) = g̃D(bR) = �3.7 or to g̃D(bR) = �5.1, re-
spectively, while the other parameters are left the same
(these choices give � = 0.2m̃). The CDF sensitivity for
mbb̄ > 130 GeV is 2.6% [23]. The largest deviations
appear for mbb̄ & 400 GeV (i.e. above the resonance
mass), thus the extension of measurements to higher bb̄
pair masses is highly desirable.

Another generic property of the models that will sup-
press the CA is that they contain new chiral couplings
to quarks. (To suppress AC , couplings to u and d need
to be di↵erent. Purely vector or axial couplings are pos-
sible only if there is a fine-tuned electroweak symmetry
breaking of the couplings to QL with the sizes of uR

and dL couplings.) This means that the t and t̄ pro-
duced through NP interactions will be polarized. For the
asymmetric axigluon benchmark point we obtain the top
polarization fractions BTEV

beam ' BTEV
o↵�diagonal ' 13% and

BTEV
helicity ' 7% at the Tevatron, where the numbers re-

fer to di↵erent choices of the top spin quantization axis
(c.f. [24] and references therein). At the LHC the e↵ects
are significantly diluted. We find that only the helicity
axis polarization, BLHC7

helicity ' 2%, is larger than a percent.
Conclusions. We have shown that the FBA in tt̄ pro-

duction at the Tevatron can in general be large, O(0.2),
and the CA at the LHC remain small. O(1%) (or even of
the opposite sign). The reason is that the uū and dd̄ con-
tents of pp̄ and pp initial states are di↵erent. For the CA
to be small, the coupling of NP to d̄d currents needs to
be large and of opposite sign to the coupling of NP to ūu.
We have shown this using an e↵ective theory analysis as
well as for two explicit on-shell models: a light asymmet-
ric axigluon model and a model with colored electroweak
triplet vectors. The asymmetric light axigluon gives a
good description of the present data (for both AC and
AFB as well as other collider constraints), and predicts
generically a large bb̄ forward-backward asymmetry and
observable top polarization in tt̄ production.

g̃D = �1.2

g̃D(bR) = g̃D(sR) = �3.7

g̃D(bR) = �5.1

predict zero in FBA spectrum



• parity breaking:                        - vector contributions - “pseudo axigluon”

• constraints from tt, dijet resonance searches

• flavor universality breaking: large (pseudo) axigluon width possible

• contributions to FBA in bb production!

•  polarized top pair production
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Figure 2: Predictions for the relevant tt̄ observables in the ax-
igluon model (8) with mass m̃ = 350 GeV, decay width � = 0.2m̃,
and g̃Q = 0.5, when varying g̃D, g̃U , compared to the 1� constraints

from inclusive AC (dashed blue lines), from Ahi
C (blue band), inclu-

sive AFB (dashed red lines), from Ahi
FB (red band), and inclusive

�tt̄ (green band) [14]. The vertical dotted line is the boundary of
the left-right symmetric model g̃D = �gs. Yellow cross denotes the
chosen benchmark point (see text for details).

general case where gR 6= gL, the couplings g̃Q,D,U can be
arbitrarily large (up to the perturbative limit).

The partial decay width for the axigluon decaying to
qq̄ pairs is

�q

m̃
=

p
1� 4rq
48⇡

⇥
(1� rq)(g̃

2
Q + g̃2U,D) + 6rq g̃U,D g̃Q

⇤
,

(9)
where rq = m2

q/m̃
2 and the g̃U,D couplings apply for

decays to up- and down-type quarks, respectively. The
axigluon lighter than 2mt thus has a total decay width
of

� ' m̃

48⇡

⇥
5g̃2Q + 2g̃2U + 3g̃2D

⇤
. (10)

For g̃i ⇠ gs ⇠ O(1), the axigluon decay width is sizeable,
� ⇠ 0.1m̃.

The agreement with AC , AFB , and the inclusive tt̄
cross section (�tt̄) at the Tevatron [14, 15] is shown in
Fig. 2 for an axigluon mass m̃ = 350 GeV and de-
cay width fixed to � = 0.2m̃ for simplicity (this de-
cay width is saturated for |g̃D| ' 3, otherwise flavor
non-universal couplings to bR,sR (larger than to dR)
are implicitly assumed). The predictions are made us-
ing FeynRules1.5.48 [16], Madgraph5.1.3.30 [17] with
Pythia6.425 [18] + PGS4 [19] pipeline. Scanning over
g̃Q,U,D the best fit region is obtained for g̃Q ' g̃U ' 0.5
and g̃D ' �2, where the NP predictions are well within
the 1� experimental regions. As a benchmark we choose
a point on the boundary of the g̃D values in the left-right
symmetric axigluon model, g̃Q = 0.5, g̃U = 0.32, g̃D =
�1.2. For this point we obtain the central values for
inclusive AFB = 0.16 and AC = 0.015, while in the
high mtt̄ > 450 GeV region we predict Ahi

FB = 0.23 and
Ahi

C = 0.019.
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Figure 3: Comparison of the CMS data on paired dijet produc-
tion [20] (blue points), the SM LO prediction (black) and the ax-
igluon model benchmark point from Fig. 2 (red). The bands of the
two theory curves are estimates of statistical Monte Carlo errors
and are not representative of SM theory errors.

We have checked that the benchmark satisfies all the
remaining LHC and Tevatron constraints. The 350 GeV
axigluon is below the tt̄ threshold and does not pro-
duce a resonance in the di↵erential d�tt̄/dmtt̄ distribution
which is then in good agreement with the measurements.
The d�tt̄/dmtt̄ spectrum would be an important con-
straint, though, for a heavier axigluon with non-universal
g̃Q 6= g̃U 6= g̃D resulting in vectorial couplings of the ax-
igluon to the SM quarks. The bump hunting and angu-
lar correlations measurements in dijet production at the
LHC and the Tevatron are not yet sensitive to the ax-
igluon with the benchmark point couplings (even if the
decay width is smaller, e.g. � = 0.1m̃). More constrain-
ing is the CMS resonance search in paired dijets [20]. A
qualitative comparison of the CMS data with our sim-
ulated LO SM and axigluon model predictions is shown
in Fig. 3, where we have assumed that the axigluon de-
cays to two jets with a 100% branching fraction. For
smaller decay widths, e.g., already for � = 0.1m̃, there
would be an observable resonance peak in the distribu-
tion, which is excluded. A decay width of � = 0.2m̃
implies that at our benchmark point the axigluon has
large couplings to either sR, bR or both, for instance
g̃D(sR) = g̃D(bR) = �3.7, and can be searched for using
the bb̄ forward-backward asymmetry as we show below.
Electroweak Triplets. The cancellation between the

uū and dd̄ contributions is automatic for NP resonances
that are electroweak triplets (EWT). As an example we
consider a color octet EWT vector (model IVo in [22])
with the interaction Lagrangian

L = ⌘0Q̄LT
a⌧ i/V a,iQL + · · · , (11)

where the SU(3)color and SU(2)L generators are normal-
ized to Tr(T aT b) = Tr(⌧a⌧ b) = �ab/2. The tt̄ produc-
tion asymmetry is due to the s�channel exchange of the
charge neutral V a,3 resonances. They couple to uL and
dL with opposite signs, which leads to a natural sup-
pression of �AC . Since the relative sizes and signs of

(m̃ < 2mt)
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Top polarization observables

• Angular distributions of top decay products in tt production

• QCD vector-like - new chiral interactions can induce large deviations 

35

10

(anti top) quarks and the top - anti top spin-spin correlations, respectively. Using the spin four-vectors defined as

sµ
t =

✓
k1 · ŝt

mt
, ŝt +

k1(k1 · ŝt)
mt(Et + mt)

◆
,

sµ
t

=
✓

k2 · ŝt

mt
, ŝt +

k2(k2 · ŝt)
mt(Et̄ + mt)

◆
, (18)

the decomposition of the squared scattering amplitude |M|2 can be written as

|M|2 = a + bt
µsµ

t + bt
µsµ

t
+ cµ⌫sµ

t s⌫
t , (19)

and by comparing expressions (17) and (19) one can extract the functions A, Bt
i (Bt

i ) and Cij . With this at hand,
the various top spin observables hOi can be calculated as

hO(St,St)iI =
�I

�I

Z
d�tt̄Tr[⇢I · O(St,St)] , (20)

where �I = �I

R
d�tt̄Tr[⇢I ] is the unpolarized production cross-section and St = �/2 ⌦ 1 (St = 1 ⌦ �/2) is the top

(anti top) spin operator. In particular, we consider the following spin observables

O1 = St · St ,

O2 = St · â , Ō2 = St̄ · b̂ ,

O3 = 4(St · â)(St · b̂) , (21)

which give the net spin polarization of the top - anti top system, polarization of the (anti) top quark, and the top -
anti top spin correlation both with respect to spin quantization axes â and b̂, respectively. At the parton level O3 is
related to the spin correlation function Cij in Eq. (17), namely

hO3i =
�tt̄("") + �tt̄(##)� �tt̄("#)� �tt̄(#")
�tt̄("") + �tt̄(##) + �tt̄("#) + �tt̄(#")

, (22)

where the arrows refer to the up and down spin orientations of the top and the anti top quark with respect to the
â and b̂ quantization axes, respectively. It can be measured using the double di↵erential angular distribution of the
top and anti top quark decay products:

1
�

d2�

d cos ✓fd cos ✓f̄
=

1
4

�
1 + Bt cos ✓f + Bt̄ cos ✓f̄ � C cos ✓f cos ✓f̄

�
, (23)

where ✓f (✓f̄ ) is the angle between the direction of the top (anti top) spin analyzer f, (f̄) (which can be either a direct
t (t̄) daughter W+, b (W�, b̄) or a W+(W�) decay product `+(`�), ⌫(⌫̄) or jets) in the t (t̄) rest frame and the â
(b̂) direction in the tt̄ center of mass frame (when the corresponding frame transformation is a rotation free boost,
c.f. [42]). Analogously O2 and Ō2 are related to the (anti)top spin polarization coe�cients Bt and Bt̄. We note in
passing that in absence of CP violation B ⌘ Bt = ⌥Bt̄ for â = ±b̂. For perfect (anti)top spin analyzers whose flight
directions are 100% correlated with the directions of the (anti)top spin then

hO3i = C , hO2i = Bt , hŌ2i = Bt̄ . (24)

This limit is a good approximation for the charged leptons from W decays [53]. For other (anti)top spin analyzers
one needs to apply the corresponding top spin analyzing power factors f(f̄) (where `+(`�) ' 1) in Eq. (23) as

C ! Cff̄ , Bt(t̄) ! Bt(t̄)f(f̄) . (25)

The values of f(f̄) are presently known at NLO in QCD and can be found in [53]. Finally, O1 can be probed using
the spin analyzer opening angle distribution

1
�

d�

d cos �
=

1
2

(1�D cos �) , (26)

(anti)top polarization
(tiny in SM)

tt spin correlations
(well predicted in SM) Bernreuther et al., 
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• Angular distributions of top decay products in tt production
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(anti top) quarks and the top - anti top spin-spin correlations, respectively. Using the spin four-vectors defined as
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the decomposition of the squared scattering amplitude |M|2 can be written as

|M|2 = a + bt
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and by comparing expressions (17) and (19) one can extract the functions A, Bt
i (Bt

i ) and Cij . With this at hand,
the various top spin observables hOi can be calculated as

hO(St,St)iI =
�I
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Z
d�tt̄Tr[⇢I · O(St,St)] , (20)

where �I = �I

R
d�tt̄Tr[⇢I ] is the unpolarized production cross-section and St = �/2 ⌦ 1 (St = 1 ⌦ �/2) is the top

(anti top) spin operator. In particular, we consider the following spin observables

O1 = St · St ,

O2 = St · â , Ō2 = St̄ · b̂ ,

O3 = 4(St · â)(St · b̂) , (21)

which give the net spin polarization of the top - anti top system, polarization of the (anti) top quark, and the top -
anti top spin correlation both with respect to spin quantization axes â and b̂, respectively. At the parton level O3 is
related to the spin correlation function Cij in Eq. (17), namely

hO3i =
�tt̄("") + �tt̄(##)� �tt̄("#)� �tt̄(#")
�tt̄("") + �tt̄(##) + �tt̄("#) + �tt̄(#")

, (22)

where the arrows refer to the up and down spin orientations of the top and the anti top quark with respect to the
â and b̂ quantization axes, respectively. It can be measured using the double di↵erential angular distribution of the
top and anti top quark decay products:
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1
4
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1 + Bt cos ✓f + Bt̄ cos ✓f̄ � C cos ✓f cos ✓f̄

�
, (23)

where ✓f (✓f̄ ) is the angle between the direction of the top (anti top) spin analyzer f, (f̄) (which can be either a direct
t (t̄) daughter W+, b (W�, b̄) or a W+(W�) decay product `+(`�), ⌫(⌫̄) or jets) in the t (t̄) rest frame and the â
(b̂) direction in the tt̄ center of mass frame (when the corresponding frame transformation is a rotation free boost,
c.f. [42]). Analogously O2 and Ō2 are related to the (anti)top spin polarization coe�cients Bt and Bt̄. We note in
passing that in absence of CP violation B ⌘ Bt = ⌥Bt̄ for â = ±b̂. For perfect (anti)top spin analyzers whose flight
directions are 100% correlated with the directions of the (anti)top spin then

hO3i = C , hO2i = Bt , hŌ2i = Bt̄ . (24)

This limit is a good approximation for the charged leptons from W decays [53]. For other (anti)top spin analyzers
one needs to apply the corresponding top spin analyzing power factors f(f̄) (where `+(`�) ' 1) in Eq. (23) as

C ! Cff̄ , Bt(t̄) ! Bt(t̄)f(f̄) . (25)

The values of f(f̄) are presently known at NLO in QCD and can be found in [53]. Finally, O1 can be probed using
the spin analyzer opening angle distribution

1
�

d�

d cos �
=

1
2

(1�D cos �) , (26)

(anti)top polarization tt spin correlations
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FIG. 8: Correlations between the NP contributions to the inclusive FBA at the Tevatron and various spin observables at the
7 TeV LHC (see text for details and definitions). The present experimental results (68% C.L. regions) are shaded in horizontal
and vertical bands. For �Chel we also show the 95% C.L. contour in thin dashed line. The NP model predictions are determined
from the global fit as specified in Sec. IV and are bounded by full (axigluon G0 in the low (mG . 450 GeV in black) and high
(mG & 700 GeV in gray) mass regions), dashed (scalar color triplet �), dotted (scalar color sextet ⌃) and dot-dashed (neutral
component of the scalar isodoublet �0 in the low (m� . mt in darker shade) and high (m� > 200 GeV in lighter shade) mass
region) contours.

els. Some sensitivity to the light scalar isodoublet model is exhibited by the recent beamline axis spin correlation
measurement by DØ [39] as seen in the center left plot in Fig. 7. On the other hand (anti)top polarization (Bi

both in the beamline and in the helicity basis) o↵ers a very powerful probe of scalar t-channel models and a O(20%)
precision measurement (in helicity basis) could already test (and discriminate between) the scalar color triplet (�)
and isodoublet (�0) model explanations of the FBA. Finally, the axigluon (G0) models in general give very small
contributions to the chosen spin observables. For example, at the Tevatron, spin correlation measurements at O(2%)
precision would be required to probe such FBA explanations.

The results for the relevant spin observables at the 7 TeV LHC are shown in Fig. 8.6 Among these, presently the most
powerful probe of FBA inspired models is the helicity basis spin correlation as measured recently by ATLAS [41].
In particular it already represents a non-trivial constraint for the scalar isodoublet and heavy axigluon models.
Comparably sensitive (and presently unmeasured) observables are also the opening angle spin correlation coe�cient

6 The results for �D, �Ci and Bi at the 7 TeV and 8 TeV LHC are almost identical and we do not show the later separately.
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FIG. 8: Correlations between the NP contributions to the inclusive FBA at the Tevatron and various spin observables at the
7 TeV LHC (see text for details and definitions). The present experimental results (68% C.L. regions) are shaded in horizontal
and vertical bands. For �Chel we also show the 95% C.L. contour in thin dashed line. The NP model predictions are determined
from the global fit as specified in Sec. IV and are bounded by full (axigluon G0 in the low (mG . 450 GeV in black) and high
(mG & 700 GeV in gray) mass regions), dashed (scalar color triplet �), dotted (scalar color sextet ⌃) and dot-dashed (neutral
component of the scalar isodoublet �0 in the low (m� . mt in darker shade) and high (m� > 200 GeV in lighter shade) mass
region) contours.

els. Some sensitivity to the light scalar isodoublet model is exhibited by the recent beamline axis spin correlation
measurement by DØ [39] as seen in the center left plot in Fig. 7. On the other hand (anti)top polarization (Bi

both in the beamline and in the helicity basis) o↵ers a very powerful probe of scalar t-channel models and a O(20%)
precision measurement (in helicity basis) could already test (and discriminate between) the scalar color triplet (�)
and isodoublet (�0) model explanations of the FBA. Finally, the axigluon (G0) models in general give very small
contributions to the chosen spin observables. For example, at the Tevatron, spin correlation measurements at O(2%)
precision would be required to probe such FBA explanations.

The results for the relevant spin observables at the 7 TeV LHC are shown in Fig. 8.6 Among these, presently the most
powerful probe of FBA inspired models is the helicity basis spin correlation as measured recently by ATLAS [41].
In particular it already represents a non-trivial constraint for the scalar isodoublet and heavy axigluon models.
Comparably sensitive (and presently unmeasured) observables are also the opening angle spin correlation coe�cient

6 The results for �D, �Ci and Bi at the 7 TeV and 8 TeV LHC are almost identical and we do not show the later separately.
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Top polarization observables

• Angular distributions of top decay products in tt production

• asymmetric axigluon predictions: 
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(anti top) quarks and the top - anti top spin-spin correlations, respectively. Using the spin four-vectors defined as

sµ
t =

✓
k1 · ŝt

mt
, ŝt +

k1(k1 · ŝt)
mt(Et + mt)

◆
,

sµ
t

=
✓

k2 · ŝt

mt
, ŝt +

k2(k2 · ŝt)
mt(Et̄ + mt)

◆
, (18)

the decomposition of the squared scattering amplitude |M|2 can be written as

|M|2 = a + bt
µsµ

t + bt
µsµ

t
+ cµ⌫sµ

t s⌫
t , (19)

and by comparing expressions (17) and (19) one can extract the functions A, Bt
i (Bt

i ) and Cij . With this at hand,
the various top spin observables hOi can be calculated as

hO(St,St)iI =
�I

�I

Z
d�tt̄Tr[⇢I · O(St,St)] , (20)

where �I = �I

R
d�tt̄Tr[⇢I ] is the unpolarized production cross-section and St = �/2 ⌦ 1 (St = 1 ⌦ �/2) is the top

(anti top) spin operator. In particular, we consider the following spin observables

O1 = St · St ,

O2 = St · â , Ō2 = St̄ · b̂ ,

O3 = 4(St · â)(St · b̂) , (21)

which give the net spin polarization of the top - anti top system, polarization of the (anti) top quark, and the top -
anti top spin correlation both with respect to spin quantization axes â and b̂, respectively. At the parton level O3 is
related to the spin correlation function Cij in Eq. (17), namely

hO3i =
�tt̄("") + �tt̄(##)� �tt̄("#)� �tt̄(#")
�tt̄("") + �tt̄(##) + �tt̄("#) + �tt̄(#")

, (22)

where the arrows refer to the up and down spin orientations of the top and the anti top quark with respect to the
â and b̂ quantization axes, respectively. It can be measured using the double di↵erential angular distribution of the
top and anti top quark decay products:

1
�

d2�

d cos ✓fd cos ✓f̄
=

1
4

�
1 + Bt cos ✓f + Bt̄ cos ✓f̄ � C cos ✓f cos ✓f̄

�
, (23)

where ✓f (✓f̄ ) is the angle between the direction of the top (anti top) spin analyzer f, (f̄) (which can be either a direct
t (t̄) daughter W+, b (W�, b̄) or a W+(W�) decay product `+(`�), ⌫(⌫̄) or jets) in the t (t̄) rest frame and the â
(b̂) direction in the tt̄ center of mass frame (when the corresponding frame transformation is a rotation free boost,
c.f. [42]). Analogously O2 and Ō2 are related to the (anti)top spin polarization coe�cients Bt and Bt̄. We note in
passing that in absence of CP violation B ⌘ Bt = ⌥Bt̄ for â = ±b̂. For perfect (anti)top spin analyzers whose flight
directions are 100% correlated with the directions of the (anti)top spin then

hO3i = C , hO2i = Bt , hŌ2i = Bt̄ . (24)

This limit is a good approximation for the charged leptons from W decays [53]. For other (anti)top spin analyzers
one needs to apply the corresponding top spin analyzing power factors f(f̄) (where `+(`�) ' 1) in Eq. (23) as

C ! Cff̄ , Bt(t̄) ! Bt(t̄)f(f̄) . (25)

The values of f(f̄) are presently known at NLO in QCD and can be found in [53]. Finally, O1 can be probed using
the spin analyzer opening angle distribution

1
�

d�

d cos �
=

1
2

(1�D cos �) , (26)
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Figure 4: The correlation between AFB and AC in two mod-
els, the colored EWT model (black) and the asymmetric axigluon
model (blue), the later allowing for much larger spread in AC at
fixed AFB . The scan is over the range of g̃U,D in Fig. 2 for the
axigluon and over ⌘0 2 [0, 2.6] for the EWT, while m̃ = mV = 350
GeV and � = 70 GeV in both models. Gray bands represent the
experimental 1� regions for the two observables.
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Figure 5: The bb̄ forward-backward asymmetry at the Tevatron as
predicted by the axigluon model (8) with the benchmark param-
eter set from Fig. 2 (black) and with additional flavor symmetry
breaking g̃D(sR) = g̃D(bR) = �3.7 (red) or g̃D(bR) = �5.1 (blue).

these couplings are fixed by gauge symmetry, contribu-
tions to the CA and FBA are tightly correlated. This is
illustrated in Fig. 4 where we vary ⌘0 2 [0, 2.6], but fix
mV = 350 GeV and � = 0.2mV for ease of comparison
with the asymmetric axigluon model. A more compre-
hensive scan over ⌘0,mV and � comparing the predic-
tions with Ahi

FB , AFB , Ahi
C , AC and d�tt̄/dmtt̄, reveals,

however, that it is not possible to simultaneously satisfy
all the above constraints within 1�. The main reason is
that accommodating both the FBA and the CA simul-
taneously, requires couplings to d̄d currents much larger
than to ūu (c.f. Eq. (6)), something not allowed by the
gauge symmetric structure of the model. Consequently,
at present the model is disfavored. It could become vi-
able again, if the present tension among the observed
FBA and CA values is somewhat reduced by future more
precise measurements.

Discovery observables. Finally, let us discuss the
observables with the help of which the above NP models
could be discovered at the LHC. Any NP model a↵ecting
the FBA and CA needs to couple to light quarks. More
precise measurement of dijet production or paired dijet

production could therefore reveal irregularities, though,
as we have shown above, this could be challenging for
broad resonances.
There are also several other common features of the

models in which AC is suppressed. For instance, to have
a large cancellation between uū and dd̄ contributions,
the couplings to down quarks are necessarily enhanced,
c.f. Eq. (6). This then generically implies a signifi-
cant e↵ect in the bb̄ forward-backward asymmetry at the
Tevatron (though precise predictions are model depen-
dent). In the asymmetric light axigluon model, for ex-
ample, the couplings to bR and sR should be even fur-
ther enhanced to make the axigluon broad. In Fig. 5
we show three representative cases. The first one is the
benchmark point in Fig. 2 with flavor universal couplings
g̃D = �1.2 for dR, sR and bR (black line), for which the
decay width would be small unless channels besides qq̄
are open. The blue and red lines denote flavor nonuni-
versal choices where the couplings are changed either
to g̃D(sR) = g̃D(bR) = �3.7 or to g̃D(bR) = �5.1, re-
spectively, while the other parameters are left the same
(these choices give � = 0.2m̃). The CDF sensitivity for
mbb̄ > 130 GeV is 2.6% [23]. The largest deviations
appear for mbb̄ & 400 GeV (i.e. above the resonance
mass), thus the extension of measurements to higher bb̄
pair masses is highly desirable.

Another generic property of the models that will sup-
press the CA is that they contain new chiral couplings
to quarks. (To suppress AC , couplings to u and d need
to be di↵erent. Purely vector or axial couplings are pos-
sible only if there is a fine-tuned electroweak symmetry
breaking of the couplings to QL with the sizes of uR

and dL couplings.) This means that the t and t̄ pro-
duced through NP interactions will be polarized. For the
asymmetric axigluon benchmark point we obtain the top
polarization fractions BTEV

beam ' BTEV
o↵�diagonal ' 13% and

BTEV
helicity ' 7% at the Tevatron, where the numbers re-

fer to di↵erent choices of the top spin quantization axis
(c.f. [24] and references therein). At the LHC the e↵ects
are significantly diluted. We find that only the helicity
axis polarization, BLHC7

helicity ' 2%, is larger than a percent.
Conclusions. We have shown that the FBA in tt̄ pro-

duction at the Tevatron can in general be large, O(0.2),
and the CA at the LHC remain small. O(1%) (or even of
the opposite sign). The reason is that the uū and dd̄ con-
tents of pp̄ and pp initial states are di↵erent. For the CA
to be small, the coupling of NP to d̄d currents needs to
be large and of opposite sign to the coupling of NP to ūu.
We have shown this using an e↵ective theory analysis as
well as for two explicit on-shell models: a light asymmet-
ric axigluon model and a model with colored electroweak
triplet vectors. The asymmetric light axigluon gives a
good description of the present data (for both AC and
AFB as well as other collider constraints), and predicts
generically a large bb̄ forward-backward asymmetry and
observable top polarization in tt̄ production.
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Figure 4: The correlation between AFB and AC in two mod-
els, the colored EWT model (black) and the asymmetric axigluon
model (blue), the later allowing for much larger spread in AC at
fixed AFB . The scan is over the range of g̃U,D in Fig. 2 for the
axigluon and over ⌘0 2 [0, 2.6] for the EWT, while m̃ = mV = 350
GeV and � = 70 GeV in both models. Gray bands represent the
experimental 1� regions for the two observables.
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Figure 5: The bb̄ forward-backward asymmetry at the Tevatron as
predicted by the axigluon model (8) with the benchmark param-
eter set from Fig. 2 (black) and with additional flavor symmetry
breaking g̃D(sR) = g̃D(bR) = �3.7 (red) or g̃D(bR) = �5.1 (blue).

these couplings are fixed by gauge symmetry, contribu-
tions to the CA and FBA are tightly correlated. This is
illustrated in Fig. 4 where we vary ⌘0 2 [0, 2.6], but fix
mV = 350 GeV and � = 0.2mV for ease of comparison
with the asymmetric axigluon model. A more compre-
hensive scan over ⌘0,mV and � comparing the predic-
tions with Ahi

FB , AFB , Ahi
C , AC and d�tt̄/dmtt̄, reveals,

however, that it is not possible to simultaneously satisfy
all the above constraints within 1�. The main reason is
that accommodating both the FBA and the CA simul-
taneously, requires couplings to d̄d currents much larger
than to ūu (c.f. Eq. (6)), something not allowed by the
gauge symmetric structure of the model. Consequently,
at present the model is disfavored. It could become vi-
able again, if the present tension among the observed
FBA and CA values is somewhat reduced by future more
precise measurements.

Discovery observables. Finally, let us discuss the
observables with the help of which the above NP models
could be discovered at the LHC. Any NP model a↵ecting
the FBA and CA needs to couple to light quarks. More
precise measurement of dijet production or paired dijet

production could therefore reveal irregularities, though,
as we have shown above, this could be challenging for
broad resonances.
There are also several other common features of the

models in which AC is suppressed. For instance, to have
a large cancellation between uū and dd̄ contributions,
the couplings to down quarks are necessarily enhanced,
c.f. Eq. (6). This then generically implies a signifi-
cant e↵ect in the bb̄ forward-backward asymmetry at the
Tevatron (though precise predictions are model depen-
dent). In the asymmetric light axigluon model, for ex-
ample, the couplings to bR and sR should be even fur-
ther enhanced to make the axigluon broad. In Fig. 5
we show three representative cases. The first one is the
benchmark point in Fig. 2 with flavor universal couplings
g̃D = �1.2 for dR, sR and bR (black line), for which the
decay width would be small unless channels besides qq̄
are open. The blue and red lines denote flavor nonuni-
versal choices where the couplings are changed either
to g̃D(sR) = g̃D(bR) = �3.7 or to g̃D(bR) = �5.1, re-
spectively, while the other parameters are left the same
(these choices give � = 0.2m̃). The CDF sensitivity for
mbb̄ > 130 GeV is 2.6% [23]. The largest deviations
appear for mbb̄ & 400 GeV (i.e. above the resonance
mass), thus the extension of measurements to higher bb̄
pair masses is highly desirable.

Another generic property of the models that will sup-
press the CA is that they contain new chiral couplings
to quarks. (To suppress AC , couplings to u and d need
to be di↵erent. Purely vector or axial couplings are pos-
sible only if there is a fine-tuned electroweak symmetry
breaking of the couplings to QL with the sizes of uR

and dL couplings.) This means that the t and t̄ pro-
duced through NP interactions will be polarized. For the
asymmetric axigluon benchmark point we obtain the top
polarization fractions BTEV

beam ' BTEV
o↵�diagonal ' 13% and

BTEV
helicity ' 7% at the Tevatron, where the numbers re-

fer to di↵erent choices of the top spin quantization axis
(c.f. [24] and references therein). At the LHC the e↵ects
are significantly diluted. We find that only the helicity
axis polarization, BLHC7

helicity ' 2%, is larger than a percent.
Conclusions. We have shown that the FBA in tt̄ pro-

duction at the Tevatron can in general be large, O(0.2),
and the CA at the LHC remain small. O(1%) (or even of
the opposite sign). The reason is that the uū and dd̄ con-
tents of pp̄ and pp initial states are di↵erent. For the CA
to be small, the coupling of NP to d̄d currents needs to
be large and of opposite sign to the coupling of NP to ūu.
We have shown this using an e↵ective theory analysis as
well as for two explicit on-shell models: a light asymmet-
ric axigluon model and a model with colored electroweak
triplet vectors. The asymmetric light axigluon gives a
good description of the present data (for both AC and
AFB as well as other collider constraints), and predicts
generically a large bb̄ forward-backward asymmetry and
observable top polarization in tt̄ production.
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Prospects

• Anomalies observed in tt production at Tevatron will have to be resolved by 
LHC experiments

• top charge asymmetry & spin correlation measurements already constrain 
possible NP interpretations of Tevatron FBA puzzle

• tt spectrum measurements effective for heavy s-channel resonant effects

• interesting role of high rapidity region - top quarks at the LHCb

• FBA & CA correlation can be broken in general enough NP models

• implies interesting effects in top polarization, dijet spectra, bb production

• significant (~10%) room for incoherent (tt+jet, tt+MET) contributions       
barely explored so far, CA @ LHC especially sensitive 
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• Two ways of giving mass to chiral fermions

• Bi-linear (SM-like):

• problematic if dim(OH) > 1  (in strong EWSB models)

• Linear:

• elementary quarks & leptons mix with a strong sector

• mass ∝ compositeness

Partial Compositeness

L 3 yfLOHfR , OH ⇠ (1, 2)1/2

L 3 mLfLOR +mRfROL + �OLOHOR , OL ⇠ (3, 2)1/6 , . . .

|SMi = cos�|elem.i+ sin�|comp.i ,
|heavyi = � sin�|elem.i+ cos�|comp.i

3rd gen. SM fermions expected to have largest composite component

OH

fi

fj

OH

fi

fj

Kaplan, Nucl.Phys. B365 (1991) 259-278



FB & Charge asymmetries in tt production

• Non-zero AFB,C require t-u odd contributions to σ 

• In QCD induced at order αs3

• Additional EW contributions

• SM predictions for Tevatron:

2 The QCD induced charge asymmetry

The QCD induced charge asymmetry in the reaction qq̄ → tt̄(g) is generated by the interference of final-
state with initial-state gluon radiation [Fig. 1, (a)×(b)] and by the interference of virtual box diagrams
with the Born process [Fig. 1, (c)×(d)]. The asymmetric contribution of the virtual corrections exhibit
soft singularities that are canceled by the real contribution, but do not exhibit collinear light quark mass
singularities which would have to be absorbed by the lowest order process which however is symmetric.
Ultraviolet divergences are absent for the same reason. The virtual plus soft radiation on one hand and
the real hard radiation on the other contribute with opposite signs, with the former always larger that the
latter such that the inclusive asymmetry becomes positive. Top quarks are thus preferentially emitted in
the direction of the incoming quark at the partonic level, which translates to a preference in the direction
of the incoming proton in pp̄ collisions. Flavour excitation gq(q̄) → tt̄X generates already at tree-level
a forward–backward asymmetry which at Tevatron is also positive although one order of magnitude
smaller than the asymmetry from qq̄ annihilation.

(c) (d)

(b)(a)

q

q

Q

Q

Figure 1: Origin of the QCD charge asymmetry in hadroproduction of heavy quarks: interference of
final-state (a) with initial-state (b) gluon bremsstrahlung, plus interference of the double virtual gluon
exchange (c) with the Born diagram (d). Only representative diagrams are shown.

The differential charge asymmetry of the single quark rapidity distribution is defined through

A(y) =
Nt(y) − Nt̄(y)

Nt(y) + Nt̄(y)
, (4)

where y denotes the rapidity of the top (antitop) quark in the laboratory frame andN(y) = dσ/dy. Since
Nt̄(y) = Nt(−y) as a consequence of charge conjugation symmetry, A(y) can also be interpreted as a
forward–backward asymmetry of the top quark. We have updated our previous analysis [2] by using the
new value of the top quark mass, mt = 170.9 ± 1.1 (stat) ± 1.5 (sys) GeV [21], and the new set of
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√
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Nt(y ≥ 0) + Nt̄(y ≥ 0)
= 0.051(6) , (5)
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2 The QCD induced charge asymmetry
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of the incoming proton in pp̄ collisions. Flavour excitation gq(q̄) → tt̄X generates already at tree-level
a forward–backward asymmetry which at Tevatron is also positive although one order of magnitude
smaller than the asymmetry from qq̄ annihilation.
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Figure 1: Origin of the QCD charge asymmetry in hadroproduction of heavy quarks: interference of
final-state (a) with initial-state (b) gluon bremsstrahlung, plus interference of the double virtual gluon
exchange (c) with the Born diagram (d). Only representative diagrams are shown.
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Nt̄(y) = Nt(−y) as a consequence of charge conjugation symmetry, A(y) can also be interpreted as a
forward–backward asymmetry of the top quark. We have updated our previous analysis [2] by using the
new value of the top quark mass, mt = 170.9 ± 1.1 (stat) ± 1.5 (sys) GeV [21], and the new set of
MSRT2004 [22] structure functions. For the total charge asymmetry at
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Figure 3: Origin of the QCD charge asymmetry in hadroproduction of heavy quarks through flavor
excitation.

fQED
d respectively. The relative QED contribution thus amounts to

fQED
Tevatron =

4fQED
u + fQED

d

5
=

αQED

αS

56

25
≈ 0.18 , (5)

at the Tevatron, and thus to an enhancement of nearly twenty percent of the QCD asymmetry, in good
agreement with the more detailed numerical studies presented below and with the results of [35]. Com-
pared to proton-antiproton collisions the relative importance of uū versus dd̄ annihilation at the LHC is
shifted from approximately 4 : 1 to 2 : 1, thus reducing fQED to fQED

LHC = (2fQED
u + fQED

d )/3 ≈ 0.13,
which is lower than the result of Eq. (5) by a factor 5/7. The results using standard PDFs are close to
these values and will be listed in Sect. 3.2.

γ

g

g

(a)

g

γ

g

(b)

g

g

γ

(c)

Figure 4: Representative diagrams contributing to the QCD-QED interference term.

2.3 Weak asymmetry

Weak and electromagnetic interactions are of comparable strength at energies characteristic for the Teva-
tron and the LHC. Hence, contributions similar to those depicted in Figs. 4a, 4b and 4c with the photon
replaced by the Z boson should be considered at the same footing. Let us start with the contribution
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the di�erence between the top and anti-top cross sections
(numerator of Att̄

� ) as well as the rate asymmetry, are
plotted as functions of the muon pseudorapidity, �µ (al-
ternatively, one could also study the dependence on the
b pseudorapidity). For illustration, the NP signal (drawn
in thick full black line) is due to t-channel Z � exchange,
see Jung et al. in [19], with parameters chosen to yield a
sizable forward-backward asymmetry in the forward re-
gion (Att̄

�y>1 = 0.43 at leading order in QCD). The SM
leading order contribution is symmetric, consistent with
no rate asymmetry.
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FIG. 2: The signal and background top anti-top cross section
di�erences (upper pannel) and individual rate asymmetries
(lower pannel), as functions of �µ. See text for details.

The Wj, Wb, and single top backgrounds also yield
a rate asymmetry. Their impact is included in Fig. 2
(in thin full purple, dashed orange and thick dashed blue
lines respectively), where the actual rate di�erences and
the individual asymmetries are shown in the upper and
lower panel, respectively. The largest background to the
top anti-top cross section di�erence is due to Wj (again
we have assumed a j � b mistag rate of 1 : 100). How-
ever, the underlying Wj cross section asymmetry should
be be well measured by LHCb, due to the large statistics

that will be available in Wj. Thus, precise knowledge
of the j � b mistag rate would accurately determine
this background for Att̄

� . Sizable contributions to Att̄
� are

also expected to arise from single top production, see
Fig. 2. Our single top simulation corresponds to inclu-
sive cross sections of 41 pb (t) and 21 pb (t̄), consistent
with [12, 13]. Note that precise ATLAS and CMS mea-
surements of the Wj and single top cross section asym-
metries at lower pseudorapidities will again be useful for
calibrating the relevant Monte Carlo tools.

We emphasize that our analysis does not aim to re-
place a state of the art experimental e�ort, including op-
timization of cuts and detector e�ects. We merely wish
to point out that such an analysis may be feasible and
worthwhile, especially if the NP leads to anomalous top
kinematics in the forward direction. Finally, we note that
the pT and pseudorapidty distributions of the muon [20],
which is known to be a perfect top-spin analyzer, may
provide LHCb with sensitivity to di�erences between the
polarization of the top produced in the SM and in its
extensions.
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• Top quarks at LHCb identified via single muon and b-tagged high-pT jet

• Backgrounds for tt:

• Real muons, jets: W+bb, W+jets

• Fake muons, jets: bb, jj 

• Prospects for top charge asymmetry measurement

• top rest-frame cannot be reconstructed

• use μ, b pseudorapidity distribution instead
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the mistag rates found by ATLAS and CMS [10, 11] (for
a b-tagging e⇧ciency of 50%) is encouraging. For charm
jets, the Wc background can be brought to a level at or
below the top signal with a far more modest mistag rate
(consistent with [10, 11]). The a priori worrisome Wb
irreducible background lies well below the signal.

Single top production, due to its forward nature, is
another relevant irreducible background for the tt̄ signal.
As shown in Fig. 1 (in thick dashed blue line), within
the SM and with the cuts described above, a signal to
background ratio of a few is expected. Our leading order
curve for the sum of single top and anti-top production
corresponds to an inclusive cross section of 62 pb, consis-
tent with a recent approximate NNLO analysis [12], and
a prior NLO analysis [13]. Note that single top measure-
ments at ATLAS and CMS, particularly at the high end
of their pseudorapidity reach, � ⇥ 2, will be useful for
calibrating single top production in the various Monte
Carlo tools. A detailed study of the di⇥erences between
single top and tt̄ events, e.g. the presence of a second
b jet in the forward direction, may allow a further re-
duction of the single top background. It is important to
note that the LHCb is sensitive to models in which sin-
gle top production receives a large forward enhancement
(see [14] for a recent discussion).
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FIG. 1: The tt̄ signal and background distributions as a func-
tion of the invariant mass of the candidate b and muon, mbµ,
see text for details. The curves from top to bottom (at
mbµ = 100 GeV) are for tt̄, Wj, single top, Wb, bb, and
jj.

Backgrounds in the second category consist of QCD
production of bb̄ as well as light jets, where one jet in-
side the detector is mistagged as an isolated muon and
the other one is identified with a b quark. We have simu-
lated these backgrounds using MadGraph interfaced with
Pythia 6.4.14 [15] for showering and hadronization. Fast-
Jet [16] has been employed for jet clustering using the
anti-kt [17] algorithm with R = 0.4. Cuts of pT > 50GeV
are imposed on the leading b or light jet. For the jj

background we assume a j ⇤ b mistag rate of 1 : 100,
as discussed above. Fake j ⇤ µ muons originate from
calorimeter punch through and also from early leptonic
decays of pions and kaons. The former can be removed
with a cut on the maximum energy deposited in the
hadronic calorimeters [18]. The muons originating from
decay in flight can be e⇧ciently rejected by requiring an
isolation cut. We estimate the rejection power by requir-
ing that the subleading jet in pT contains only a single
particle (pion or kaon). In addition, we employ an early
leptonic decay rate of 10�3, as obtained with a full de-
tector simulation in [18]. Combining the two yields a
rejection power of 1 : 106. For the b ⇤ µ fake rate we
require that one b decays (semi)leptonically and apply a
�R = 0.4 isolation cut on the emitted muon, resulting in
a rejection power of 1 : 105. In Fig. 1, the raw jj and bb
backgrounds (drawn in thick dot-dashed green and dot-
ted red lines respectively) are multiplied by 10�8 and
10�5, respectively, demonstrating that they are reduced
to levels well below the signal using our estimates.

As Fig. 1 shows, after the cuts described above and
with a j ⇤ b mistag rate of 1 : 100, a signal to back-
ground ratio near one is expected. However, the largest
background, due to Wj, could be well measured given a
precise determination of the j ⇤ b mistag rate at LHCb.
Consequently, with enough statistics the tt̄ signal can be
extracted. For instance, with the above cuts more than
one hundred tt̄ events are expected for one fb�1.

Forward-backward asymmetry. At the LHC there
is a priori no preferred direction of collisions due to the
symmetric nature of the initial state. In principle, one
can measure a forward backward asymmetry based on the
fact that on average the proton’s valence quarks carry
larger momentum fractions. Hence, the event boost is
correlated with the initial quark direction, leading to a
physical axis with respect to which an asymmetry could
be measured. Unfortunately, full reconstruction of the
event and its boost is not possible at LHCb due to the
detector’s limited angular coverage. Instead, we propose
a way to indirectly measure the forward-backward asym-
metry. In the absence of an asymmetry, the tt̄ pseudora-
pidity distribution is symmetric, i.e., there is no di⇥er-
ence between the top and anti-top distributions as func-
tions of �. However, a positive forward-backward asym-
metry would imply that the top direction is correlated
with the u or d parton direction from the hard part of
the interaction. Hence it is expected to be more boosted
and forward on average, compared to the anti-top. Thus,
one would expect the forward-backward asymmetry to
generate a tt̄ rate asymmetry at given pseudorapidity,

Att̄
� =

✓
d⇤t/d� � d⇤t̄/d�

d⇤t/d� + d⇤t̄/d�

◆

�⇥2�5

, (2)

resulting in a di⇥erent number of tops vs. anti-tops in
the LHCb detector. This is demonstrated in Fig. 2, where
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the mistag rates found by ATLAS and CMS [10, 11] (for
a b-tagging e⇧ciency of 50%) is encouraging. For charm
jets, the Wc background can be brought to a level at or
below the top signal with a far more modest mistag rate
(consistent with [10, 11]). The a priori worrisome Wb
irreducible background lies well below the signal.

Single top production, due to its forward nature, is
another relevant irreducible background for the tt̄ signal.
As shown in Fig. 1 (in thick dashed blue line), within
the SM and with the cuts described above, a signal to
background ratio of a few is expected. Our leading order
curve for the sum of single top and anti-top production
corresponds to an inclusive cross section of 62 pb, consis-
tent with a recent approximate NNLO analysis [12], and
a prior NLO analysis [13]. Note that single top measure-
ments at ATLAS and CMS, particularly at the high end
of their pseudorapidity reach, � ⇥ 2, will be useful for
calibrating single top production in the various Monte
Carlo tools. A detailed study of the di⇥erences between
single top and tt̄ events, e.g. the presence of a second
b jet in the forward direction, may allow a further re-
duction of the single top background. It is important to
note that the LHCb is sensitive to models in which sin-
gle top production receives a large forward enhancement
(see [14] for a recent discussion).
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mbµ = 100 GeV) are for tt̄, Wj, single top, Wb, bb, and
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Backgrounds in the second category consist of QCD
production of bb̄ as well as light jets, where one jet in-
side the detector is mistagged as an isolated muon and
the other one is identified with a b quark. We have simu-
lated these backgrounds using MadGraph interfaced with
Pythia 6.4.14 [15] for showering and hadronization. Fast-
Jet [16] has been employed for jet clustering using the
anti-kt [17] algorithm with R = 0.4. Cuts of pT > 50GeV
are imposed on the leading b or light jet. For the jj

background we assume a j ⇤ b mistag rate of 1 : 100,
as discussed above. Fake j ⇤ µ muons originate from
calorimeter punch through and also from early leptonic
decays of pions and kaons. The former can be removed
with a cut on the maximum energy deposited in the
hadronic calorimeters [18]. The muons originating from
decay in flight can be e⇧ciently rejected by requiring an
isolation cut. We estimate the rejection power by requir-
ing that the subleading jet in pT contains only a single
particle (pion or kaon). In addition, we employ an early
leptonic decay rate of 10�3, as obtained with a full de-
tector simulation in [18]. Combining the two yields a
rejection power of 1 : 106. For the b ⇤ µ fake rate we
require that one b decays (semi)leptonically and apply a
�R = 0.4 isolation cut on the emitted muon, resulting in
a rejection power of 1 : 105. In Fig. 1, the raw jj and bb
backgrounds (drawn in thick dot-dashed green and dot-
ted red lines respectively) are multiplied by 10�8 and
10�5, respectively, demonstrating that they are reduced
to levels well below the signal using our estimates.

As Fig. 1 shows, after the cuts described above and
with a j ⇤ b mistag rate of 1 : 100, a signal to back-
ground ratio near one is expected. However, the largest
background, due to Wj, could be well measured given a
precise determination of the j ⇤ b mistag rate at LHCb.
Consequently, with enough statistics the tt̄ signal can be
extracted. For instance, with the above cuts more than
one hundred tt̄ events are expected for one fb�1.

Forward-backward asymmetry. At the LHC there
is a priori no preferred direction of collisions due to the
symmetric nature of the initial state. In principle, one
can measure a forward backward asymmetry based on the
fact that on average the proton’s valence quarks carry
larger momentum fractions. Hence, the event boost is
correlated with the initial quark direction, leading to a
physical axis with respect to which an asymmetry could
be measured. Unfortunately, full reconstruction of the
event and its boost is not possible at LHCb due to the
detector’s limited angular coverage. Instead, we propose
a way to indirectly measure the forward-backward asym-
metry. In the absence of an asymmetry, the tt̄ pseudora-
pidity distribution is symmetric, i.e., there is no di⇥er-
ence between the top and anti-top distributions as func-
tions of �. However, a positive forward-backward asym-
metry would imply that the top direction is correlated
with the u or d parton direction from the hard part of
the interaction. Hence it is expected to be more boosted
and forward on average, compared to the anti-top. Thus,
one would expect the forward-backward asymmetry to
generate a tt̄ rate asymmetry at given pseudorapidity,
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