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Basic notions: 
 
1. “A” quantum field theory 
 
2. Symmetries

The Standard Model

3

     +H qi, ℓi, ui, di, ei

Poincaré + SU(3)C × SU(2)L × U(1)Y

3. Field Content

Flavour i = 1,2,3 Complexity!
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The Standard Model

4

# parameters:
- Gauge and Higgs sector: 5
- Yukawa sector: 13 (3 for a single gen.)

ℒ(x) = ∑ c𝒪 Λ4−dim 𝒪
𝒪 𝒪(x)

Cutoff scale Local operator 
- a monomial in fields and derivativesParameter

∼ ( E
Λ𝒪 )

dim 𝒪−4

Physical effects

The SM
dim 𝒪 ≤ 4

The SMEFT
dim 𝒪 > 4

Truncation at  where  
 proliferation of parameters 

dim 𝒪 ≤ N N > 4
⟹

 ( ):  2499dim[𝒪] = 6 ΔB = 0 (59 for a single gen.)
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Lagrangian:
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The flavor puzzle

Quark sector:

yu,d ⇠

� �
VCKM ⇠

� �

Lepton sector:

ye ⇠

� �
VPMNS ⇠

� �Not visible in colliders

Is the structure in the flavor sector

meaningful?

How does potential new physics

couple to flavor?

What is (if any) the flavor symmetry

of the SM?

yt is the leading (only non-perturbative) breaking of GF in the SM:

yu ⇠

� �
: GF ! U(2)q ⇥ U(2)u ⇥ U(3)d ⇥ U(3)` ⇥ U(3)e ⇥ U(1)B

Anders Eller Thomsen (U. Bern) EFT Flavor WG1-GLOB 3

where ⌦c.m. is the solid angle of particle 1 and Ec.m. = EA +EB in this frame. Since the
cross section does not depend on the azimuthal angle, we can write d⌦c.m. = 2⇡ sin ✓c.m. d✓c.m. ,
where ✓c.m. is the scattering angle in the center of mass frame.

• Compute the total cross section for 2 ! 2 scattering in �
4 theory in the center-of-mass

frame at a given center-of-mass energy.

As a final exercise, evaluate the cross section for e+e� ! µ
+
µ
� following from

1

4

X

sA,sB ,r1,r2

|M |2 = 2e4
t
2 + u

2

s2
, (11)

derived last time. Work in the center-of-mass frame in the high-energy limit, where one can
neglect the electron and muon masses. We choose to parameterize the momenta as

qA = E(1, 0, 0, 1), qB = E(1, 0, 0,�1)
p1 = E(1, sin ✓, 0, cos ✓), p2 = E(1,� sin ✓, 0,� cos ✓)

. (12)

• Show that the di↵erential muon production cross section is

d�

d⌦
=

↵
2
em

4s

�
1 + cos2 ✓

�
, ↵em ⌘ e

2

4⇡
, (13)

and sketch the physical meaning of this result.

• Show that the total cross section reads

� =
4⇡↵2

em

3s
. (14)

�LSM � q̄iY
ij
u ujH̃ + q̄iY

ij
d djH + ¯̀

iY
ij
e ejH (15)

�LSMEFT � 1

⇤⌫
`iY

ij
⌫ `jHH (16)

3

*sample uniformly in [0,1] interval ≈ 𝒪(1)
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• Show that the di↵erential muon production cross section is

d�

d⌦
=

↵
2
em

4s

�
1 + cos2 ✓

�
, ↵em ⌘

e
2

4⇡
, (13)

and sketch the physical meaning of this result.

• Show that the total cross section reads

� =
4⇡↵2

em

3s
. (14)

�LSM � q̄iY
ij
u ujH̃ + q̄iY

ij
d djH + ¯̀

iY
ij
e ejH (15)

�LSMEFT �
1

⇤⌫
`iY

ij
⌫ `jHH (16)

= det[YdY
†
d , YuY

†
u ] ⇡ O(10�22) (17)
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The flavor puzzle

Quark sector:

yu,d ⇠

� �
VCKM ⇠

� �

Lepton sector:

ye ⇠

� �
VPMNS ⇠

� �Not visible in colliders

Is the structure in the flavor sector

meaningful?

How does potential new physics

couple to flavor?

What is (if any) the flavor symmetry

of the SM?

yt is the leading (only non-perturbative) breaking of GF in the SM:
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Analogy:   
The periodic table of elements
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The flavor puzzle
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•…
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Flavour Model Building

• Explain (fully or partially) the peculiar flavour patterns

•Warped compactification •Froggatt-Nielsen

•(Gauged) flavour symmetries
•Multi-scale flavour

•Partial compositeness

8 An example later in the talk…

hep-ph/030625, 0804.1954, 1404.7137, 1506.01961,  
1506.00623, 1607.01659, 1908.09312, 1911.05454, …

1603.06609, 1712.01368, 2011.01946, 2203.01952…

Froggatt:1978nt, hep-ph/9212278, hep-ph/9310320, 
1909.05336, 1907.10063, 2009.05587, 2002.04623, 
2010.03297, …

hep-ph/9512388, hep-ph/9507462, 1009.2049, 1105.2296, 1505.03862, 
1609.05902, 1611.02703, 1807.03285, 1805.07341, 2201.07245, …

hep-ph/9905221, hep-ph/9903417, hep-ph/0003129, hep-ph/
9912408, hep-ph/0408134, 0903.2415, 1004.2037, 1509.02539, 
2203.01952, …

•Clockwork flavour
1610.07962, 1711.05393, 1807.09792, 2106.09869, …

•Radiative masses
Weinberg:1972ws, hep-ph/9601262, 1409.2522, 
2001.06582, 2012.10458, …
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9

• Important to understand the SM 
phenomenology:  
 
- isospin, SU(3), heavy-quark symmetries, GIM, … 

Alhambra of Granada

• Flavour patterns observed in the Yukawa sector  
 Approximate flavour symmetries in the SM⟹

• Stringent tests of the SM  
— a window to new physics.

1

2

Patterns <> Symmetries



Theoretical predictions
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⟨ℋeff⟩ ∝ ⟨Q(μ)⟩ C(μ)

Effective Field Theory  
Factorisation

Hadronic matrix elements Wilson coefficients

10

short-distance contributions E > μlong-distance contributions E < μ

Lattice QCD,  
Heavy quark effective theory,  
Heavy quark expansion, 
QCD factorisation,  
SCET, 
ChPT,  
QCD sum rules, 
Light-cone sum rules, 
…

EFT-workflow

E

Matching

Matching

NP

SMEFT

LEFT

R
G

R
G

R
G

Jenkins, Manohar, Trott [1308.2627]

Jenkins, Manohar, Trott [1310.4838]

Alonso et al. [1312.2014]

Jenkins, Manohar, Sto↵er [1709.04486]

Dekens, Sto↵er [1908.05295]

Jenkins, Manohar, Sto↵er [1711.05270]

Obs
erva

bles

New
mode

l

Anders Eller Thomsen (U. Bern) Functional Matching HEFT 2022 2

of weak decay amplitudes

1308.2627, 
1310.4838, 
1312.2014, 
1709.04486, 
1711.05270, 
1711.10391, 
1710.06445, 
1804.05033, 
1908.05295, 
2010.16341,
2012.08506, 
2012.07851, 
…

http://flag.unibe.ch/2021/2205.15373, 
2205.13952, 
2204.09091, 
2108.05589, 
1904.08731, 
1902.09553, 
1908.09398, 
1912.09335, 
1908.07011, 
2002.00020, 
2006.07287, 
2101.12028, 
2105.09330, 
2106.12168, 
2112.07685, 
2206.11281, 

…



Example: b → sℓ+ℓ−
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• Fast progress at the LHC
• Better SM predictions for  and  needed!B → K(*)μ+μ− Bs → ϕ μ+μ−

• The bottleneck
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ATLAS 2018

Figure 4: Updated SM predictions for the normalized di↵erential branching ratios

and the optimized angular observable P
0
5
, which we overlay with two BSM scenar-

ios. The scenario labeled “BSM best fit” corresponds to the process-specific BSM

best-fit point of the likelihoods of Fig. 5. “BSM benchmark” is obtained by setting

C
BSM

9
= �C

BSM

10
= �0.5 and adapting all hadronic parameters. The small uncer-

tainty in the first bin of P
0
5

compared to the literature is due to a smaller soft gluon

contribution [39].

Results

In Figure 4 we compare our predictions with the available experimental data of the branching

ratios and the P
0
5

observable for B ! K
⇤
µ

+
µ

� in bins of q
2. Further plots confronting our SM

predictions of the remaining angular observables with the data are provided in Appendix F.

The bins are chosen to align with those of the LHCb measurements for ease of comparison. We

find a clear discrepancy between the central values of the predictions and the measurements

of certain observables. The compatibility of the data with the SM predictions is determined

21

Gubernari, Reboud, van Dyk, Virto; 2206.03797• Recent developments

• -expansion exploiting the analytic structure

• Residues from  data

• LCOPE calculations for negative 
• The dispersive (unitarity) bounds crucial to close the fit

z
B → M J/ψ

q2

The standard method

• QCD factorisation

• A perturbative calculation of 
the charm loop contribution

• Uncontrollable systematic 
uncertainties?

11
The tension remains!

qμ



Example: b → sℓ+ℓ−

Admir Greljo | Perspectives in flavour physics

• Fast progress at the LHC
• Better SM predictions for  and  needed!B → K(*)μ+μ− Bs → ϕ μ+μ−

• The bottleneck

2 4 6 8

q
2 [GeV2]

�1.00

�0.75

�0.50

�0.25

0.00

0.25

0.50

0.75

1.00

P
� 5
(B

!
K

� µ
µ
)

EOS v1.0.2

BSM best fit

BSM benchmark

SM prediction

LHCb 2020

ATLAS 2018

Figure 4: Updated SM predictions for the normalized di↵erential branching ratios

and the optimized angular observable P
0
5
, which we overlay with two BSM scenar-

ios. The scenario labeled “BSM best fit” corresponds to the process-specific BSM

best-fit point of the likelihoods of Fig. 5. “BSM benchmark” is obtained by setting

C
BSM

9
= �C

BSM

10
= �0.5 and adapting all hadronic parameters. The small uncer-

tainty in the first bin of P
0
5

compared to the literature is due to a smaller soft gluon

contribution [39].

Results

In Figure 4 we compare our predictions with the available experimental data of the branching

ratios and the P
0
5

observable for B ! K
⇤
µ

+
µ

� in bins of q
2. Further plots confronting our SM

predictions of the remaining angular observables with the data are provided in Appendix F.

The bins are chosen to align with those of the LHCb measurements for ease of comparison. We

find a clear discrepancy between the central values of the predictions and the measurements

of certain observables. The compatibility of the data with the SM predictions is determined

21

Gubernari, Reboud, van Dyk, Virto; 2206.03797• Recent developments

• -expansion exploiting the analytic structure

• Residues from  data

• LCOPE calculations for negative 
• The dispersive (unitarity) bounds crucial to close the fit

z
B → M J/ψ

q2

The standard method

• QCD factorisation

• A perturbative calculation of 
the charm loop contribution

• Uncontrollable systematic 
uncertainties?

12
The tension remains!

qμ

★Make use of the approximate flavour symmetries 
to construct clean observablesNew RK measurement

7

RK =

∫ 6.0 GeV
2

1.1 GeV
2

dB(B+
→K+µ+µ−)
dq2 dq2

∫ 6.0 GeV
2

1.1 GeV
2

dB(B+→K+e+e−)
dq2 dq2

=
B(B+

→ K + µ+ µ−)

B(B+ → K + J/ψ(µ+ µ−))

/

B(B+
→ K + e+ e−)

B(B+ → K + J/ψ(e+ e−))
=

Nrare

µ+ µ−

ε
J/ψ

µ+ µ−

N
J/ψ

µ+ µ−

εrare
µ+ µ−

×

N
J/ψ

e+ e−
εrare
e+ e−

Nrare

e+ e−
ε
J/ψ

e+ e−

R

dΓ
dq2

q
2[4m(ℓ)2]

B
+
→ K

+ψ(2S)(ℓ+ℓ−)

B
+
→ K

+
J/ψ(1S)(ℓ+ℓ−)

B
+
→ K

+ℓ+ℓ−

R

]2c [MeV/)−µ+µ+m(K
5200 5300 5400 5500 5600

)2 c
C

an
di

da
te

s /
 (7

 M
eV

/

0

100

200

300

400

500

600
-1Data 9 fb

Total fit
−µ+µ+ K→+B

Combinatorial

LHCb

N(K + µ+ µ−) ∼ 3850

]2c [MeV/)−e+e+m(K
5000 5500 6000

)2 c
C

an
di

da
te

s /
 (2

4 
M

eV
/

0
20
40
60
80

100
120
140
160
180
200
220
240

-1Data 9 fb
Total fit

−e+e+ K→+B
+)K−e+(eψ J/→+B

Part. Reco.
Combinatorial

LHCb

N(K + e+ e−) ∼ 1640• Control signal yield determination and efficiency calculation.

LHCb-PAPER-2021-004, 
arXiv:2103.11769

Example: Lepton Flavour Universality

RK = 1 + 𝒪 (10−2)
Bordone, Isidori, Pattori; 1605.07633 

Hiller, Kruger 
hep-ph/0310219

Isidori, Lancerini, Nabeebaccus, Zwicky; 2205.08635
Isidori, Nabeebaccus, Zwicky; 2009.00929
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Towards a global SMEFT likelihood

smelli v1.1.1: Flavor + EWPT Aebischer, Kumar, PS, Straub, arXiv:�8��.��6�8

LFV
FCNC

FCCC
Z

W

τ

μ
b→s

b→d

b→u

b→c

s→u

s→d
d→u

∆F=2

EWPT
LE

Peter Stangl (University of Bern) HEFT ����, Granada, �6 June ���� ��/�8

• SMEFT - the low-energy limit of a generic microscopic new physics 

• Correlated deviations expected — global approach needed

13

Implementing the global SMEFT likelihood

I Based on these tools, we have started building the SMEFT LikeLIhood
I smelli https://github.com/smelli/smelli

Aebischer, Kumar, PS, Straub, arXiv:�8��.��6�8

I L(~C) ⇡
Q

i L
i
exp(~Oth(~C, ~✓�)) ⇥ L̃exp(~Oth(~C, ~✓�))

where
I ~C WET or SMEFT Wilson coef�cients
I ~✓� �xed nuisance parameters

I ~Oth(~C, ~✓�) observable predictions

I Liexp(~O) experimental likelihood from
measurement i for observables ~O

I L̃exp(~O) modi�ed exp. likelihood:

�� ln L̃exp(~O) = ~DT(⌃exp + ⌃th)
��~D ,

with ~D = ~O� ~Oexp and covariance
matrices ⌃exp,th (Gaussian approx.)

Peter Stangl (University of Bern) HEFT ����, Granada, �6 June ���� ��/�8
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I L(~C) ⇡
Q

i L
i
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I Liexp(~O) experimental likelihood from
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EWPO

QFV

LFV

MDM

Peter Stangl (University of Bern) HEFT ����, Granada, �6 June ���� ��/�8

Aebischer, Kumar, Stangl, Straub,1810.07698

Basis for implementation

I Computing hundreds of relevant �avour observables properly accounting for
theory uncertainties
I �avio https://flav-io.github.io Straub, arXiv:�8��.�8���

I Already used in O(���) papers since ���6

I Representing and exchanging thousands of Wilson coef�cient values, different
EFTs, possibly different bases
I Wilson coef�cient exchange format (WCxf) https://wcxf.github.io/

Aebischer et al., arXiv:����.����8

I RG evolution above and below the EW scale, matching from SMEFT to the
weak effective theory (WET)
I wilson https://wilson-eft.github.io Aebischer, Kumar, Straub, arXiv:�8��.�����

based on
SMEFT RGE: Alonso, Jenkins, Manohar, Trott, arXiv:���8.�6��, arXiv:����.�8�8, arXiv:����.����

(ported from DsixTools: Celis, Fuentes-Martin, Vicente, Virto, arXiv:����.�����)
SMEFT! WET matching: Jenkins, Manohar, Stoffer, arXiv:����.���86

WET RGE: Jenkins, Manohar, Stoffer, arXiv:����.�����

Peter Stangl (University of Bern) HEFT ����, Granada, �6 June ���� ��/�8

Implementing the global SMEFT likelihood

I Based on these tools, we have started building the SMEFT LikeLIhood
I smelli https://github.com/smelli/smelli

Aebischer, Kumar, PS, Straub, arXiv:�8��.��6�8

I L(~C) ⇡
Q

i L
i
exp(~Oth(~C, ~✓�)) ⇥ L̃exp(~Oth(~C, ~✓�))

where
I ~C WET or SMEFT Wilson coef�cients
I ~✓� �xed nuisance parameters

I ~Oth(~C, ~✓�) observable predictions

I Liexp(~O) experimental likelihood from
measurement i for observables ~O

I L̃exp(~O) modi�ed exp. likelihood:

�� ln L̃exp(~O) = ~DT(⌃exp + ⌃th)
��~D ,

with ~D = ~O� ~Oexp and covariance
matrices ⌃exp,th (Gaussian approx.)

Peter Stangl (University of Bern) HEFT ����, Granada, �6 June ���� ��/�8

Aebischer, Kumar, Straub,1804.05033 

Basis for implementation

I Computing hundreds of relevant �avour observables properly accounting for
theory uncertainties
I �avio https://flav-io.github.io Straub, arXiv:�8��.�8���

I Already used in O(���) papers since ���6

I Representing and exchanging thousands of Wilson coef�cient values, different
EFTs, possibly different bases
I Wilson coef�cient exchange format (WCxf) https://wcxf.github.io/

Aebischer et al., arXiv:����.����8

I RG evolution above and below the EW scale, matching from SMEFT to the
weak effective theory (WET)
I wilson https://wilson-eft.github.io Aebischer, Kumar, Straub, arXiv:�8��.�����

based on
SMEFT RGE: Alonso, Jenkins, Manohar, Trott, arXiv:���8.�6��, arXiv:����.�8�8, arXiv:����.����

(ported from DsixTools: Celis, Fuentes-Martin, Vicente, Virto, arXiv:����.�����)
SMEFT! WET matching: Jenkins, Manohar, Stoffer, arXiv:����.���86

WET RGE: Jenkins, Manohar, Stoffer, arXiv:����.�����

Peter Stangl (University of Bern) HEFT ����, Granada, �6 June ���� ��/�8

Straub,1810.08132 

See also:
https://hepfit.roma1.infn.it
Blas et al, 1910.14012

https://eos.github.io
van Dyk et al, 2111.15428

…
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Fig. 5.1: Reach in new physics scale of present and future facilities, from generic dimension
six operators. Colour coding of observables is: green for mesons, blue for leptons, yellow for
EDMs, red for Higgs flavoured couplings and purple for the top quark. The grey columns illus-
trate the reach of direct flavour-blind searches and EW precision measurements. The operator
coefficients are taken to be either ⇠ 1 (plain coloured columns) or suppressed by MFV factors
(hatch filled surfaces). Light (dark) colours correspond to present data (mid-term prospects,
including HL-LHC, Belle II, MEG II, Mu3e, Mu2e, COMET, ACME, PIK and SNS).

compared with the reach of direct high-energy searches and EW precision tests (in grey), il-
lustrated by using flavour-blind operators that have the optimal reach [258]: the gluon-Higgs
operator and the oblique parameters for EW precision tests, respectively. The shown effective
energy reach of flavour experiments do have several caveats. First of all, in many realistic the-
ories either the coupling constants are smaller than unity and/or the symmetries suppress the
sizes of the coefficients. This effect is illustrated by including in the quark sector the present
bounds in tree level NP with Minimal Flavour Violation (MFV) pattern of couplings (hatch filled
areas) [259–262]. Furthermore, there could be cancellations among several higher-dimension
operators. In addition, for theories in which the new physics contributes as an insertion inside a
one-loop diagram mediated by SM particles, all the shown scales should be further reduced by
extra GIM-mass suppressions and/or a factor a/4p ⇠ 10�3 (where a denotes the generic gauge
structure constants).

Finally and importantly, the new physics scale behind the flavour paradigm may differ
from the electroweak new physics scale. Despite these caveats, Fig. 5.1 does illustrate the
unique power of flavour physics to probe NP. The next generation of precision particle physics
experiments will probe significantly higher effective NP scales, as discussed in more detail
below.

Physics Briefing Book, 
1910.11775

High-pTLow-pT

• SMEFT at  - new sources of flavour violation
• Strong constraints from flavour experiments

dim[𝒪] = 6

The importance of flavour data!
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ΔF = 2 cLFV EDMs

Admir Greljo | Perspectives in flavour physics

dim[𝒪] = 6
anarchy



5.1. INTRODUCTION/THEORY OF FLAVOUR 67
� K

A
�

�
m
B

�
m
B
s

�
�
e�

�
�
ee
e

�
N
�
eN

�
�
�
�

d
e

d
n

h
�
��

t�
ch

t�
u
Z

t�
cZ

t�
u
�

t�
c� d
ir
ec
t
re
a
ch

E
W
p
re
ci
si
o
n�
m
K

h
�
�
e

100
101
102
103
104
105
106
107

100
101
102
103
104
105
106
107

Observable

Sc
al
e
[T
eV

]

Fig. 5.1: Reach in new physics scale of present and future facilities, from generic dimension
six operators. Colour coding of observables is: green for mesons, blue for leptons, yellow for
EDMs, red for Higgs flavoured couplings and purple for the top quark. The grey columns illus-
trate the reach of direct flavour-blind searches and EW precision measurements. The operator
coefficients are taken to be either ⇠ 1 (plain coloured columns) or suppressed by MFV factors
(hatch filled surfaces). Light (dark) colours correspond to present data (mid-term prospects,
including HL-LHC, Belle II, MEG II, Mu3e, Mu2e, COMET, ACME, PIK and SNS).

compared with the reach of direct high-energy searches and EW precision tests (in grey), il-
lustrated by using flavour-blind operators that have the optimal reach [258]: the gluon-Higgs
operator and the oblique parameters for EW precision tests, respectively. The shown effective
energy reach of flavour experiments do have several caveats. First of all, in many realistic the-
ories either the coupling constants are smaller than unity and/or the symmetries suppress the
sizes of the coefficients. This effect is illustrated by including in the quark sector the present
bounds in tree level NP with Minimal Flavour Violation (MFV) pattern of couplings (hatch filled
areas) [259–262]. Furthermore, there could be cancellations among several higher-dimension
operators. In addition, for theories in which the new physics contributes as an insertion inside a
one-loop diagram mediated by SM particles, all the shown scales should be further reduced by
extra GIM-mass suppressions and/or a factor a/4p ⇠ 10�3 (where a denotes the generic gauge
structure constants).

Finally and importantly, the new physics scale behind the flavour paradigm may differ
from the electroweak new physics scale. Despite these caveats, Fig. 5.1 does illustrate the
unique power of flavour physics to probe NP. The next generation of precision particle physics
experiments will probe significantly higher effective NP scales, as discussed in more detail
below.

High-pTLow-pT
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dim[𝒪] = 6

ΔF = 2 cLFV EDMs

Admir Greljo | Perspectives in flavour physics

Minimal Flavour Violation
D’Ambrosio, Giudice, Isidori, Strumia; hep-ph/0207036 

The new physics 
flavour puzzle?

anarchy

Physics Briefing Book, 
1910.11775

• SMEFT at  - new sources of flavour violation
• Strong constraints from flavour experiments

dim[𝒪] = 6

The importance of flavour data!
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Charting the space of SMEFT with flavour symmetries

SMEFT flavour

• Systematically moving away from the MFV towards anarchy: 

• Non-trivial interplay of  Top/Higgs/EW with flavour physics

U(3) ⊃ U(2) ⊃ U(1)

AG, Thomsen, Palavric; 2203.09561
Faroughy et al; 2005.05366



↵ |✏↵↵
Vi

|
|✏↵↵

SLL,RR
(µ)| |✏↵↵

TL,R
(µ)|

µ = 1 TeV µ = 2 GeV µ = 1 TeV µ = 2 GeV

e 13 (3.9) 15 (4.5) 32 (9.5) 6.5 (2.0) 5.2 (1.6)

µ 7.0 (3.4) 8.1 (3.9) 17 (8.3) 3.5 (1.7) 2.8 (1.4)

⌧ 25 (12) 29 (13) 60 (28) 14 (6.6) 11 (5.2)

Table 6. 95% CL limits on the neutral-current WCs from pp ! e
↵
ē
↵ at the LHC, with i =

LL,RR,LR,RL. We also show in parenthesis the naive projections of the expected limits for the HL-
LHC (3 ab�1), assuming that the error will be statistically dominated.

Figure 4. Exclusion limits at 95% CL on c ! u`
+
`
� transitions in the (✏eeVi

, ✏
µµ
Vi

) plane, where i =
LL,RR,LR,RL. The region outside the red contour is excluded by D meson decays, while the region
outside the blue contour is excluded by high-pT LHC.

chiral enhancement in D ! `
+
`
� compared to the corresponding SM contribution. Furthermore,

the c ! u⌧
+
⌧
� transition is only accessible at high-pT , since the corresponding low-energy decays

are kinematically forbidden. Similar conclusions have been reached in the LFV channels [48].
Namely, the high-pT bounds on the µe channel are stronger than those from low-energy, with
the exception of the scalar operators, while for ⌧e and ⌧µ channels, high-pT tails offer the only
available limits.

Concerning the possible caveats to the high-pT limits, there are two major differences with
respect to the discussion for charge currents in Section 4.3. Firstly, the c ! u`

+
`
� SM amplitude

is extremely suppressed, as mentioned before. Thus, the dimension-8 interference with the SM
is negligible and unable to affect the leading dimension-6 squared contribution, even though the
two are formally of the same order in the EFT expansion. Nonetheless, semileptonic operators
with flavor-diagonal quark couplings which negatively interfere with the SM background can be
used to tune a (partial) cancellation between NP contributions in the tails. Secondly, most UV

– 20 –

Fuentes-Martin, AG, Camalich, Ruiz-Alvarez; 2003.12421

Rare  decaysc → uℓ+ℓ−

BR(D0 → μ+μ−)SM ∼ 𝒪(10−13)

• Efficient GIM suppression
• Long-distance dominated

Drell-Yan cu → ℓ+ℓ−

Interplay with high-pT

BR(D0 → μ+μ−) ≲ 6 × 10−9

LHCb, 1305.5059

Theory:

Experiment:

Null test of the SM sensitive to NP

Example:

Systematic exploration of the low-  / high-  interplaypT pT

17

ℒΔC=1
NP ≈

ϵℓℓ
V

(15 TeV)2
(ūRγμcR)(ℓ̄RγμℓR)

p p

u c̄

ℓ+ ℓ−

1609.07138, 1704.09015, 1811.07920, 1805.11402, 1912.00425, 2002.05684, 2008.07541, 2104.02723, 2111.04748, …

• Energy enhancement
• PDF suppression 

See parallel session talks by: 
F. Jaffredo & L. Allwicher

CMS-PAS-EXO-19-019

Admir Greljo | Perspectives in flavour physics
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E↵
LbL

sL E�
L

sL

bL�⇤
s�

�b↵ �⇤
s↵

�b�

Figure 3. Leptoquark mediated one-loop diagrams contributing to Bs � Bs mixing. The symbol E
denotes a six-dimensional vector containing SM charged-leptons and their partners.

ii) Unitarity of the W matrix provides a GIM-like protection similar to that in the SM arising
from CKM unitarity.

In what follows we detail the model contributions to Bs and D mixing.

4.3.1 Bs � Bs mixing

The leading NP contribution to the mixing amplitude is given by the leptoquark box diagrams
shown in Fig. 3. The resulting leptoquark contribution follows a very similar structure as that of
the SM with a W±

µ boson (see e.g. [94]). Defining NP contributions to the Bs meson-anti-meson
mass difference, �Ms, as CLL

bs
⌘ �Ms/�MSM

s � 1, we find

CLL

bs = � g24
64⇡2

CU

1

(VtbV ⇤
ts
)2Rloop

SM

X

↵,�

�B

↵�
B

� F (x↵, x�) , (4.30)

with ↵ and � running over all the leptons, including the vector-like partners, and where Rloop
SM =p

2GF m2
W

⌘̂B S0(xt)/16⇡2 = 1.34 ⇥ 10�3, with S0(xt) ⇡ 2.37 being the Inami-Lim func-
tion [95]. In this expression F (x↵, x�) is a loop function defined as

F (x↵, x�) =
1

(1� x↵)(1� x�)

✓
7x↵x�

4
� 1

◆

+
x2↵ log x↵

(x� � x↵)(1� x↵)2

⇣
1� 2x� +

x↵x�
4

⌘

+
x2
�
log x�

(x↵ � x�)(1� x�)2

⇣
1� 2x↵ +

x↵x�
4

⌘
, (4.31)

with x↵ = m2
↵/M

2
U

and �B
↵ = �b↵ �⇤

s↵, where � denote the leptoquark couplings to left-handed
fermions given in Eq. (A.50). The explicit form of �B

↵ in terms of fermion mixing angles reads

�B

↵ =
1

2
sin 2✓LQ sin ✓q3 sin ✓q12

�
sin2 ✓`3 �↵3 + cos2 ✓`3 �↵6 � sin2 ✓`2 �↵2 � cos2 ✓`2 �↵5

�
.

(4.32)

Note that, analogously to the SM case, the flavour parameter �B
↵ has the key property

P
↵
�B
↵ = 0,

related to the unitarity of the flavour rotation matrices (and to the assumed down-aligned flavour

– 19 –

structure). This property, similarly to the GIM-mechanism in the SM, is essential to render the
loop finite and is required to derive the expression in Eq. (4.30). As a result of this GIM-like
protection, we find that the leptoquark contribution to CLL

bs
receives an additional mass suppression

proportional to M2
L
/M2

U
with respect to the naive dimensional analysis expectation with generic

leptoquark couplings and no vector-like fermions.6 In particular, we find that the NP contribution
to �Ms follows the approximate scaling

CLL

bs ⇠ �R2
D(⇤) M

2
L , (4.33)

and therefore it is completely controlled by ML, for fixed R(D(⇤)) anomaly and leptoquark gauge
coupling. This scaling is made manifest in Fig. 4 where we show the constraints arising from the
leptoquark contribution to CLL

bs
in the MU � sq12 plane, together with the preferred region for

R(D(⇤)), and for different values of ML. The experimental limit on CLL

bs
is obtained using the SM

determination in [96–98]7 and the experimental measurement from [69]. We have

CLL

bs = 1.03± 0.15 . (4.34)

The radial excitation arising from the linear combination of ⌦1 and ⌦3 (see Apps. A.1–A.2)
could also potentially yield dangerous NP contributions not protected by the U(2)q symmetry.
These contributions depend on other parameters (masses and couplings) that are not directly con-
nected to the anomalies and are therefore more model dependent. Moreover, in the phenomeno-
logical limit v3 � v1 we find the coupling of the radial mode to be suppressed by cot�T = v1/v3
(see App. A.3).8 As an estimate of the size of such contributions, we compute the box diagrams
with two radial modes (similar to the ones in Fig. 3 but with the leptoquark replaced by the radial
excitations). Recasting the result in [100] for the up squark box we find in our model

CLL
bs =

1

(VtbV ⇤
ts)2 R

loop
SM

G2
F C2

U M4
3

128⇡2
t�4
�T

s2q2s
2
q3

(
1

m2
L2

⇥
G0(xTR L2 , xTR L2 , 1) (4.35)

�G0(xTR L2 , xTR L2 , xL3 L2)
⇤
+

1
m2

L3

⇥
G0(xTR L3 , xTR L3 , 1)�G0(xTR L3 , xTR L3 , xL2 L3)

⇤
)

,

with xab = m2
a/m

2
b

and the loop function G0 defined in [100]. Assuming typical values for the
model parameters, we estimate that values as small as tan�T & 1.75 are enough to keep this
radial-mode contribution to CLL

bs
to be below 1% and therefore small enough to be ignored. Mixed

contributions involving both the leptoquark and the radial mode are present as well. Assuming
similar sizes for the loop functions and including the cot�T = 1/1.75 suppression in the radial-
mode coupling, we find such contribution to be also sufficiently suppressed to be neglected.

6This GIM-like behaviour has been qualitatively noticed also in a different model presented in Ref. [38]. On the other
hand, models that address the R(D(⇤)) anomaly with scalar leptoquarks do not exhibit this suppression, see Eq. (5.18)
in [45].

7A recent lattice QCD simulation from the Fermilab/MILC collaboration [99] finds a larger central value (and a
smaller error) for the non-perturbative parameter fBs

p
B̂ entering the determination of �Ms. That would imply a 1.8�

tension with respect to the SM and translates into very stringent limits for purely left-handed NP contributions featuring
real couplings [93]. Given the fact that the new lattice result has not been confirmed yet by other collaborations, we
conservatively use the pre-2016 determination in [96].

8Note that in this phenomenological limit purely leptonic transitions mediated by the radial excitations would receive
additional tan�T enhancements. However, we find the bounds from this sector to be significantly smaller and thus they
do not pose any relevant constraint on these effects (see Sec. 4.4).
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Benchmark spectrum

Figure 8. (Left panel) A typical spectrum of new vectors and fermions. The benchmark point is:
g4 = 3.5, v3 = 1.75, v1 = 1.2 TeV and v15 = 0.3 TeV, which fixes the masses of g0µ, Uµ and Z 0

µ,
while MQ = 1.6 TeV, ML = 0.85 TeV, sq3 = 0.79, s`3 = 0.81 and sq2 = 0.3, which sets the fermionic
masses. (Right panel) Normalized V fLfL couplings of the g0 (red) and Z 0 (blue) to left-handed
fermions as a function of the sin ✓L. Solid, dotted and dashed lines are for the light-light, light-heavy

and heavy-heavy combinations, respectively. The coupling normalizations are, g4gs
g3

for g0 to quarks,

and
p
3g4gY

6
p
2g1

(
p
3g4gY

�2
p
2g1

) for the Z 0 to quarks (leptons).

V ff interactions are practically flavour diagonal, except for the leptoquark couplings to fermionic
partners described by the W matrix. The couplings to right-handed SM fermions are suppressed.

In contrast, the fermion mass mixing in the left-handed sector plays a major role. These inter-
actions are worked out in Eqs. (A.48) to (A.53). To illustrate the main implications, in Fig. 8 (right
panel) we show the normalized V fLfL couplings for Z 0 and g0 as a function of sin ✓L, valid for any
of the left-handed mixing angles. Solid, dotted and dashed lines represent couplings to light-light,
light-heavy and heavy-heavy combinations, where labels light and heavy denote a SM fermion and
its partner, respectively. Red color is for g0 couplings (#) normalized as L � # g4gs

g3
 q�

µT a q g0aµ ,

while blue is for Z 0 couplings (#) normalized as L � #
p
3g4gY
6
p
2g1

�
 q�

µ q � 3 `�
µ `

�
Z 0
µ . It

is worth noting that sizable couplings to SM fermions are generated only for large mixing angles.
In practice, the third family mixings, sq3 and s`3 , typically control the decay channels of new
resonances, while sq2 (= sq1) is relevant for their production mechanisms in pp collisions.

New fermions

The main features of the fermion spectrum are controlled by the fermion mass mixing constraints
discussed in Sec. 4.1. Relevant facts for the high-pT discussion are the following: i) the compo-
nents of an SU(2)L doublet are practically degenerate, ii) partners of the first two families are
close in mass, iii) a partner of the third SM family is always heavier than the partners of the first
two, and iv) lepton partners are typically lighter than quark partners as required by consistency
with loop-induced �F = 2 observables, see Sec. 4.3.
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• Comprehensive investigation:

The lightest new states are vector-like leptons!

Di Luzio, Fuentes-Martin, AG, Nardecchia, Renner; 1708.08450
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SU(4) × SU(3)′� × SU(2)L × U(1)′�

SU(3)C × SU(2)L × U(1)Y

TeV

• A model example 
addressing coherently 
anomalies in semileptonic

 meson decaysB
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s
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Exciting predictions for direct searches!
2. Phenomenology 3

b

b̄

U1

⌧�

⌧+

Figure 2: Diagram for the production of a pair of t leptons via the t-channel exchange of a
leptoquark U1.

53], compositeness scenarios [54, 55], and R-parity violating supersymmetry [9–11, 56–62]. In
recent years there has been a renewed interest in leptoquark models as a means of explain-
ing various anomalies observed by a number of B-physics experiments [63, 64], most notably
the apparent violation of lepton flavour universality in neutral current (NC) [65] and charged
current (CC) [66–72] B-meson decays. Models that contain a TeV-scale vector leptoquark (U1),
characterized by its quantum numbers (SU(3)C, SU(2)L, U(1)Y) = (3, 1, 2/3), are particularly
appealing as they can explain both NC and CC anomalies at the same time [64, 73].

The Lagrangian for the U1 coupling to SM fermions is given by [73]

LU =
gU
p

2
Uµ

h
bia

L (q̄
i
Lgµla

L) + bia
R (d̄

i
Rgµea

R)
i
+ h.c., (1)

with the coupling constant gU, where bL and bR are left- and right-handed coupling matrices,
which are assumed to have the structure:

bL =

0

@
0 0 bdt

L
0 b

sµ
L bst

L
0 b

bµ
L bbt

L

1

A , bR =

0

@
0 0 0
0 0 0
0 0 bbt

R

1

A . (2)

The normalisation of gU is chosen to give bbt
L = 1. Two benchmark scenarios are considered,

with different assumptions made about the value of bbt
R . In the first benchmark scenario (“VLQ

BM 1”) bbt
R is taken to be zero. In the second benchmark scenario (“VLQ BM 2”) bbt

R is taken to
be -1, which corresponds to a Pati–Salam-like [47, 74] U1 leptoquark. The bst

L couplings are set
to their best fit values from global fits to the low-energy observables presented in Ref. [73], as
summarized in Table 1. The bdt

L , b
sµ
L , and b

bµ
L couplings are small and have negligible influence

on the tt signature and therefore have been set to zero.

If the mass of U1 (mU) is sufficiently small it will contribute to the tt spectrum via pair pro-
duction with each U1 subsequently decaying to qt pairs. For larger mU the pair production
cross section is suppressed by the momentum transfer of the initial state partons in the inter-
action vertex squared. In this case the dominant contribution to the tt spectrum is via the
t-channel exchange of U1 in the bb̄ initial state as illustrated in Fig. 2, with subdominant con-
tributions from the equivalent bs̄, sb̄, and ss̄ initiated processes. In our analysis we target the
kinematic region of mU & 1 TeV, motivated by the experimental exclusion limits on mU by di-
rect searches, e.g. in Ref. [42]. The contribution to the tt spectrum from U1 pair production
is negligible in this case and we therefore consider only nonresonant production through the
t-channel exchange.

1. Introduction 1

1 Introduction
We present a search for vector-like leptons (VLLs), considering the mass range 500–1050 GeV,
in the context of the 4321 model [1, 2]. The 4321 model is a UV-complete model that extends
the standard model (SM) gauge groups to a larger SU(4)⇥ SU(3)0 ⇥ SU(2)L ⇥ U(1)0 group. It
is motivated by the B anomalies, recent measurements of B hadron decays that are in tension
with the SM. This particularly concerns R(D*) and R(K) measurements [3–5], which provide
evidence for lepton nonuniversality.

The 4321 model gives a possible explanation for these flavour-nonuniversal results, while si-
multaneously respecting many other measurements that are in good agreement with the SM
expectations and lepton universality [6–9]. Here, we search for pair production of the lightest
new particles in this model, the vector-like leptons.

The VLLs come in doublets with one charged VLL, E, and one neutral VLL, N. For the model
to explain the B anomalies while also remaining consistent with other measurements, the mass
of the VLLs cannot be too large. In particular, requiring compatibility with the measured R(D*)
anomaly and with measurements of Bs-Bs mixing suggests that the VLL mass should not be
more than a few TeV [10].

The VLLs can be produced via electroweak production, and their couplings to the SM W and
Z bosons, or through interactions with a new Z’ boson in the 4321 model. In this note, we con-
sider only electroweak production, and ignore potential contributions from the Z’. Examples
of Feynman diagrams showing the electroweak pair production of VLLs, as well as a diagram
of the VLL decay, are shown in Fig. 1.

q'

q

W±
N

E
L l3

U

q3

q̄3

Figure 1: Left and centre: example Feynman diagrams showing production of VLL pairs
through s-channel bosons, as expected at the LHC. In these diagrams, L represents either the
neutral VLL, N, or the charged VLL, E. Right: vector-like lepton decays proceed through their
interactions with the vector leptoquark, U. These decays are primarily to third-generation lep-
tons and quarks.

The VLLs decay, via an intermediate leptoquark, U, to two quarks and one lepton. Because
of the flavour nonuniversal couplings of the leptoquark, which make it a good candidate to
explain the B anomalies, the decays are expected to be almost entirely to third-generation
fermions. For each second-generation fermion, approximately an order of magnitude suppres-
sion in the branching fraction is expected, and even larger suppressions are expected for any
first-generation fermion.

The analysis selection is driven by the highly flavour-asymmetric final states produced in the
VLL decays. Given the expectation of two third-generation quarks in every VLL decay, we
search for pairs of VLLs by selecting events with a high b jet multiplicity. These events are
further categorized by the number of t leptons. For each t multiplicity, dedicated selections
are made to divide the category into a signal-enriched region and one or multiple background-
enriched control regions. Table 1 shows the t multiplicity categories and the decay modes of
the different VLL pairs that contribute to each category. While topologies with electrons or
muons in the final state (coming from top quark decays) are possible, we focus on only the
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Figure 2: Diagram for the production of a pair of t leptons via the t-channel exchange of a
leptoquark U1.

53], compositeness scenarios [54, 55], and R-parity violating supersymmetry [9–11, 56–62]. In
recent years there has been a renewed interest in leptoquark models as a means of explain-
ing various anomalies observed by a number of B-physics experiments [63, 64], most notably
the apparent violation of lepton flavour universality in neutral current (NC) [65] and charged
current (CC) [66–72] B-meson decays. Models that contain a TeV-scale vector leptoquark (U1),
characterized by its quantum numbers (SU(3)C, SU(2)L, U(1)Y) = (3, 1, 2/3), are particularly
appealing as they can explain both NC and CC anomalies at the same time [64, 73].

The Lagrangian for the U1 coupling to SM fermions is given by [73]

LU =
gU
p

2
Uµ

h
bia

L (q̄
i
Lgµla

L) + bia
R (d̄

i
Rgµea

R)
i
+ h.c., (1)

with the coupling constant gU, where bL and bR are left- and right-handed coupling matrices,
which are assumed to have the structure:

bL =

0

@
0 0 bdt

L
0 b

sµ
L bst

L
0 b

bµ
L bbt

L

1

A , bR =

0

@
0 0 0
0 0 0
0 0 bbt

R

1

A . (2)

The normalisation of gU is chosen to give bbt
L = 1. Two benchmark scenarios are considered,

with different assumptions made about the value of bbt
R . In the first benchmark scenario (“VLQ

BM 1”) bbt
R is taken to be zero. In the second benchmark scenario (“VLQ BM 2”) bbt

R is taken to
be -1, which corresponds to a Pati–Salam-like [47, 74] U1 leptoquark. The bst

L couplings are set
to their best fit values from global fits to the low-energy observables presented in Ref. [73], as
summarized in Table 1. The bdt

L , b
sµ
L , and b

bµ
L couplings are small and have negligible influence

on the tt signature and therefore have been set to zero.

If the mass of U1 (mU) is sufficiently small it will contribute to the tt spectrum via pair pro-
duction with each U1 subsequently decaying to qt pairs. For larger mU the pair production
cross section is suppressed by the momentum transfer of the initial state partons in the inter-
action vertex squared. In this case the dominant contribution to the tt spectrum is via the
t-channel exchange of U1 in the bb̄ initial state as illustrated in Fig. 2, with subdominant con-
tributions from the equivalent bs̄, sb̄, and ss̄ initiated processes. In our analysis we target the
kinematic region of mU & 1 TeV, motivated by the experimental exclusion limits on mU by di-
rect searches, e.g. in Ref. [42]. The contribution to the tt spectrum from U1 pair production
is negligible in this case and we therefore consider only nonresonant production through the
t-channel exchange.

1. Introduction 1

1 Introduction
We present a search for vector-like leptons (VLLs), considering the mass range 500–1050 GeV,
in the context of the 4321 model [1, 2]. The 4321 model is a UV-complete model that extends
the standard model (SM) gauge groups to a larger SU(4)⇥ SU(3)0 ⇥ SU(2)L ⇥ U(1)0 group. It
is motivated by the B anomalies, recent measurements of B hadron decays that are in tension
with the SM. This particularly concerns R(D*) and R(K) measurements [3–5], which provide
evidence for lepton nonuniversality.

The 4321 model gives a possible explanation for these flavour-nonuniversal results, while si-
multaneously respecting many other measurements that are in good agreement with the SM
expectations and lepton universality [6–9]. Here, we search for pair production of the lightest
new particles in this model, the vector-like leptons.

The VLLs come in doublets with one charged VLL, E, and one neutral VLL, N. For the model
to explain the B anomalies while also remaining consistent with other measurements, the mass
of the VLLs cannot be too large. In particular, requiring compatibility with the measured R(D*)
anomaly and with measurements of Bs-Bs mixing suggests that the VLL mass should not be
more than a few TeV [10].

The VLLs can be produced via electroweak production, and their couplings to the SM W and
Z bosons, or through interactions with a new Z’ boson in the 4321 model. In this note, we con-
sider only electroweak production, and ignore potential contributions from the Z’. Examples
of Feynman diagrams showing the electroweak pair production of VLLs, as well as a diagram
of the VLL decay, are shown in Fig. 1.
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q

W±
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L l3

U

q3
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Figure 1: Left and centre: example Feynman diagrams showing production of VLL pairs
through s-channel bosons, as expected at the LHC. In these diagrams, L represents either the
neutral VLL, N, or the charged VLL, E. Right: vector-like lepton decays proceed through their
interactions with the vector leptoquark, U. These decays are primarily to third-generation lep-
tons and quarks.

The VLLs decay, via an intermediate leptoquark, U, to two quarks and one lepton. Because
of the flavour nonuniversal couplings of the leptoquark, which make it a good candidate to
explain the B anomalies, the decays are expected to be almost entirely to third-generation
fermions. For each second-generation fermion, approximately an order of magnitude suppres-
sion in the branching fraction is expected, and even larger suppressions are expected for any
first-generation fermion.

The analysis selection is driven by the highly flavour-asymmetric final states produced in the
VLL decays. Given the expectation of two third-generation quarks in every VLL decay, we
search for pairs of VLLs by selecting events with a high b jet multiplicity. These events are
further categorized by the number of t leptons. For each t multiplicity, dedicated selections
are made to divide the category into a signal-enriched region and one or multiple background-
enriched control regions. Table 1 shows the t multiplicity categories and the decay modes of
the different VLL pairs that contribute to each category. While topologies with electrons or
muons in the final state (coming from top quark decays) are possible, we focus on only the
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Figure 4: Expected and observed 95% confidence level upper limits on the electroweak vector-
like lepton cross section times branching fraction, combining the 2017 and 2018 data and all th
multiplicity channels combined.

related to the difference between data and simulation in the th fake factors. All of these were
found to give substantially similar results to the main result presented here.

One change to the analysis model was made after unblinding since it is believed to be a more
accurate statistical model, regardless of the data. At the time of unblinding, a simpler model
of the fake factors and their uncertainties was used. This model did not fully propagate the
correlations in fake factors, and did not account for possible differences in the fake factors
between the derivation region and the main fit. The expected limits for the previous model
were somehwat lower, but within the central 68% interval of the model presented here. The
observed limits were also somewhat lower, but shifted less that the expected limits, and the
observed signal significance for the old model were approximately 10% larger.

10 Summary
The first search for vector-like leptons in the context of the 4321 model has been presented, us-
ing proton-proton collision data collected with the CMS detector at

p
s = 13 TeV, correspond-

ing to an integrated luminosity of 96.5 fb�1. The probed model consists of an extension of the
standard model with an SU(4)⇥ SU(3)0 ⇥ SU(2)L ⇥U(1)0 gauge sector that can provide a com-
bined explanation to multiple anomalies observed in B hadron decays, which point to lepton
flavour nonuniversality. In the model, a leptoquark is predicted as the primary source of lepton
flavour violation while the UV-completion predicts additional vector-like fermion families. In
particular, vector-like leptons are investigated by their coupling to standard model fermions

2.8σ
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Figure 5: Histograms of log10
⇥
S/(S + B)

⇤
counting events in all bins, assuming a vector LQ

with mLQ = 1400 GeV and l = 1.0 (left), or mLQ = 2000 GeV and l = 2.5 (right). The
log10

⇥
S/(S + B)

⇤
is computed per bin of the postfit c and S

MET
T distributions, using an S+B

fit model. The total LQ signal strength (single, pair & nonresonant) is fitted simultaneously.
The lower panel shows the ratio of the observed data to the expected background from the S+B
fit. The expected background is grouped by jet categories in stacked histograms.
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Figure 2: Diagram for the production of a pair of t leptons via the t-channel exchange of a
leptoquark U1.

53], compositeness scenarios [54, 55], and R-parity violating supersymmetry [9–11, 56–62]. In
recent years there has been a renewed interest in leptoquark models as a means of explain-
ing various anomalies observed by a number of B-physics experiments [63, 64], most notably
the apparent violation of lepton flavour universality in neutral current (NC) [65] and charged
current (CC) [66–72] B-meson decays. Models that contain a TeV-scale vector leptoquark (U1),
characterized by its quantum numbers (SU(3)C, SU(2)L, U(1)Y) = (3, 1, 2/3), are particularly
appealing as they can explain both NC and CC anomalies at the same time [64, 73].

The Lagrangian for the U1 coupling to SM fermions is given by [73]

LU =
gU
p

2
Uµ

h
bia

L (q̄
i
Lgµla

L) + bia
R (d̄

i
Rgµea

R)
i
+ h.c., (1)

with the coupling constant gU, where bL and bR are left- and right-handed coupling matrices,
which are assumed to have the structure:

bL =

0

@
0 0 bdt

L
0 b

sµ
L bst

L
0 b

bµ
L bbt

L

1

A , bR =

0

@
0 0 0
0 0 0
0 0 bbt

R

1

A . (2)

The normalisation of gU is chosen to give bbt
L = 1. Two benchmark scenarios are considered,

with different assumptions made about the value of bbt
R . In the first benchmark scenario (“VLQ

BM 1”) bbt
R is taken to be zero. In the second benchmark scenario (“VLQ BM 2”) bbt

R is taken to
be -1, which corresponds to a Pati–Salam-like [47, 74] U1 leptoquark. The bst

L couplings are set
to their best fit values from global fits to the low-energy observables presented in Ref. [73], as
summarized in Table 1. The bdt

L , b
sµ
L , and b

bµ
L couplings are small and have negligible influence

on the tt signature and therefore have been set to zero.

If the mass of U1 (mU) is sufficiently small it will contribute to the tt spectrum via pair pro-
duction with each U1 subsequently decaying to qt pairs. For larger mU the pair production
cross section is suppressed by the momentum transfer of the initial state partons in the inter-
action vertex squared. In this case the dominant contribution to the tt spectrum is via the
t-channel exchange of U1 in the bb̄ initial state as illustrated in Fig. 2, with subdominant con-
tributions from the equivalent bs̄, sb̄, and ss̄ initiated processes. In our analysis we target the
kinematic region of mU & 1 TeV, motivated by the experimental exclusion limits on mU by di-
rect searches, e.g. in Ref. [42]. The contribution to the tt spectrum from U1 pair production
is negligible in this case and we therefore consider only nonresonant production through the
t-channel exchange.

1. Introduction 1

1 Introduction
We present a search for vector-like leptons (VLLs), considering the mass range 500–1050 GeV,
in the context of the 4321 model [1, 2]. The 4321 model is a UV-complete model that extends
the standard model (SM) gauge groups to a larger SU(4)⇥ SU(3)0 ⇥ SU(2)L ⇥ U(1)0 group. It
is motivated by the B anomalies, recent measurements of B hadron decays that are in tension
with the SM. This particularly concerns R(D*) and R(K) measurements [3–5], which provide
evidence for lepton nonuniversality.

The 4321 model gives a possible explanation for these flavour-nonuniversal results, while si-
multaneously respecting many other measurements that are in good agreement with the SM
expectations and lepton universality [6–9]. Here, we search for pair production of the lightest
new particles in this model, the vector-like leptons.

The VLLs come in doublets with one charged VLL, E, and one neutral VLL, N. For the model
to explain the B anomalies while also remaining consistent with other measurements, the mass
of the VLLs cannot be too large. In particular, requiring compatibility with the measured R(D*)
anomaly and with measurements of Bs-Bs mixing suggests that the VLL mass should not be
more than a few TeV [10].

The VLLs can be produced via electroweak production, and their couplings to the SM W and
Z bosons, or through interactions with a new Z’ boson in the 4321 model. In this note, we con-
sider only electroweak production, and ignore potential contributions from the Z’. Examples
of Feynman diagrams showing the electroweak pair production of VLLs, as well as a diagram
of the VLL decay, are shown in Fig. 1.
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Figure 1: Left and centre: example Feynman diagrams showing production of VLL pairs
through s-channel bosons, as expected at the LHC. In these diagrams, L represents either the
neutral VLL, N, or the charged VLL, E. Right: vector-like lepton decays proceed through their
interactions with the vector leptoquark, U. These decays are primarily to third-generation lep-
tons and quarks.

The VLLs decay, via an intermediate leptoquark, U, to two quarks and one lepton. Because
of the flavour nonuniversal couplings of the leptoquark, which make it a good candidate to
explain the B anomalies, the decays are expected to be almost entirely to third-generation
fermions. For each second-generation fermion, approximately an order of magnitude suppres-
sion in the branching fraction is expected, and even larger suppressions are expected for any
first-generation fermion.

The analysis selection is driven by the highly flavour-asymmetric final states produced in the
VLL decays. Given the expectation of two third-generation quarks in every VLL decay, we
search for pairs of VLLs by selecting events with a high b jet multiplicity. These events are
further categorized by the number of t leptons. For each t multiplicity, dedicated selections
are made to divide the category into a signal-enriched region and one or multiple background-
enriched control regions. Table 1 shows the t multiplicity categories and the decay modes of
the different VLL pairs that contribute to each category. While topologies with electrons or
muons in the final state (coming from top quark decays) are possible, we focus on only the
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Figure 4: Expected and observed 95% confidence level upper limits on the electroweak vector-
like lepton cross section times branching fraction, combining the 2017 and 2018 data and all th
multiplicity channels combined.

related to the difference between data and simulation in the th fake factors. All of these were
found to give substantially similar results to the main result presented here.

One change to the analysis model was made after unblinding since it is believed to be a more
accurate statistical model, regardless of the data. At the time of unblinding, a simpler model
of the fake factors and their uncertainties was used. This model did not fully propagate the
correlations in fake factors, and did not account for possible differences in the fake factors
between the derivation region and the main fit. The expected limits for the previous model
were somehwat lower, but within the central 68% interval of the model presented here. The
observed limits were also somewhat lower, but shifted less that the expected limits, and the
observed signal significance for the old model were approximately 10% larger.

10 Summary
The first search for vector-like leptons in the context of the 4321 model has been presented, us-
ing proton-proton collision data collected with the CMS detector at

p
s = 13 TeV, correspond-

ing to an integrated luminosity of 96.5 fb�1. The probed model consists of an extension of the
standard model with an SU(4)⇥ SU(3)0 ⇥ SU(2)L ⇥U(1)0 gauge sector that can provide a com-
bined explanation to multiple anomalies observed in B hadron decays, which point to lepton
flavour nonuniversality. In the model, a leptoquark is predicted as the primary source of lepton
flavour violation while the UV-completion predicts additional vector-like fermion families. In
particular, vector-like leptons are investigated by their coupling to standard model fermions
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Figure 5: Histograms of log10
⇥
S/(S + B)

⇤
counting events in all bins, assuming a vector LQ

with mLQ = 1400 GeV and l = 1.0 (left), or mLQ = 2000 GeV and l = 2.5 (right). The
log10

⇥
S/(S + B)

⇤
is computed per bin of the postfit c and S

MET
T distributions, using an S+B

fit model. The total LQ signal strength (single, pair & nonresonant) is fitted simultaneously.
The lower panel shows the ratio of the observed data to the expected background from the S+B
fit. The expected background is grouped by jet categories in stacked histograms.
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Figure 6: The observed and expected upper limit on the total cross section of a scalar LQ signal
with l = 1 (left) and 2.5 (right) at 95% CL. The inner (green) band and the outer (yellow) band
indicate the regions containing 68 and 95%, respectively, of the distribution of limits expected
under the background-only hypothesis.
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History

• Charm quark 
- Postulated to explain  (GIM ’70)  
- Mass estimated from  (GL ’74)   
- Direct discovery (SLAC/BNL ’74) 

• Third-generation quarks 
- Postulated to explain  (KM ‘73) 
- Top quark mass estimated from  (’86) 
- Direct discovery:  (FNAL ’77),  (FNAL ‘95)

Γ(K → μμ) ≪ Γ(K → μν)
ΔmK

ϵK ≠ 0
ΔmB
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Flavour physics:  
a trailblazer for direct searches!

• Maybe nothing, but remember
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• Series of hierarchical SSBs  
 Flavour hierarchies⟹

Multi-scale flavour

2

FIG. 1. Schematic view of the Pati-Salam Cubed model de-

tailed in Section II. The horizontal dotted lines represent the

energy scales at which phase transitions occur. Indicated be-

tween the lines are the gauge symmetry of the corresponding

phase. Phase transitions marked with red arrows lead to po-

tentially sizeable stochastic GW signature (See Section III).

PS
3 model of Ref. [4] as a concrete example in what fol-

lows, though the idea generalizes to any series of related
SSBs that produce strongly first-order phase transitions.

II. MODEL EXAMPLE: PATI-SALAM CUBED

As a prototype example, we focus on the PS
3 model

first introduced in Ref. [4]. Here, the original Pati-Salam
gauge group is deconstructed to three sites PS

3
⌘ PS1⇥

PS2 ⇥PS3 where each copy acts on one family of the SM
fermions. In particular, the entire SM family, including
the right-handed neutrino, fits into two left- and right-

chiral multiplets,  (i)
L ⌘ (4,2,1)i and  (i)

R ⌘ (4,1,2)i,

embedding left-handed quark and lepton doublets, Q
(i)
L

and L
(i)
L , and right-handed singlets u

(i)
R , ⌫

(i)
R , d

(i)
R and e

(i)
R ,

respectively. The label i = 1, 2, 3 denotes the correspond-
ing gauge group PSi ⌘ [SU(4) ⇥ SU(2)L ⇥ SU(2)R]i.

The model undergoes through a series of spontaneous
symmetry breakings occurring at di↵erent energy scales
as illustrated in Fig. 1. The first breaking (after infla-
tion) is triggered by the vev of ⌃1 which is 4 of SU(4)1.1

The subsequent breakings to the diagonal subgroups of
neighbouring sites is achieved by the appropriate scalar
link fields in bifundamental representations, �L,R

ij and
⌦ij . More specifically, �ij ’s are in 2 of the correspond-
ing SU(2)i and 2̄ of SU(2)j , while similarly, ⌦ij is

1
We propose a slight variation of the original model breaking

[SU(2)R]1 before inflation e↵ectively solving the monopole prob-

lem of low-scale PS models []. PS0
1 in Fig. 1 is defined as

[SU(4) ⇥ SU(2)L ⇥ U(1)]1.

(4,2,1)i ⇥ (4̄, 2̄,1)j . Finally, the Higgs fields live at the
third site, H3 ⌘ (1,2, 2̄)3.

The higher-dimensional formulation of the model, in
which PS

3 emerges in four space-time dimensions, can
justify small scalar quartic couplings, which is crucial to
ensure hierarchical vevs and, at the same time, induce
strong first-order phase transition as shown later.

Below the scale ⇤II, the unbroken phase of the the-
ory, SM1+2 ⇥PS3, leads to an approximate U(2) flavour
symmetry observed in the SM at low-energies. The lower
bound on this scale, ⇤II & 103 TeV, follows from strin-
gent limits on flavour changing neutral currents (FCNC)
induced by the heavy gauge bosons coupling first two gen-
erations []. At this level, Yukawa interactions are only

allowed for the third family, L �  ̄(3)
L H3 

(3)
R , predict-

ing vanishing light-fermion masses and the CKM matrix
equal to identity. (The smallness of the tau neutrino mass
is achieved by the inverse seesaw mechanism [5].) The
perturbation to this picture is obtained by the higher-
dimensional operators

L23 =
1

⇤III
 ̄(2)

L ⌦23H3 
(3)
R + h.c. ,

L12 =
1

⇤2
II

 ̄(k)
L �L

k3H3�
R
3l 

(l)
R + h.c. ,

(1)

after the link fields acquire vevs. The leading U(2) break-
ing spurion, following from the first term, generates the
mixing of the 3rd and light families, |Vts| ⇠ h⌦23i /⇤23.
The light fermion masses are instead due to the second
term, yc ⇠

⌦
�L

23

↵ ⌦
�R

32

↵
/⇤2

12. The UV completion of
the e↵ective operators in Eq. (1) has been discussed in
Refs. [4, 5]. We assume the scales generating the oper-
ators to coincide with the preceding symmetry breaking
scales, ⇤III ⇠ h�23i and ⇤II ⇠ h�12i, respectively. From
here, it follows that the four-step breaking, i) 104 TeV,
ii) 103 TeV, iii) 102 TeV, and iv) 1 TeV, is well com-
patible with the observed pattern of fermion masses and
mixings at low-energies.2

As we will show later, the three SU(4) phase tran-
sitions naturally induce the stochastic GW signature
within the reach of next-generation interferometers.

III. GRAVITATIONAL WAVE CALCULATION

A. Toy Model

We follow standard techniques for computing the GW
spectra from first-order phase transitions [refs]. For con-
creteness, we calculate in a toy “4 to 3” model where
SU(4) is broken to SU(3) by the VEV of a complex scalar

2
Another independent argument to keep the first two SSBs close

to the bounds implied by FCNC is the avoid large tuning of the

Higgs mass which is only partially screened from the two sites.
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Anarchic neutrino masses via inverse see-saw mechanism

“Holographic” Higgs from appropriate choice of bulk/brane gauge symm.  
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UV completions: 4321 & beyond
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Light Higgs as pseudo Goldstone

Agashe, Contino, Pomarol '05

An ambitious attempt to construct a full theory of flavor has been obtained
embedding (a variation of the) Pati-Salam gauge group into an extra-dimensional
construction:

2

FIG. 1. Schematic view of the Pati-Salam Cubed model de-

tailed in Section II. The horizontal dotted lines represent the

energy scales at which phase transitions occur. Indicated be-

tween the lines are the gauge symmetry of the corresponding

phase. Phase transitions marked with red arrows lead to po-

tentially sizeable stochastic GW signature (See Section III).

PS
3 model of Ref. [4] as a concrete example in what fol-

lows, though the idea generalizes to any series of related
SSBs that produce strongly first-order phase transitions.

II. MODEL EXAMPLE: PATI-SALAM CUBED

As a prototype example, we focus on the PS
3 model

first introduced in Ref. [4]. Here, the original Pati-Salam
gauge group is deconstructed to three sites PS

3
⌘ PS1⇥

PS2 ⇥PS3 where each copy acts on one family of the SM
fermions. In particular, the entire SM family, including
the right-handed neutrino, fits into two left- and right-

chiral multiplets,  (i)
L ⌘ (4,2,1)i and  (i)

R ⌘ (4,1,2)i,

embedding left-handed quark and lepton doublets, Q
(i)
L

and L
(i)
L , and right-handed singlets u

(i)
R , ⌫

(i)
R , d

(i)
R and e

(i)
R ,

respectively. The label i = 1, 2, 3 denotes the correspond-
ing gauge group PSi ⌘ [SU(4) ⇥ SU(2)L ⇥ SU(2)R]i.

The model undergoes through a series of spontaneous
symmetry breakings occurring at di↵erent energy scales
as illustrated in Fig. 1. The first breaking (after infla-
tion) is triggered by the vev of ⌃1 which is 4 of SU(4)1.1

The subsequent breakings to the diagonal subgroups of
neighbouring sites is achieved by the appropriate scalar
link fields in bifundamental representations, �L,R

ij and
⌦ij . More specifically, �ij ’s are in 2 of the correspond-
ing SU(2)i and 2̄ of SU(2)j , while similarly, ⌦ij is

1
We propose a slight variation of the original model breaking

[SU(2)R]1 before inflation e↵ectively solving the monopole prob-

lem of low-scale PS models []. PS0
1 in Fig. 1 is defined as

[SU(4) ⇥ SU(2)L ⇥ U(1)]1.

(4,2,1)i ⇥ (4̄, 2̄,1)j . Finally, the Higgs fields live at the
third site, H3 ⌘ (1,2, 2̄)3.

The higher-dimensional formulation of the model, in
which PS

3 emerges in four space-time dimensions, can
justify small scalar quartic couplings, which is crucial to
ensure hierarchical vevs and, at the same time, induce
strong first-order phase transition as shown later.

Below the scale ⇤II, the unbroken phase of the the-
ory, SM1+2 ⇥PS3, leads to an approximate U(2) flavour
symmetry observed in the SM at low-energies. The lower
bound on this scale, ⇤II & 103 TeV, follows from strin-
gent limits on flavour changing neutral currents (FCNC)
induced by the heavy gauge bosons coupling first two gen-
erations []. At this level, Yukawa interactions are only

allowed for the third family, L �  ̄(3)
L H3 

(3)
R , predict-

ing vanishing light-fermion masses and the CKM matrix
equal to identity. (The smallness of the tau neutrino mass
is achieved by the inverse seesaw mechanism [5].) The
perturbation to this picture is obtained by the higher-
dimensional operators

L23 =
1

⇤III
 ̄(2)

L ⌦23H3 
(3)
R + h.c. ,

L12 =
1

⇤2
II

 ̄(k)
L �L

k3H3�
R
3l 

(l)
R + h.c. ,

(1)

after the link fields acquire vevs. The leading U(2) break-
ing spurion, following from the first term, generates the
mixing of the 3rd and light families, |Vts| ⇠ h⌦23i /⇤23.
The light fermion masses are instead due to the second
term, yc ⇠

⌦
�L

23

↵ ⌦
�R

32

↵
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12. The UV completion of
the e↵ective operators in Eq. (1) has been discussed in
Refs. [4, 5]. We assume the scales generating the oper-
ators to coincide with the preceding symmetry breaking
scales, ⇤III ⇠ h�23i and ⇤II ⇠ h�12i, respectively. From
here, it follows that the four-step breaking, i) 104 TeV,
ii) 103 TeV, iii) 102 TeV, and iv) 1 TeV, is well com-
patible with the observed pattern of fermion masses and
mixings at low-energies.2

As we will show later, the three SU(4) phase tran-
sitions naturally induce the stochastic GW signature
within the reach of next-generation interferometers.

III. GRAVITATIONAL WAVE CALCULATION

A. Toy Model

We follow standard techniques for computing the GW
spectra from first-order phase transitions [refs]. For con-
creteness, we calculate in a toy “4 to 3” model where
SU(4) is broken to SU(3) by the VEV of a complex scalar

2
Another independent argument to keep the first two SSBs close

to the bounds implied by FCNC is the avoid large tuning of the

Higgs mass which is only partially screened from the two sites.
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FIG. 2. Complete GW spectrum, which we term the Triglav signature, following from three FOPTs in the PS
3 model. See

Section III C for details.

Z
0 gauge boson. The decomposition of ⌃ under the un-

broken SU(3) is 4 = 3 + 1, with the entire complex 3
and the imaginary part of 1 containing the leptoquark
and Z

0 goldstones, respectively. The remaining degree of
freedom Re⌃4 ⌘ �/

p
2 is a massive radial mode. The

full finite-temperature e↵ective potential for � is

Ve↵(g, �, v, �, T ) = V0 + VCW + VT 6=0 , (3)

where tree level potential V0 is

V0(�, v, �) = �
1

2
�v

2
�

2 +
�

4
�

4
. (4)

The one-loop Coleman-Weinberg correction VCW is

VCW (g, �, v, �) =
X

b

nb
m

4
b(�)

64⇡2

✓
ln

m
2
b(�)

µ
2
R

� Ca

◆
, (5)

which we have written here in Landau gauge using the
MS renormalization scheme which gives Ca = 3/2 (5/6)
for scalars (gauge bosons). The sum on b is over all
bosons which have a �-dependent mass and nb is the
total number of degrees of freedom of the boson. The
final piece VT 6=0 is the finite temperature correction to
the potential

VT 6=0(g, �, v, �, T ) =
T

4

2⇡2

X

b

nb Jb

✓
m

2
b(�) + ⇧b(T )

T 2

◆
,

(6)
which includes a correction from resummed Daisy dia-
grams. The thermal function Jb(x2), the �-dependent
masses mb(�), and the Debye masses ⇧b(T ) are all given
in the supplemental material. As we will show later, in
the PS

3 model with g ⇠ O(1) and small �, VT 6=0 nat-
urally induces a thermal barrier which leads to a strong
FOPT.

The subsequent SU(4) transitions at the scales ⇤II and
⇤IV are modeled by the more complicated breaking pat-
tern SU(4) ⇥ SU(3)0

! SU(3) which is presented in the
supplemental material [89] .

B. Numerical Procedure

The GW spectrum from a FOPT is described by four
parameters [2, 90–92]. These are the nucleation tempera-
ture Tn which describes the onset of the phase transition,
the strength ↵, the inverse timescale �, and the bubble
wall velocity vw. While the full calculation of the bubble
wall velocity is beyond the scope of this work, for illustra-
tion we simply assume that vw ⇠ 1 [93]. The remaining
parameters we compute from the e↵ective potential in
Eq. (3) using the CosmoTransitions [94] package, the
results of which we have confirmed using our own code
based on the method of Ref. [95]. Thus, for a given set of
model parameters g, �, v we compute the corresponding
GW parameters ↵, �, Tn which allows us to obtain the
GW spectrum from a template function extracted from
lattice simulation [96–98]. We then are able to perform
a standard signal-to-noise ratio (SNR) analysis to deter-
mine the detectability of the signal, see e.g. Ref. [99].
More details can be found in the supplemental material.

C. Results

We show in Fig. 2 a benchmark multi-peaked GW sig-
nal where the first two transitions would be detectable in
ET/CE and the final TeV scale phase transition would
be detectable in LISA. Remarkably, the predicted PS

3

symmetry breaking scales (Fig. 1) correspond to peak

Stochastic gravitational wave radiation with 
the characteristic three-peaked signature.

Gravitational Imprints of Flavor Hierarchies
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2PRISMA Cluster of Excellence and Mainz Institute for Theoretical Physics,
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The mass hierarchy among the three generations of quarks and charged leptons is one of the
greatest mysteries in particle physics. In various flavor models, the origin of this phenomenon is
attributed to a series of hierarchical spontaneous symmetry breakings, most of which are beyond
the reach of particle colliders. We point out that the observation of a multi-peaked stochastic
gravitational wave signal from a series of cosmological phase transitions could well be a unique
probe of the mechanism behind flavor hierarchies. To illustrate this point, we show how near future
ground- and space-based gravitational wave observatories could detect up to three peaks in the
recently proposed PS

3 model.

I. INTRODUCTION

The first direct detection of gravitational waves
(GW) [1] was a stunning confirmation of the theory of
general relativity and marked the discovery of the only
messenger via which the universe can be probed back to
the Planck era. To take advantage of this unique win-
dow into the universe, the next few decades will see a
plethora of ground- and space-based gravitational wave
observatories being built across twelve decades in fre-
quency [2–9]. In addition to what can be learned on the
astrophysical front, this experimental e↵ort o↵ers an im-
mense opportunity to probe fundamental physics in the
early universe. Indeed, many particle physics processes
that produce a stochastic gravitational wave background
have already been identified, such as the primordial spec-
trum expected from inflation [10–12], violent first order
phase transitions (FOPTs) [13–38], cosmic strings [39–
42], non-perturbative particle production [43–49], pri-
mordial black holes [50–52], etc. Many of these processes
are expected to produce a GW spectrum with a single
peak, with the notable exception being the nearly scale-
invariant spectrum from inflation.

Not as frequently discussed is the possibility of ob-
serving a multi-peaked gravitational wave signal, in ei-
ther single or multiple experiments, and what such a
signal might tell us about open puzzles in fundamental
physics. One intriguing possibility is that a multi-peaked
signal could come from a series of sequential FOPTs. As
the peak frequency of the GW spectrum from a first or-
der phase transition is set by the vacuum expectation
value (VEV) in the broken phase, the observation of
a multi-peaked signal could contain information about
the scales of multiple spontaneous symmetry breakings
(SSBs), with the first breaking giving the highest fre-
quency peak and the last the lowest.

⇤ admir.greljo@cern.ch
† toby.opferkuch@cern.ch
‡ bstefan@uni-mainz.de

A longstanding question within fundamental physics is
that of the flavor puzzle, which refers to why the Stan-
dard Model (SM) fermion Yukawa couplings are spread
over so many orders of magnitude, with a top quark
Yukawa that is O(1) but an electron Yukawa which is
five orders of magnitude smaller. Just the quark sector
alone has a hierarchy which covers 4-5 decades and also
contains the puzzle of why the CKM mixing matrix is
close to identity.

It has been proposed that the flavor hierarchies could
be generated via a series of hierarchical SSBs [53–63].
These types of models typically associate flavor with a
fundamental gauge symmetry at high energies. The SM
fermion masses and mixings are then generated via spon-
taneous breaking of this gauge symmetry, usually in sev-
eral steps. The aforementioned models are compatible
with the lowest SSB occurring at the TeV scale, which
is highly motivated as it is the scale currently being
probed at colliders (perhaps also in order to explain flavor
anomalies [64–72]). Interestingly enough, if this break-
ing occurs via a strongly FOPT, the resulting GW signal
is in the sensitivity range of upcoming space-based in-
terferometers such as LISA. Moreover, the higher break-
ings associated with light family mass generation may
produce GW in the range of future ground-based inter-
ferometers such as Einstein Telescope (ET) and Cosmic
Explorer (CE). Such a scenario would lead to a spectac-
ular signature involving a multi-peaked GW signal, the
peak frequencies of which contain information about the
flavor hierarchies, spread across future GW experiments
covering four decades of frequency space. This separation
in frequency can be roughly seen by taking the geometric
mean of the quark masses of each family,

p
mtmb :

p
msmc :

p
mumd

1 : 10�2 : 10�4

f
�1
LISA : . . . : f

�1
ET .

To further develop this idea, we will take the PS
3 model

of Ref. [63] as a concrete example in what follows, though
the concept generalizes to many models which solve the
flavor puzzle through a series of hierarchical SSBs.

AG, Opferkuch, Stefanek; 1910.02014

• Novel connections  
GW astronomy & Flavour physics
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FIG. 1. Schematic view of the Pati-Salam Cubed model de-

tailed in Section II. The horizontal dotted lines represent the

energy scales at which phase transitions occur. Indicated be-

tween the lines are the gauge symmetry of the corresponding

phase. Phase transitions marked with red arrows lead to po-

tentially sizeable stochastic GW signature (See Section III).

PS
3 model of Ref. [4] as a concrete example in what fol-

lows, though the idea generalizes to any series of related
SSBs that produce strongly first-order phase transitions.

II. MODEL EXAMPLE: PATI-SALAM CUBED

As a prototype example, we focus on the PS
3 model

first introduced in Ref. [4]. Here, the original Pati-Salam
gauge group is deconstructed to three sites PS

3
⌘ PS1⇥

PS2 ⇥PS3 where each copy acts on one family of the SM
fermions. In particular, the entire SM family, including
the right-handed neutrino, fits into two left- and right-

chiral multiplets,  (i)
L ⌘ (4,2,1)i and  (i)

R ⌘ (4,1,2)i,

embedding left-handed quark and lepton doublets, Q
(i)
L

and L
(i)
L , and right-handed singlets u

(i)
R , ⌫

(i)
R , d

(i)
R and e

(i)
R ,

respectively. The label i = 1, 2, 3 denotes the correspond-
ing gauge group PSi ⌘ [SU(4) ⇥ SU(2)L ⇥ SU(2)R]i.

The model undergoes through a series of spontaneous
symmetry breakings occurring at di↵erent energy scales
as illustrated in Fig. 1. The first breaking (after infla-
tion) is triggered by the vev of ⌃1 which is 4 of SU(4)1.1

The subsequent breakings to the diagonal subgroups of
neighbouring sites is achieved by the appropriate scalar
link fields in bifundamental representations, �L,R

ij and
⌦ij . More specifically, �ij ’s are in 2 of the correspond-
ing SU(2)i and 2̄ of SU(2)j , while similarly, ⌦ij is

1
We propose a slight variation of the original model breaking

[SU(2)R]1 before inflation e↵ectively solving the monopole prob-

lem of low-scale PS models []. PS0
1 in Fig. 1 is defined as

[SU(4) ⇥ SU(2)L ⇥ U(1)]1.

(4,2,1)i ⇥ (4̄, 2̄,1)j . Finally, the Higgs fields live at the
third site, H3 ⌘ (1,2, 2̄)3.

The higher-dimensional formulation of the model, in
which PS

3 emerges in four space-time dimensions, can
justify small scalar quartic couplings, which is crucial to
ensure hierarchical vevs and, at the same time, induce
strong first-order phase transition as shown later.

Below the scale ⇤II, the unbroken phase of the the-
ory, SM1+2 ⇥PS3, leads to an approximate U(2) flavour
symmetry observed in the SM at low-energies. The lower
bound on this scale, ⇤II & 103 TeV, follows from strin-
gent limits on flavour changing neutral currents (FCNC)
induced by the heavy gauge bosons coupling first two gen-
erations []. At this level, Yukawa interactions are only

allowed for the third family, L �  ̄(3)
L H3 

(3)
R , predict-

ing vanishing light-fermion masses and the CKM matrix
equal to identity. (The smallness of the tau neutrino mass
is achieved by the inverse seesaw mechanism [5].) The
perturbation to this picture is obtained by the higher-
dimensional operators

L23 =
1

⇤III
 ̄(2)

L ⌦23H3 
(3)
R + h.c. ,

L12 =
1

⇤2
II

 ̄(k)
L �L

k3H3�
R
3l 

(l)
R + h.c. ,

(1)

after the link fields acquire vevs. The leading U(2) break-
ing spurion, following from the first term, generates the
mixing of the 3rd and light families, |Vts| ⇠ h⌦23i /⇤23.
The light fermion masses are instead due to the second
term, yc ⇠

⌦
�L

23

↵ ⌦
�R

32

↵
/⇤2

12. The UV completion of
the e↵ective operators in Eq. (1) has been discussed in
Refs. [4, 5]. We assume the scales generating the oper-
ators to coincide with the preceding symmetry breaking
scales, ⇤III ⇠ h�23i and ⇤II ⇠ h�12i, respectively. From
here, it follows that the four-step breaking, i) 104 TeV,
ii) 103 TeV, iii) 102 TeV, and iv) 1 TeV, is well com-
patible with the observed pattern of fermion masses and
mixings at low-energies.2

As we will show later, the three SU(4) phase tran-
sitions naturally induce the stochastic GW signature
within the reach of next-generation interferometers.

III. GRAVITATIONAL WAVE CALCULATION

A. Toy Model

We follow standard techniques for computing the GW
spectra from first-order phase transitions [refs]. For con-
creteness, we calculate in a toy “4 to 3” model where
SU(4) is broken to SU(3) by the VEV of a complex scalar

2
Another independent argument to keep the first two SSBs close

to the bounds implied by FCNC is the avoid large tuning of the

Higgs mass which is only partially screened from the two sites.

Links: Cosmology
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Run 1

2011 2012 2013 2014 2015 2016 2017 2018 2019 2020 2021 2022 2023 2024 2025 2026 2027 2051...2032 2033 2034 2035 2039

LS1 Run2 LS2 Run3 LS3

2028 2029 2030 2031 2038 2040

CEPC

FCC-ee

Run4 LS4 Run5

Large Hadron Collider (LHC) High Luminosity LHC (HL-LHC)
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Figure 1: Timelines of the main experiments performing precision measurements on rare b and c processes. The integrated
luminosities already collected and expected are taken from Refs. [50–52]. FCC-ee is placed in the same row of the LHC
timeline since this project can limit the lifetime of the LHC datataking. CEPC collider expected timeline is taken from
Ref. [53]. BESIII experiment timeline and future tau-charm factory timelines relevant for the charm physics program are
taken from Ref. [54] and Ref. [55] respectively.
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Figure 9: The observed and expected upper limit at 95% CL on the coupling strength l of
a vector LQ model with k = 0 (left) and k = 1 (right). All years and all channels in each
category are combined. The limits derived for the single (green), pair (red), nonresonant (or-
ange) and total LQ production (black) are shown. The hatched bands around the expected
limit lines correspond to the regions containing 68% of the distribution of limits expected un-
der the background-only hypothesis. The region with blue shading shows the parameter space
preferred by one of the models proposed to explain anomalies observed in B physics.
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−ℒYuk = q̄V† ̂YuH̃u + q̄ ̂YdHd + ℓ̄ ̂YeHe
*By  and SVD theoremG f

• Flavour symmetry G f = U(3)q × U(3)ℓ × U(3)u × U(3)d × U(3)e

• The Yukawa sector breaks G f → U(1)B × U(1)e × U(1)μ × U(1)τ

*Fermionic kinetic terms

13 parameters
• 6 quark and 3 charged lepton masses

• The CKM: 3 angles + 1 CPV phase
Vij → ei(θi

u−θ j
d)Vij

*Exact (classical) accidental 
symmetry of the SM

•  equivalency classes, , etc.  physical parameters G f Yu ∼ UqYuU†
u ⟹ 54 → 13
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Field SU(4) SU(3)0 SU(2)L U(1)0 U(1)B0 U(1)L0

q0i
L

1 3 2 1/6 1/3 0
u0i
R

1 3 1 2/3 1/3 0
d0i
R

1 3 1 �1/3 1/3 0
`0i
L

1 1 2 �1/2 0 1

e0i
R

1 1 1 �1 0 1

 i

L
4 1 2 0 1/4 1/4

 i

R
4 1 2 0 1/4 1/4

H 1 1 2 1/2 0 0
⌦1 4 1 1 �1/2 �1/4 3/4

⌦3 4 3 1 1/6 1/12 �1/4

⌦15 15 1 1 0 0 0

Table 1. Field content of the 4321 model. The index i = 1, 2, 3 runs over generations, while U(1)B0

and U(1)L0 are accidental global symmetries (see text for further clarifications). Particles added to
the SM matter content are shown on a grey background.

vector-like fermions is described by the Yukawa Lagrangian LY = LSM�like + Lmix, with

LSM�like = �q0L YdHd0R � q0L Yu H̃u0R � `
0
L YeHe0R + h.c. , (2.1)

Lmix = �q0L �q ⌦
T

3 R � `
0
L �`⌦

T

1 R � L (M + �15⌦15) R + h.c. . (2.2)

Here, H̃ = i�2H⇤ and Yu,d,e, �q,`,15, M are 3 ⇥ 3 flavour matrices. The flavour structure of the
4321 model will be discussed in detail in Sec. 3.

The full Lagrangian (including also the scalar potential in Eq. (A.1)) is invariant under the
accidental global symmetries U(1)B0 and U(1)L0 , whose action on the matter fields is displayed
in the last two columns of Table 1. The VEVs of ⌦3 and ⌦1 break spontaneously both the gauge
and the global symmetries, leaving unbroken two new global U(1)s: B = B0 + 1p

6
T 15 and L =

L0 �
q

3
2 T

15, which for the SM eigenstates correspond respectively to ordinary baryon and lepton
number. These symmetries protect proton stability and make neutrinos massless, as in the SM.
Non-zero neutrino masses can be achieved by introducing an explicit breaking of U(1)L0 , e.g. via
a d = 5 effective operator `0`0HH/⇤/L

, where the effective scale of lepton number violation, ⇤/L
,

is well above the TeV scale. In contrast, recent proposals which address the anomalies based on
a non-minimal Pati-Salam extension with gauged B � L broken at the TeV, such as e.g. [38, 50],
generically predict too large neutrino masses. The latter either require a strong fine-tuning in the
Yukawa structure or a very specific (untuned) realisation of the neutrino mass matrix by the inverse
seesaw mechanism [44, 65].

– 5 –
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The 4321 model
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SSB:

2

However, a serious obstacle of such setup is the si-
multaneous presence of both left- and right-handed
currents breaking lepton chirality, without being
proportional to the corresponding lepton mass.
Hence, the bounds from various LFV and FCNC
processes push the mass of the leptoquark in the
100 TeV ballpark [43–45]. Allowing for a mixed em-
bedding of the SM matter fields could help in sup-
pressing right-handed currents in the down sector
(e.g. if dR ⇢ 6 of SU(4)PS). This, however, would
still not be enough for RD(⇤) , due to the presence of
a light Z

0 from SU(4)PS ! SU(3)c breaking with
unsuppressed O(gs) couplings to SM fermions 2.
A crucial ingredient to circumvent the previous

issues was recently proposed in Ref. [47] in the con-
text of a “partial unification” model in which the
SM color and hypercharge are embedded into a
SU(3 + N) ⇥ SU(3)0 ⇥ U(1)0 group. The latter re-
sembles the embedding of color as the diagonal sub-
group of two SU(3) factors, as originally proposed
in [48–50]. For N = 1 one can basically obtain a
massive leptoquark which does not couple to SM
fermions, if the latter are SU(3 + N) singlets. A
coupling of Uµ to left-handed SM fermions can be
generated via the mixing with a vector-like fermion
transforming non-trivially under SU(4)0 ⇥ SU(2)L,
as recently suggested in Appendix C of Ref. [51].
The latter model example, formulated in the context
of leptoquark LHC phenomenology, is the starting
point of our construction. We go a step beyond and
implement the necessary flavour structure to fit the
B-anomalies, while keeping the model phenomeno-
logically viable.

III. GAUGE LEPTOQUARK MODEL

Let us consider the gauge group G ⌘ SU(4) ⇥
SU(3)0 ⇥ SU(2)L ⇥ U(1)0, and denote respectively
by H

↵
µ , G

0a
µ ,W

i
µ, B

0
µ the gauge fields, g4, g3, g2, g1

the gauge couplings and T
↵
, T

a
, T

i
, Y

0 the gener-
ators, with indices ↵ = 1, . . . , 15, a = 1, . . . , 8,
i = 1, 2, 3. The normalization of the genera-
tors in the fundamental representation is fixed by
TrT↵

T
� = 1

2�
↵� , etc. The color and hyper-

charge factors of the SM gauge group GSM ⌘

SU(3)c ⇥ SU(2)L ⇥ U(1)Y are embedded in the
following way: SU(3)c = (SU(3)4 ⇥ SU(3)0)diag
and U(1)Y = (U(1)4 ⇥ U(1)0)diag, where SU(3)4 ⇥

U(1)4 ⇢ SU(4). In particular, Y =
q

2
3T

15 + Y
0,

with T
15 = 1

2
p
6
diag(1, 1, 1,�3).

The spontaneous breaking G ! GSM happens via
the scalar representations ⌦3 =

�
4, 3, 1, 1/6

�
and

⌦1 =
�
4, 1, 1,�1/2

�
, which can be represented re-

spectively as a 4 ⇥ 3 matrix and a 4-vector trans-

2 The resolution of both the RD(⇤) and RK(⇤) anomalies via
a PS leptoquark Uµ was recently put forth in Ref. [46]. In
this respect, we reach a di↵erent conclusion.

forming as ⌦3 ! U
⇤
4⌦3U

T
30 and ⌦1 ! U

⇤
4⌦1 under

SU(4) ⇥ SU(3)0. By means of a suitable scalar po-
tential it is possible to achieve the following vacuum
expectation value (vev) configurations [52]

h⌦3i =

0

BB@

v3p
2

0 0

0 v3p
2

0

0 0 v3p
2

0 0 0

1

CCA , h⌦1i =

0

BB@

0
0
0
v1p
2

1

CCA , (1)

ensuring the proper G ! GSM breaking. Un-
der GSM the scalar representations decompose as
⌦3 = (8, 1, 0) � (1, 1, 0) � (3, 1, 2/3) and ⌦1 =
(3, 1,�2/3) � (1, 1, 0). After removing the linear
combinations corresponding to the would-be Gold-
stone bosons, the scalar spectrum features a real
color octet, two real and one pseudo-real SM sin-
glets, a complex scalar transforming as (3, 1, 2/3).
The final breaking of GSM is obtained via the Higgs
doublet field residing intoH = (1, 1, 2, 1/2) of G and
acquiring a vev hHi = 1p

2
v, with v = 246 GeV.

The gauge boson spectrum comprises three mas-
sive vector states belonging to G/GSM and trans-
forming as U = (3, 1, 2/3), g0 = (8, 1, 0) and Z

0 =
(1, 1, 0) under GSM. From the scalar kinetic terms
one obtains [51, 52]

MU = 1
2g4

q
v
2
1 + v

2
3 , (2)

Mg0 = 1p
2

q
g
2
4 + g

2
3v3 , (3)

MZ0 = 1
2

q
3
2

q
g
2
4 +

2
3g

2
1

q
v
2
1 +

1
3v

2
3 . (4)

Expressed in terms of the original gauge fields of the
group G, the massive gauge bosons read

U
1,2,3
µ =

1
p
2

�
H

9,11,13
µ � iH

10,12,14
µ

�
, (5)

g
0a
µ =

g4H
a
µ � g3G

0a
µp

g
2
4 + g

2
3

, Z
0
µ =

g4H
15
µ �

q
2
3g1B

0
µ

q
g
2
4 +

2
3g

2
1

,

while the orthogonal combinations correspond to the
massless SU(3)c⇥U(1)Y degrees of freedom of GSM

prior to electroweak symmetry breaking

g
a
µ =

g3H
a
µ + g4G

0a
µp

g
2
4 + g

2
3

, Bµ =

q
2
3g1H

15
µ + g4B

0
µ

q
g
2
4 +

2
3g

2
1

.

The matching with the SM gauge couplings reads

gs =
g4g3p
g
2
4 + g

2
3

, gY =
g4g1q
g
2
4 +

2
3g

2
1

, (6)

where gs = 1.02 and gY = 0.363 are the values
evolved within the SM up to the matching scale
µ = 2 TeV. Since g3,4 > gs and g4,1 > gY , one has
g4,3 � g1. A typical benchmark is g4 = 3, g3 = 1.08
and g1 = 0.365.

The would-be SM fermion fields (when neglecting
the mixing discussed below), are charged under the
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proportional to the corresponding lepton mass.
Hence, the bounds from various LFV and FCNC
processes push the mass of the leptoquark in the
100 TeV ballpark [43–45]. Allowing for a mixed em-
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pressing right-handed currents in the down sector
(e.g. if dR ⇢ 6 of SU(4)PS). This, however, would
still not be enough for RD(⇤) , due to the presence of
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0 from SU(4)PS ! SU(3)c breaking with
unsuppressed O(gs) couplings to SM fermions 2.
A crucial ingredient to circumvent the previous
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text of a “partial unification” model in which the
SM color and hypercharge are embedded into a
SU(3 + N) ⇥ SU(3)0 ⇥ U(1)0 group. The latter re-
sembles the embedding of color as the diagonal sub-
group of two SU(3) factors, as originally proposed
in [48–50]. For N = 1 one can basically obtain a
massive leptoquark which does not couple to SM
fermions, if the latter are SU(3 + N) singlets. A
coupling of Uµ to left-handed SM fermions can be
generated via the mixing with a vector-like fermion
transforming non-trivially under SU(4)0 ⇥ SU(2)L,
as recently suggested in Appendix C of Ref. [51].
The latter model example, formulated in the context
of leptoquark LHC phenomenology, is the starting
point of our construction. We go a step beyond and
implement the necessary flavour structure to fit the
B-anomalies, while keeping the model phenomeno-
logically viable.
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The final breaking of GSM is obtained via the Higgs
doublet field residing intoH = (1, 1, 2, 1/2) of G and
acquiring a vev hHi = 1p
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v, with v = 246 GeV.

The gauge boson spectrum comprises three mas-
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where gs = 1.02 and gY = 0.363 are the values
evolved within the SM up to the matching scale
µ = 2 TeV. Since g3,4 > gs and g4,1 > gY , one has
g4,3 � g1. A typical benchmark is g4 = 3, g3 = 1.08
and g1 = 0.365.

The would-be SM fermion fields (when neglecting
the mixing discussed below), are charged under the
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where gs = 1.02 and gY = 0.363 are the values
evolved within the SM up to the matching scale
µ = 2 TeV. Since g3,4 > gs and g4,1 > gY , one has
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and g1 = 0.365.
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A Anatomy of the 4321 model

In this Appendix we provide a detailed account of several theoretical aspects of the 4321 model,
including: the minimisation of the scalar potential (App. A.1), the scalar spectrum (App. A.2), the
Yukawa interactions of the radial modes (App. A.3), the gauge boson spectrum within the minimal
scalar sector (App. A.4) and beyond (App. A.5), the vector-fermion interactions in the mass basis
(App. A.7), the relevant tri-linear gauge vertices (App. A.8), the renormalisation group equations
(App. A.9), and the list of SU(4) generators and structure constants (App. A.10).

A.1 Scalar potential

The scalar sector comprises the representations: ⌦3 ⇠
�
4,3,1, 1/6

�
, ⌦1 ⇠

�
4,1,1,�1/2

�
,

⌦15 ⇠ (15,1,1, 0) and H ⇠ (1,1,2, 1/2). Note that ⌦15 is taken to be a real field. Given
the hierarchy h⌦3i > h⌦1i � h⌦15i � hHi suggested by phenomenology, we simplify the prob-
lem by first considering the ⌦3,1 system in isolation and comment later on about the inclusion of
the other fields. We represent ⌦3 and ⌦1 respectively as a 4⇥3 matrix and a 4-vector transforming
as ⌦3 ! U⇤

4⌦3UT

30 and ⌦1 ! U⇤
4⌦1 under SU(4) ⇥ SU(3)0. The most general scalar potential

involving ⌦3 and ⌦1 can be written as
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3⌦1 + �6 ([⌦3⌦3⌦3⌦1]1 + h.c.) , (A.1)

where 13 denotes the 3⇥3 identity matrix and we have used a relative rephasing between the fields
⌦1 and ⌦3 in order to remove the phase of �6. Note that the non-trivial invariants ⌦†

1⌦3⌦
†
3⌦1 and

[⌦3⌦3⌦3⌦1]1 ⌘ ✏↵���✏
abc(⌦3)
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a (⌦3)
�

b
(⌦3)

�

c (⌦1)
� , (A.2)

are required in order to avoid extra global symmetries in the scalar potential leading to unwanted
massless Goldstone bosons (GBs). The scalar potential in Eq. (A.1) is written in such a way that in
the limit µ3 = µ1 = 0 and �6 = 0, the configuration

h⌦3i = 1p
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0 0 v3
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1
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is (by construction) a stationary point. For �6 6= 0, the stationary equations are satisfied by

µ2
3 = �3�6v1v3 , µ2

1 = �3�6
v33
v1

. (A.4)

By imposing that the second derivatives of the potential (evaluated at the stationary point) are
positive definite, we can make sure that the configuration in Eq. (A.3) is a local minimum13 and
compute in turn the scalar spectrum.

13Determining the global minimum is a non-trivial mathematical problem. Nevertheless, in the limit v1 ! 0 the
configuration in Eq. (A.3) is the global minimum of the potential for �2 > 0 and �1 > � 1

3�2 [122].
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3

SU(3)0⇥SU(2)L⇥U(1)0 subgroup, but are singlets
of SU(4). Let us denote them as: q0L = (1, 3, 2, 1/6),
u
0
R = (1, 3, 1, 2/3), d

0
R = (1, 3, 1,�1/3), `

0
L =

(1, 1, 2,�1/2), and e
0
R = (1, 1, 1,�1). These rep-

resentations come in three copies of flavour. Being
SU(4) singlets, they do not couple with the vector
leptoquark field directly. To induce the required in-
teraction, we add vector-like heavy fermions trans-
forming non-trivially only under SU(4) ⇥ SU(2)L
subgroup. In particular,  L,R = (Q0

L,R, L
0
L,R)

T =
(4, 1, 2, 0), where Q

0 and L
0 are decompositions un-

der SU(3)4 ⇥ U(1)4 ⇢ SU(4). In order to address
the B-physics anomalies, at least two copies of these
representations are required. When fermion mixing
is introduced (cf. Eq. (9)) leptoquark couplings to
SM fermions are generated. These are by construc-
tion mainly left-handed. The field content of the
model is summarized in Table I.

Field SU(4) SU(3)0 SU(2)L U(1)0 U(1)B0 U(1)L0

q
0i
L 1 3 2 1/6 1/3 0

u
0i
R 1 3 1 2/3 1/3 0

d
0i
R 1 3 1 �1/3 1/3 0
`
0i
L 1 1 2 �1/2 0 1
e
0i
R 1 1 1 �1 0 1
 i

L 4 1 2 0 1/4 1/4
 i

R 4 1 2 0 1/4 1/4
H 1 1 2 1/2 0 0
⌦3 4 3 1 1/6 1/12 �1/4
⌦1 4 1 1 �1/2 �1/4 3/4

TABLE I. Field content of the model. The index i =
1, 2, 3 runs over flavours, while U(1)B0 and U(1)L0 are
accidental global symmetries (see text for further clari-
fications).

The full Lagrangian3 is invariant under the acci-
dental global symmetries U(1)B0 and U(1)L0 , whose
action on the matter fields is displayed in the last
two columns of Table I. The vevs of ⌦3 and ⌦1 break
spontaneously both the gauge and the global sym-
metries, leaving unbroken two new global U(1)’s:

B = B
0 + 1p

6
T

15 and L = L
0
�

q
3
2T

15, which

for SM particles correspond respectively to ordinary
baryon and lepton number. These symmetries pro-
tect proton stability and make neutrinos massless.
Non-zero neutrino masses require an explicit break-
ing of U(1)L0 , e.g. via a d = 5 e↵ective operator
`
0
`
0
HH/⇤, where ⇤� v is some UV cuto↵.

The fermions’ kinetic term leads to the following

3 We also include a [⌦3⌦3⌦3⌦1]1 term in the scalar potential
which is required in order to avoid unwanted Goldstone
bosons [52].
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and right-handed interactions
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IV. FLAVOUR STRUCTURE

The Yukawa Lagrangian is

LY � �q
0
L Yd Hd

0
R � q

0
L Yu H̃u

0
R � `

0
L Ye He

0
R (9)

� q
0
L �q ⌦

T
3 R � `

0
L �` ⌦

T
1 R � L M  R + h.c. ,

where H̃ = i�2H
⇤. Also, Yd, Yu, and Ye are 3 ⇥ 3

flavour matrices, �q and �` are 3 ⇥ n , while M is
n ⇥n matrix where n is the number of  fields.

In absence of the Yukawa Lagrangian the global
flavour symmetry of the model is U(3)q0 ⇥U(3)u0 ⇥

U(3)d0 ⇥U(3)`0 ⇥U(3)e0 ⇥U(n ) L ⇥U(n ) R . Us-
ing the flavour group, one can without loss of gener-
ality start with a basis in which: M = M

diag
⌘

diag (M1, ...,Mn ), Yd = Y
diag
d , and Ye = Y

diag
e

are diagonal matrices with non-negative real entries,
while Yu = V

†
Y

diag
u , where V is a unitary matrix.

After symmetry breaking, the fermion mass ma-
trices in this (interaction) basis are
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!
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These are 3+n dimensional square matrices which
can be diagonalized by unitary rotations U(3+n ).
For example, Me = UeLM

diag
e U

†
eR , where the mass

eigenstate,  eL ⌘ (eL, µL, ⌧L, E
1
L, ..., E

n 
L )T , are

given by  eL = U
†
eL 

0
eL , and similarly for the right-

handed components.
The vector boson interactions with fermions in the

mass basis are obtained after applying these unitary
rotations to Eqs. (7)–(8). Our goal is to get the right
structure of the vector leptoquark couplings for B-
physics anomalies as in Ref. [14], while suppressing
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SM fermion doublets mix 
with the vector-like 
partners

Left-handed dominance!

Field SU(4) SU(3)0 SU(2)L U(1)0 U(1)B0 U(1)L0

q0i
L

1 3 2 1/6 1/3 0
u0i
R

1 3 1 2/3 1/3 0
d0i
R

1 3 1 �1/3 1/3 0
`0i
L

1 1 2 �1/2 0 1

e0i
R

1 1 1 �1 0 1

 i

L
4 1 2 0 1/4 1/4

 i

R
4 1 2 0 1/4 1/4

H 1 1 2 1/2 0 0
⌦1 4 1 1 �1/2 �1/4 3/4

⌦3 4 3 1 1/6 1/12 �1/4

⌦15 15 1 1 0 0 0

Table 1. Field content of the 4321 model. The index i = 1, 2, 3 runs over generations, while U(1)B0

and U(1)L0 are accidental global symmetries (see text for further clarifications). Particles added to
the SM matter content are shown on a grey background.

vector-like fermions is described by the Yukawa Lagrangian LY = LSM�like + Lmix, with

LSM�like = �q0L YdHd0R � q0L Yu H̃u0R � `
0
L YeHe0R + h.c. , (2.1)

Lmix = �q0L �q ⌦
T

3 R � `
0
L �`⌦

T

1 R � L (M + �15⌦15) R + h.c. . (2.2)

Here, H̃ = i�2H⇤ and Yu,d,e, �q,`,15, M are 3 ⇥ 3 flavour matrices. The flavour structure of the
4321 model will be discussed in detail in Sec. 3.

The full Lagrangian (including also the scalar potential in Eq. (A.1)) is invariant under the
accidental global symmetries U(1)B0 and U(1)L0 , whose action on the matter fields is displayed
in the last two columns of Table 1. The VEVs of ⌦3 and ⌦1 break spontaneously both the gauge
and the global symmetries, leaving unbroken two new global U(1)s: B = B0 + 1p

6
T 15 and L =

L0 �
q

3
2 T

15, which for the SM eigenstates correspond respectively to ordinary baryon and lepton
number. These symmetries protect proton stability and make neutrinos massless, as in the SM.
Non-zero neutrino masses can be achieved by introducing an explicit breaking of U(1)L0 , e.g. via
a d = 5 effective operator `0`0HH/⇤/L

, where the effective scale of lepton number violation, ⇤/L
,

is well above the TeV scale. In contrast, recent proposals which address the anomalies based on
a non-minimal Pati-Salam extension with gauged B � L broken at the TeV, such as e.g. [38, 50],
generically predict too large neutrino masses. The latter either require a strong fine-tuning in the
Yukawa structure or a very specific (untuned) realisation of the neutrino mass matrix by the inverse
seesaw mechanism [44, 65].
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Figure 1. Interactions of the SM fermions with the heavy vectors induced by the fermion mixing.

4 Low-energy phenomenology

The scope of this section is to discuss the main low-energy observables of the 4321 model, together
with the relevant constraints coming from electroweak precision tests and FCNC. Let us start by
outlining the main interactions of the new vectors with the SM fermions, described in terms of mix-
ing angles between the would-be SM fermions and their vector-like partners. The flavour structure
of our model, defined by our assumptions in Eq. (3.4), is such that (up to CKM rotations) each
SM family mixes with only one fermion partner, see Fig. 1 for illustration. The only non-trivial
source of flavour breaking is found in the W matrix, introduced in the previous section, which
is responsible for a misalignment between quarks and leptons in the leptoquark interactions. The
resulting vector leptoquark interactions with SM fermions closely follow those introduced in [35],
which were shown to provide a successful explanation of the b ! s`` and R(D(⇤)) anomalies. We
write these interactions in the mass basis in a similar fashion4

LU � g4p
2
Uµ

⇥
�ij q

i�µ`j + h.c.
⇤
, (4.1)

with

� =

0

B@
sq1 s`1 0 0

0 c✓LQ sq2 s`2 s✓LQ sq2 s`3
0 �s✓LQ sq3 s`2 c✓LQ sq3 s`3

1

CA , qi =

 
V ⇤
ji
uj
L

di
L

!
, `i =

 
⌫i
L

ei
L

!
. (4.2)

and V the CKM matrix. The interactions of these new gauge bosons with SM fermions read

Lg0 � �gs
g4
g3

g0µ

h
ijq qi�µqj + iju uiR�

µuj
R
+ ij

d
d
i

R�
µdj

R

i
,

LZ0 � gY
2
p
6

g4
g1

Z 0
µ

h
⇠ijq qi�µqj + ⇠iju uiR�

µuj
R
+ ⇠ij

d
d
i

R�
µdj

R
� 3 ⇠ij

`
`
i
�µ`j � 3 ⇠ije eiR�

µej
R

i
,

(4.3)

4In this section we show only the interactions of the new gauge bosons with the SM fermions for illustration. Full
expressions, including also the couplings to vector-like fermions, can be found in App. A.7.
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3 Cabibbo mechanism for leptoquarks

Our goal is to introduce the flavour structure required by the anomalies in the quark-lepton transi-
tions, while simultaneously suppressing the most dangerous quark-quark and lepton-lepton flavour
violating operators.2 This step can be neatly understood in terms of the global symmetries of the
Yukawa Lagrangian.

Let us first consider the Lmix ! 0 limit. The surviving term in Eq. (2.1) corresponds to the SM
Yukawa Lagrangian. Exploiting the U(3)5 invariance of the kinetic term of the SM-like fields we
choose, without loss of generality, a basis where Yd = Ŷd, Yu = V † Ŷu and Ye = Ŷe (a hat denotes
a diagonal matrix with positive eigenvalues and V is the CKM matrix). For later convenience, we
recall some well-known features of the SM quark Yukawa sector. In the Yu ! 0 limit, the term
q0
L
ŶdH̃dR leaves invariant the subgroup U(1)d ⇥ U(1)s ⇥ U(1)b, thus implying the absence of

flavour violation in the down sector. Similarly, for Yd ! 0 we are left with q0
L
V † ŶuH̃uR in the up

sector. Reabsorbing V into q0 bears no physical effects and the subgroup U(1)u ⇥ U(1)c ⇥ U(1)t
is left unbroken. If both Yu and Yd are present, the two U(1)3 are not independent any more due to
the SU(2)L gauge symmetry that forces the transformations of the left-handed down and up fields
to be the same. The intersection of the two subgroups yields3

(U(1)d ⇥ U(1)s ⇥ U(1)b) \ (U(1)u ⇥ U(1)c ⇥ U(1)t) ◆

U(1)d+u ⇥ U(1)s+c ⇥ U(1)b+t

V 6=1���! U(1)B , (3.1)

where the last step of breaking is due to the CKM mixing and U(1)B is the baryon number. The
consequences of this collective breaking are: i) No tree-level FCNC are generated. These are
forbidden by the two U(1)3 symmetries in isolation, either in the up or in the down sector. ii)

Flavour changing charged currents are generated by the misalignment between the up and down
sectors, which is parametrised by the CKM matrix V . In the unitary gauge, the physical effects of
flavour violation are fully encoded in the coupling of the W boson to the up and down quark fields.

Let us consider now the pattern of global symmetries when Lmix 6= 0. The role of the scalar
representations ⌦i in Lmix is the following:

• h⌦3i mixes the would-be SM state q0
L

with Q0
L
⇢  L. In this way the SM quark doublet

enters into the SU(4) representation  L and feels the leptoquark interaction.

• h⌦1i mixes the would-be SM state `0
L

with L0
L
⇢  L. In this way the SM lepton doublet

enters into the SU(4) representation  L and feels the leptoquark interaction.

• h⌦15i splits the bare masses of quark and lepton partners. We can hence effectively trade M

and �15h⌦15i for MQ and ML.
2For a partially related discussion in the context of the neutral current anomalies, see [66].
3Here U(1)d+u stands for the simultaneous transformation d ! ei✓d and u ! ei✓u, where ei✓ is an element of

U(1)d+u. The generalisation to non-abelian factors, which is employed later on, follows in analogy.
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Figure 1. Interactions of the SM fermions with the heavy vectors induced by the fermion mixing.

4 Low-energy phenomenology

The scope of this section is to discuss the main low-energy observables of the 4321 model, together
with the relevant constraints coming from electroweak precision tests and FCNC. Let us start by
outlining the main interactions of the new vectors with the SM fermions, described in terms of mix-
ing angles between the would-be SM fermions and their vector-like partners. The flavour structure
of our model, defined by our assumptions in Eq. (3.4), is such that (up to CKM rotations) each
SM family mixes with only one fermion partner, see Fig. 1 for illustration. The only non-trivial
source of flavour breaking is found in the W matrix, introduced in the previous section, which
is responsible for a misalignment between quarks and leptons in the leptoquark interactions. The
resulting vector leptoquark interactions with SM fermions closely follow those introduced in [35],
which were shown to provide a successful explanation of the b ! s`` and R(D(⇤)) anomalies. We
write these interactions in the mass basis in a similar fashion4
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and V the CKM matrix. The interactions of these new gauge bosons with SM fermions read
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4In this section we show only the interactions of the new gauge bosons with the SM fermions for illustration. Full
expressions, including also the couplings to vector-like fermions, can be found in App. A.7.
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• Large flavour violation mediated by the LQ only
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where � is a 3 ⇥ 3 matrix describing the flavour structure of the leptoquark interactions with the
light SM mass eigenstates:

� = diag(sq12 , sq12 , sq3)W diag(0, s`2 , s`3) =

0

B@
0 0 0

0 c✓LQsq12s`2 s✓LQsq12s`3
0 �s✓LQsq3s`2 c✓LQsq3s`3

1

CA . (3.9)

The definitions of the mixing angles in terms of the fundamental parameters of the Yukawa La-
grangian are given in App. A.6.

A crucial aspect that breaks the analogy with the SM is however the following: while the
global symmetries in the Yukawa sector of the SM are accidental, in our phenomenological limit
the symmetry groups GQ, GL and their relative orientation parametrised by W have been assumed.
This clearly calls for a UV understanding in terms of some flavour dynamics above the scale of
G4321 breaking. On the other hand, since the symmetries that we imposed for phenomenological
reasons are nothing but a generalisation of the accidental and approximate symmetries already
present in the SM, the possibility to create a link between the flavour structure of the SM and GQ,L

is well motivated, and proposals such as those in Refs. [39, 50] might play a role in achieving this
goal. It appears instead more difficult to provide flavour dynamics responsible for the misalignment
induced by W , since a large 3-2 misalignment points to flavour-breaking spurions beyond those
of the SM Yukawas. This notwithstanding, our phenomenological limit turns out to be robust
against higher-order effects and is not tuned. It also allows us to identify the most important
observables and understand suppressions or enhancements directly in terms of the symmetries of
the fundamental Lagrangian. Another difference with respect to the SM is the presence of radial
modes contained in the scalar fields ⌦i which can mediate flavour violation beyond that induced by
the massive vectors. It can be shown, however, (see Sec. 4) that flavour violating effects mediated
by the radial modes are phenomenologically under control.

G321 G4321

✓C ✓LQ
V W

Wµ Uµ

qL =

 
uL
V dL

!
 L =

 
QL

WLL

!

Yu, Yd �q, �`

SU(2)L SU(4)

U(1)u ⇥ U(1)c ⇥ U(1)t U(2)q0+ ⇥ U(1)q03+ 3

U(1)d ⇥ U(1)s ⇥ U(1)b U(1)
`01+ ̃1

⇥ U(1)
`02+ ̃2

⇥ U(1)
`03+ ̃3

U(1)B U(1)q01+`01+ 1
⇥ U(1)q0+`0+ 

u ! d tree level Q ! L tree level
ui ! uj loop level Qi ! Qj loop level
di ! dj loop level Li ! Lj loop level

Table 2. Analogies between the SM and the 4321 model.
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