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SM: Inclusive Asymmetry at the Tevatron
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At øt =
N (∆y > 0)− N (∆y < 0)

N (∆y > 0) + N (∆y < 0)
= 0.087(10)

Alab =
N (yt > 0) ! N (yøt > 0)
N (yt > 0) + N (yøt > 0)

= 0 .056(7)

∆y ! yt " yøt

• mixed QCD#EW interference included: factor 1.2 $KŸhn, Rodrigo / Hollik, Pagani%

• Þrst contribution to the antisymmetric cross#section is a loop e&ect, Þrst contribution to
the symmetric cross#section is tree level: asymmetry normalized to LO cross#section

• stable to NLL threshold resummations !one per mil shift" $Almeida,Sterman,Vogelsang%

• NNLL threshold resummations $Ahrens,Ferroglia,Neubert,Pecjak,Yang%

Not expanding the asymmetry in αs: the asymmetry decreases by 20' at NLO !K factor", 
but only by 5' at NLO+NNLL

• Full NNLO !NLO for the asymmetry" on#going $Bonciani, Ferroglia, Anastasiou, Czacon ...%
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A y
FB = 0.162 ± 0.041(stat) ± 0.022 (syst) 
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AFB dependence on Mttbar
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Model Building Craze
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s#channel exchange
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G is color octet for LO interference with QCD

L BSM = øqn /G(gqn
V + gqn

A ! 5)qn

AFB ∝ (ös− m2
G)gq

Agt
A

with

Need axial coupling; Òaxigluon.Ó    For positive asymmetry need one of these:

• light axigluon: would be visible in Mttbar: need to hide, new decay channels to enlarge the 
width $Marques Tavares, Schmalz / Barcelo, Carmona, Masip, Santiago%

• sign!gq  gt" = − 1: vector#axial couplings non#ßavor#universal $Ferrario, GR / Frampton,Shu,Wang / Djouadi, 
Richard / Bauer, Goertz, Haisch, Pfoh, Westho& / Bai, Hewett, Kaplan, Rizzo / Zerwekh /Hewet, Shelton, Spannowsky, Tait, Takeuchi / 
Haisch, Westho& / Aguilar#Saavedra, Perez#Victoria, ...%

• squared of the BSM amplitude dominates: large vector couplings $Ferrario, Rodrigo%

Also: colored scalars do not generate an asymmetry in the s#channel; 
and a ZÕ !or SM Z" in the s#channel does not interfere with the LO QCD amplitude

Seriously constrained by ttbar and dijet cross section at LHC



t#channel exchange
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$Jung, Murayama, Pierce, Wells / Cheung, Keung,Yuan / Cao, Heng,Wu,Yang / Barger, Keung, Yu / Cao, McKeen, Rosner, Saughnessy, Wagner / Berger, Cao, Chen, 
Li, Zhang / Bhattacherjee, Biswal, Ghosh/ Zhou, Wang, Zhu / Aguilar#Saavedra, Perez#Victoria/ Buckley, Hooper, Kopp, Neil / Rajaraman, Surujon, Tait/ 
Duraisamy, Rashed, Datta, ...%
$Shu,Tait,Wang / Cao,Heng,Wu,Yang / Dorsner, Faifer, Kamenik, Kosnik / Jung,Ko,Lee,Nam. Aguilar#Saavedra, Perez#Victoria / Patel, Sharma / Ligeti, Marques 
Tavares, Schmalz, ...%

• A large FB asymmetry requires large ßavor violating couplings 

• Relatively light ZÕ and/or WÕ: O!200#700 GeV", or O!1TeV" colored scalars

• Like sign tt,  very constrained at Tevatron and LHC



Minimal Flavor Violating !MFV" Models
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• For t#channel exchange and for s#channel exchange with not too light 
particle or not#too#strong interaction need ßavor violating couplings
• Low energy FCNC processes require unnatural tuning of parameters
• Avoid problem by including ßavor dynamics into models: MFV

• Absent Yukawa couplings, the SM has large ßavor symmetry:

GF = SU(3)Q ! SU(3)U ! SU(3)D(! SU(3)L ! SU(3)E)

• Introduce new Þeld!s" with couplings that respect this symmetry
• Assume all ßavor violation is from Yukawa couplings

• For massive vector Þelds: non#renormalizable, take as e&ective Þeld theory



MFV Scalars
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CaseSU(3)c SU(2)L U(1)Y U(3)U R ! U(3)D R ! U(3)QL Couples to

SI 1 2 1/2 (3,1,ø3) øuR QL

SII 8 2 1/2 (3,1,ø3) øuR QL

SIII 1 2 -1/2 (1,3,ø3) ødR QL

SIV 8 2 -1/2 (1,3,ø3) ødR QL

SV 3 1 -4/3 (3,1,1) uR uR

SVI ø6 1 -4/3 (ø6,1,1) uR uR

SVII 3 1 2/3 (1,3,1) dR dR

SVIII ø6 1 2/3 (1,ø6,1) dR dR

SIX 3 1 -1/3 (ø3,ø3,1) dR uR

SX ø6 1 -1/3 (ø3,ø3,1) dR uR

SXI 3 1 -1/3 (1,1,ø6) QL QL

SXII ø6 1 -1/3 (1,1,3) QL QL

SXIII 3 3 -1/3 (1,1,3) QL QL

SXIV ø6 3 -1/3 (1,1,ø6) QL QL

SH,8 1, 8 2 1/2 (1,1,1) øQL uR , øQL dR

TABLE II: Different scalar representations that are not singlets under the ßavour group that areGF symmetric [3] (the

upper rows). The two ßavor singlet representations are in the last row and were discussed in [14].

QL , uR, dR this is just the baryonicZ !. We found it useful to split the interactions into three sub-

groups. At colliders there is no interference among these interactions up to effects suppressed by

light quark masses (but if there are relations between their couplings this can have important con-

sequences for the predicted cross section; for example, for a purely axial gluon the NP interference

with the SM amplitude does not contribute to the top pair production cross section [15Ð17]). In the

treatment of FCNCs the interference effects are trivial to include in the analysis.

¥ Many of the scalar and vector Þelds do not lead to proton decay at any order in perturbation theory

due to the SM gauge symmetry andGF. The vectors XÐXI and scalarsSVÐSXIV carry baryon number

± 2/ 3 and may lead to proton decay if they also couple to lepto-quark bilinears,e.g., øL c
L ! µuR and

øL c
L ! µdR for Þelds X and XI, respectively. This type of coupling is not possible for scalars or vectors

in the color6 representation and can be forbidden for the3 color representation Þelds by extending

the ßavor group to the lepton sector of the SM [3] .

¥ We assume that the new quanta have weak scale masses and that the cut-off of the theory is well

above the weak scale so that we only need to focus on dimension four interactions for most of our
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¥ Many of the scalar and vector Þelds do not lead to proton decay at any order in perturbation theory
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also uc: tree level 

D#mixing
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t#channel AFB; 
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currents,  box 
diagram for 

mixing
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diagram for 
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MFV Vectors
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Case SU(3)c SU(2)L U(1)Y U(3)U R ×U(3)D R ×U(3)QL Couples to

Is,o 1,8 1 0 (1,1,1) d̄R γµ dR

IIs,o 1,8 1 0 (1,1,1) ūR γµ uR

IIIs,o 1,8 1 0 (1,1,1) Q̄L γµ QL

IVs,o 1,8 3 0 (1,1,1) Q̄L γµ QL

Vs,o 1,8 1 0 (1,8,1) d̄R γµ dR

VIs,o 1,8 1 0 (8,1,1) ūR γµ uR

VIIs,o 1,8 1 -1 (̄3,3,1) d̄R γµ uR

VIIIs,o 1,8 1 0 (1,1,8) Q̄L γµ QL

IXs,o 1,8 3 0 (1,1,8) Q̄L γµ QL

Xø3,6 3̄,6 2 -1/6 (1,3,3) d̄R γµ Qc
L

XIø3,6 3̄,6 2 5/6 (3,1,3) ūR γµ Qc
L

TABLE I: The ßavor and gauge representations for vector Þelds that can couple directly to quarks throughGF sym-

metric dimension four interactions without the insertion of a Yukawa matrix.Qc
L denotes the right handed conjugate

representation of the left handed SM doublet.

C we give a detailed discussion of constraints from meson mixing amplitudes.

II. GF SYMMETRIC REPRESENTATIONS

We are interested in scalars and vectors that couple directly to quarks through dimension four interac-

tions. The scalar Þelds of this form are renormalizable models, while the vector Þelds are nonrenormaliz-

able. In this section we list all the possible representations ofGF and the SM gauge group that such Þelds

can have whenGF is unbroken. The vector Þeld representations are listed in Table I and the scalar Þeld

representations are listed in Table II (the latter have been studied and classiÞed in [3, 14]). This completes

the program initiated in [3]. The complete set ofHF symmetric representations which can couple directly

to quarks through dimension four interactions appear in these tables as submultiplets of theGF representa-

tions. For example, in modelVIs(o), the correspondingHF symmetric vector representations would consist

of a triplet, a complex doublet and a singlet ofSU(2)UR , which are color singlets (octets), or a subset of

these.

Several remarks are in order before we construct the Lagrangians.

• Is,o, IIs,o andIIIs,o carry the same quantum numbers and are thus a sub-classiÞcation of interactions

of a single Þeld. For instance, in the case of a colour singlet vector with the same couplings to
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FIG. 3: Upper two rows: predictions for the inclusive cross sections! (tøt) and inclusive forward-backward asymmetry

AF B (tøt) as a function of scalar massmS for modelsSV ,SVI and couplings" = 1/4 (solid line),1/2
!

2 (dotted),

1/
!

2 (dot-dashed),1 (dashed) compared to1! and2! experimental (shaded) bands. Predictions forAt øt
F B with Mt øt

below and above 450 GeV and ford! t øt /dMt øt are compared to the experimental data from [6, 108] in the last row for

benchmark points labeled with a# in the inclusive predictions (mS = 400 GeV forSV and 800 GeV forSVI ).

The interaction Lagrangians for scalar modelsSI andSIX are

L I = " ( S0
ij øui L uj R + S!

ij
ødi L uj R ) + h.c., (18)

L IX = " $!"# S!
ij d

i "
R u j #

R + h.c., (19)

Scalars example: models coupling to uRuR, as 3!bar" or 6 of color, respectively 

couplings ! =1/4 !solid line", 1/2√2 !dotted", 1/√2 !dot#dashed", 1 !dashed"

Data is from CDF 5.3 fb-1

recall CDF 8.7 fb-1 has
AFB(<450)=0.078 ±0.054
AFB(>450)=0.296 ±0.067



13

19

!!

200 400 600 800 1000 1200 1400
4

5

6

7

8

9

10

MS!GeV"

!
#t

t$
!p
b"

Scalar field IX

!!

200 400 600 800 1000 1200 1400
0.0

0.1

0.2

0.3

0.4

MS�GeV�

A
F

B
�tt�

Scalar field IX

!!

200 400 600 800 1000 1200 1400
4

5

6

7

8

9

10

MS!GeV"

!
#t

t$
!p
b"

Scalar field X

!!

200 400 600 800 1000 1200 1400
0.0

0.1

0.2

0.3

0.4

MS!GeV"

A
FB

#t
t$

Scalar field X

Scalar IX
Scalar X

400 600 800 1000 1200 1400
0.01

0.1

1

10

100

Mt t !GeV"

d!
#t

t$
%d

M
tt

Scalar IX, X

Scalar IX

ScalarX

0 200 400 600 800
! 0.6

! 0.4

! 0.2

0.0

0.2

0.4

0.6

Mt t !GeV"

A
F

B

Scalar IX , X

FIG. 4: The same as Fig. 3, but for modelsSX,IX and couplingsη = 1 /
√

2 (solid line),1 (dotted),
√

2 (dot-dashed),

2 (dashed). Benchmark masses aremS = 750 GeV (SIX ) andmS = 800 GeV (SX ).

eigenstate basis becomes,

L IX = η1 (d�R)! i (u�
R)" j S

! i,j
# �!"# +

!
η1 + 2 η2 y2

t

"
(d�R)! i (t �R)" S

! i,3
# �!"# , (20)

with j = { 1, 2} andi = { 1, 2, 3} . The mass spectrum is split, withm2
i3 = m2

ij + ÷ζ1m2
S. Depending on the

signs ofη1,2 and÷ζ1 one can have an enhanced coupling to top quarks (compared to couplings to light quarks)

with a suppressed mass scale of them2
i3 components of the scalar. This can naturally lead to larger effects

Scalars example: models coupling to dRuR, as 3!bar" or 6 of color, respectively 
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FIG. 9: Predictions fordσ/dMt øt andAF B for a set of vector models,IV s,o,VI s,o,VIII s,o, IXs,o ÞxingmV = 500

GeV (except forVI s,o where mV = 350 GeV, and using ßavor breaking choices for couplings to quarks;

(
�

fqft , fqt ) = (0 .1, 0.3)IV s; (0.1, 0.3)IV o; (0.55, 1.3)VI s; (0.55, 1.3)VI o and (η1, η2) = (1 .4, ! 0.4)VIII s;

(1.3, ! 0.5)VIII o; (1.1, ! 0.4)IX s; (1.1, ! 0.4)IX o.

Some vector models
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Low Energy Constraints on MFV Models

• For this conference will concentrate on Low Energy constraints !additional 
constraints from LEP, EWPD, Tevatron/LHC single#top, dijets, etc"

• Mixing gives most severe constraints. Parametrize by:

57

scaleµW ! mW , while ! RG is the correction due to the running fromµW to µb. In NDR at NLO they are

! W = 0.970, ! RG = 0.860 (using" S(mz) = 0.1184, µW = mW , µb = mb = 4.2 GeV andm̄t = 164

GeV for whichS0(xt ) = 2.33). The SM weak hamiltonians for theBd " B̄D , K " K̄ andD " D̄ mixing

follow from (C1) with the obvious replacements in quark ßavors. In additionK andD mixing amplitudes

receive large nonlocal contributions in the SM.

NP contributions can modify the effective weak Hamiltonian toH SM
e! + ! H NP

e! . To make the comparison

with the experiment easier we normalize the NP contributions to the SM predictions. ForBs,d mixing we

thus deÞne

hs,dei 2! s,d #
$Bs,d|! H NP

e! |B̄s,d%
$Bs,d|H SM

e! |B̄s,d%
. (C3)

Note that#s,d measures the deviation of NP weak phase from the SM one (forBs mixing the SM weak

phase is very small,O(1! ), while for Bd mixing it is 2$ ! 45! ). Since the (real part) of$K 0|H SM
e! |K̄ 0%

receives potentially large long distance contributions from! S = 1 operators, we normalize the NP matrix

elements to the measured mass difference

hK ei 2! K #
M NP

12

! mK
=

1

! mK
á

$K 0|! H NP
e! |K̄ 0%

2mK
. (C4)

Similarly there are potentially large long distance effects inD " D̄ mixing amplitude, so that we deÞne in

the same way

hD ei 2! D #
M NP

12

! mD
=

1

! mD
á

$D 0|! H NP
e! |D̄ 0%

2mD
. (C5)

Note that#K and#D measure thetotal weak phase of the NP contributions to the mixing, not just the

deviation from the SM one. No NP in the mixing corresponds tohs = hd = kK = hD = 0.

From the agreement of measured and predicted values of%K we obtain the bound at 95% C.L.

|hK sin(2#K )| <! 1.3 & 10" 3. (C6)

Conservatively we use the the prediction|%K | = (2.01+0 .59
" 0.66) á10" 3 from [122], which is in good agreement

with the measured value|%K | = (2.229 ± 0.010) á10" 3 (for a different treatment of lattice inputs see

[140]). The bound onhK cos 2#K is more uncertain because of potentially large long distance contributions.

Assuming conservatively that! mK is saturated by NP gives|hK cos 2#K | <! 0.5. The CP violation in

D " D̄ mixing is well constrained and so|hD sin(2#D )| <! 0.3, at 95 % C.L. [142] (the NP contribution

to &D
12 is 2#D , while the SM CP violating contribution is negligible). Conservatively assuming that NP

saturates the mass difference! mD we obtainhD
<! 0.5.

57

scale µW ! mW , while ! RG is the correction due to the running from µW to µb. In NDR at NLO they are

! W = 0 .970, ! RG = 0 .860 (using " S(mz) = 0 .1184, µW = mW , µb = mb = 4 .2 GeV and ømt = 164

GeV for which S0(xt ) = 2 .33). The SM weak hamiltonians for the Bd " øBD , K " øK and D " øD mixing

follow from (C1) with the obvious replacements in quark flavors. In addition K and D mixing amplitudes

receive large nonlocal contributions in the SM.

NP contributions can modify the effective weak Hamiltonian to H SM
e! + ∆H NP

e! . To make the comparison

with the experiment easier we normalize the NP contributions to the SM predictions. For Bs,d mixing we

thus define

hs,dei 2! s,d #
$Bs,d|∆H NP

e! | øBs,d%
$Bs,d|H SM

e! | øBs,d%
. (C3)

Note that #s,d measures the deviation of NP weak phase from the SM one (for Bs mixing the SM weak

phase is very small, O(1! ), while for Bd mixing it is 2$ ! 45! ). Since the (real part) of $K 0|H SM
e! | øK 0%

receives potentially large long distance contributions from ∆S = 1 operators, we normalize the NP matrix

elements to the measured mass difference

hK ei 2! K #
M NP

12

∆mK
=

1
∆mK

á
$K 0|∆H NP

e! | øK 0%
2mK

. (C4)

Similarly there are potentially large long distance effects in D " øD mixing amplitude, so that we define in

the same way

hD ei 2! D #
M NP

12

∆mD
=

1
∆mD

á
$D 0|∆H NP

e! | øD 0%
2mD

. (C5)

Note that #K and #D measure the total weak phase of the NP contributions to the mixing, not just the

deviation from the SM one. No NP in the mixing corresponds to hs = hd = kK = hD = 0 .

From the agreement of measured and predicted values of %K we obtain the bound at 95% C.L.

|hK sin(2#K )| <! 1.3 & 10" 3. (C6)

Conservatively we use the the prediction |%K | = (2 .01+0 .59
" 0.66) á10" 3 from [122], which is in good agreement

with the measured value |%K | = (2 .229 ± 0.010) á10" 3 (for a different treatment of lattice inputs see

[140]). The bound on hK cos 2#K is more uncertain because of potentially large long distance contributions.

Assuming conservatively that ∆mK is saturated by NP gives |hK cos 2#K | <! 0.5. The CP violation in

D " øD mixing is well constrained and so |hD sin(2#D )| <! 0.3, at 95 % C.L. [142] (the NP contribution

to &D
12 is 2#D , while the SM CP violating contribution is negligible). Conservatively assuming that NP

saturates the mass difference ∆mD we obtain hD
<! 0.5.

57

scale µW ! mW , while ηRG is the correction due to the running from µW to µb. In NDR at NLO they are

ηW = 0 .970, ηRG = 0 .860 (using αS(mz) = 0 .1184, µW = mW , µb = mb = 4 .2 GeV and ømt = 164

GeV for which S0(xt ) = 2 .33). The SM weak hamiltonians for the Bd " øBD , K " øK and D " øD mixing

follow from (C1) with the obvious replacements in quark flavors. In addition K and D mixing amplitudes

receive large nonlocal contributions in the SM.

NP contributions can modify the effective weak Hamiltonian to H SM
e! + ! H NP

e! . To make the comparison

with the experiment easier we normalize the NP contributions to the SM predictions. For Bs,d mixing we

thus define

hs,dei 2σs,d #
$Bs,d|! H NP

e! | øBs,d%
$Bs,d|H SM

e! | øBs,d%
. (C3)

Note that σs,d measures the deviation of NP weak phase from the SM one (for Bs mixing the SM weak

phase is very small, O(1! ), while for Bd mixing it is 2β ! 45! ). Since the (real part) of $K 0|H SM
e! | øK 0%

receives potentially large long distance contributions from ! S = 1 operators, we normalize the NP matrix

elements to the measured mass difference

hK ei 2σK #
M NP

12

! mK
=

1
! mK

á
$K 0|! H NP

e! | øK 0%
2mK

. (C4)

Similarly there are potentially large long distance effects in D " øD mixing amplitude, so that we define in

the same way

hD ei 2σD #
M NP

12

! mD
=

1
! mD

á
$D 0|! H NP

e! | øD 0%
2mD

. (C5)

Note that σK and σD measure the total weak phase of the NP contributions to the mixing, not just the

deviation from the SM one. No NP in the mixing corresponds to hs = hd = kK = hD = 0 .

From the agreement of measured and predicted values of �K we obtain the bound at 95% C.L.

|hK sin(2σK )| <! 1.3 & 10" 3. (C6)

Conservatively we use the the prediction |�K | = (2 .01+0 .59
" 0.66) á10" 3 from [122], which is in good agreement

with the measured value |�K | = (2 .229 ± 0.010) á10" 3 (for a different treatment of lattice inputs see

[140]). The bound on hK cos 2σK is more uncertain because of potentially large long distance contributions.

Assuming conservatively that ! mK is saturated by NP gives |hK cos 2σK | <! 0.5. The CP violation in

D " øD mixing is well constrained and so |hD sin(2σD )| <! 0.3, at 95 % C.L. [142] (the NP contribution

to φD
12 is 2σD , while the SM CP violating contribution is negligible). Conservatively assuming that NP

saturates the mass difference ! mD we obtain hD
<! 0.5.

|hK sin(2σK)| ! 1.3× 10−3

|hD sin(2! D )| ! 0.3

Constraints:

Ligeti et al, 1006.0432
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To get an idea of how this goes, consider vector models I#IX. 

Only one operator contributes for these models; parametrize by

58

The NP contributions to the effective weak Hamiltonian in (C1),! H NP
e! , are described by local operators

! H NP
e! =

!

i

CiQi +
!

i

÷Ci ÷Qi (C7)

where the sum runs over the full set of dimension 6 local operators. ForBs mixing these are [143]

Q1 = (øsL ! µbL )(øsL ! µbL ), Q2,4 = (øsRbL )(øsR,L bL,R ), Q3,5 = (øs!
Rb

"
L )(øs"

R,L b
!
L,R ), (C8)

AbovePL,R = (1 ± ! 5)/2, while color indices are not displayed, if the summation is within brackets. The

operators÷Qi are obtained from Eq. (C8) by making aPR ! PL replacement. Note thatQ1 is the operator

in the SM effective weak Hamiltonian Eq. (C1).

The SM and NP weak hamiltonians for theBd, K andD mixing follow from (C1) and (C8) with the

obvious replacements in quark ßavors. In additionK andD mixing amplitudes receive large nonlocal

contributions in the SM. We evaluate the matrix elements for the operatorsQi in the same way as described

in Eqs. (8)-(10) of [143], including the numerical values, except for the updated values offBd = 205 ± 12

MeV, fB s = 250 ± 12 MeV [144] and the quark masses, for which we use the PDG 2010 values" =

(21.8 ± 0.9)! and! = (67 ± 4)! [145]. The matrix elements for÷Qi are the same as forQi since QCD

interactions are parity conserving.

1. Models I-IX

The models I-IX give contributions to the effective Hamiltonian forBs mixing that at scaleµ = mb take

the form

! H NP,B s
e! =

#s

M2
V

(y2
t VtbV

"
ts )2$#$RG

"øbL ! µsL øbL ! µsL
#
, (C9)

or of its parity image: replacingøbR! µsR øbR! µsR for øbL ! µsL øbL ! µsL . Parity symmetry of the strong

interactions implies that these operators have identical matrix elements between one particle states. The

value of model dependent constant#s is listed in Table VIII, whileMV stands for the average mass of the

MFV-vector exchanged. The factor$# is a QCD correction that arises from running from the scale of the

new physics,MV , to the electroweak scale,MW . In calculating bounds we set$# = 1 incurring an error of

order[%S(MW )/4&] ln(MV /MW ) " 0.01 ln(MV /MW ).

The contributions toBd, D andK mixing we deÞne analogously (for simplicity of notation setting

$#$RG = 1 ),

! H NP,B d
e! =

#d

M2
V

(y2
t VtbV

"
td )2( ødL ! µbL )2, ! H NP,K

e! =
#K

M2
V

(y2
t VtsV

"
td )2( ødL ! µsL )2, (C10)

! H NP,D
e! =

#D

M2
V

(y2
bV

"
ubVcb)2(øcL ! µuL )2. (C11)
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The NP contributions to the effective weak Hamiltonian in (C1), ! HNP
e! , are described by local operators

! H
NP
e! =

!

i

Ci Qi +
!

i

÷Ci ÷Qi (C7)

where the sum runs over the full set of dimension 6 local operators. For Bs mixing these are [143]

Q1 = (øsL ! µbL )(øsL ! µbL ), Q2,4 = (øsRbL )(øsR,L bL,R ), Q3,5 = (øs!
Rb"

L )(øs"
R,L b!

L,R ), (C8)

Above PL,R = (1 ± ! 5)/ 2, while color indices are not displayed, if the summation is within brackets. The

operators ÷Qi are obtained from Eq. (C8) by making a PR ! PL replacement. Note that Q1 is the operator

in the SM effective weak Hamiltonian Eq. (C1).

The SM and NP weak hamiltonians for the Bd, K and D mixing follow from (C1) and (C8) with the

obvious replacements in quark flavors. In addition K and D mixing amplitudes receive large nonlocal

contributions in the SM. We evaluate the matrix elements for the operators Qi in the same way as described

in Eqs. (8)-(10) of [143], including the numerical values, except for the updated values of f B d = 205 ± 12

MeV, f B s = 250 ± 12 MeV [144] and the quark masses, for which we use the PDG 2010 values " =

(21.8 ± 0.9)!
and ! = (67 ± 4)!

[145]. The matrix elements for ÷Qi are the same as for Qi since QCD

interactions are parity conserving.

1. Models I-IX

The models I-IX give contributions to the effective Hamiltonian for Bs mixing that at scale µ = mb take

the form

! H
NP,B s
e! =

#s

M 2
V

(y2
t VtbV "

ts )2$#$RG
"øbL ! µsL øbL ! µsL

#
, (C9)

or of its parity image: replacing øbR! µsR øbR! µsR for øbL ! µsL øbL ! µsL . Parity symmetry of the strong

interactions implies that these operators have identical matrix elements between one particle states. The

value of model dependent constant #s is listed in Table VIII, while M V stands for the average mass of the

MFV-vector exchanged. The factor $#
is a QCD correction that arises from running from the scale of the

new physics, M V , to the electroweak scale, M W . In calculating bounds we set $# = 1 incurring an error of

order [%S(M W )/ 4&] ln(M V /M W ) " 0.01 ln(M V /M W ).

The contributions to Bd, D and K mixing we define analogously (for simplicity of notation setting

$#$RG = 1 ),

! H
NP,B d
e! =

#d

M 2
V

(y2
t VtbV "

td )2( ødL ! µbL )2, ! H
NP,K
e! =

#K

M 2
V

(y2
t VtsV "

td )2( ødL ! µsL )2, (C10)

! H
NP,D
e! =

#D

M 2
V

(y2
bV "

ubVcb)2(øcL ! µuL )2. (C11)

Results, in next slide, use
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Case
! L

! s,d/Cs,o ! K /Cs,o ! D /Cs,o

Is,o

" 1
ødR (/V YD ! UY

†
D )dR +

�
" 2

ødR (/V YD ! U ! D Y †
D )dR + h.c.

�

y2
s,d y

2
b(" 1 + " 2y2

b)2 y2
dy

2
s (" 1 + " 2y2

b)2 0

II s,o

" 1 øuR (/V YU ! D Y †
U )uR +

�
" 2 øuR (/V YU ! U ! D Y †

U )uR + h.c.
�

0 0 y2
uy

2
c (" 1 + " 2y2

c )2

III s,o

" 1 øQL (/V ! U )QL + " �
1

øQL (/V ! D )QL +
�
" 2 øQL (/V ! U ! D )QL + h.c.

�

�
" 1 + " 2y2

b)2 " 2
1 " �

1
2

IV s,o

" 0 øQL /V QL + " 1 øQL (/V ! U )QL + " �
1

øQL (/V ! D )QL +
�
" 2 øQL (/V ! U ! D )QL + h.c.

�

�
" 1 + " 2y2

b)2 + ! CC " 2
1 + ! CC " �2

1 + ! CC

Vs,o

" 1
ødR /V dR +

�
" 2

ødR /V
�
YD ! UY

†
D

�
dR + h.c.

�
+ " 3

ødR
�
YD ! UY

†
D

�
/V
�
YD ! UY

†
D

�
dR

y2
s,d y
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b

�
! 2
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3
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12r 2
8
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r 2
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TABLE VIII: The part of interaction Lagrangian ! L relevant for meson mixing amplitudes and coefficients ! i in

(C9)-(C11) for each of the models I-IX. We use the abbreviations ! U = Y †
UYU , ! D = Y †

D YD and ri = mVi /mV for

the ratios of vector meson masses in the flavor multiplet to the average vector meson mass mV , while ! CC stands for a

1-loop contribution, a box diagram, from exchange of charged MFV-vectors; see text. The factors of Cs = 1(Co = 1
3 )

must be included for color singlet (octet) vectors. Due to lack of space we display for model IX results only for leading

complex parameters (the undisplayed leading real terms are the same as for model VIII).

The coefficients ! s,d,K,D are collected in Table VIII. In models V, VIII and IX several vector fields mediate

mixing and we indicate their separate contributions. This requires we distinguish among their masses , with

MV then denoting their average mass in the defining formulae (C9)-(C11) for ! i .

Cs = 1 , Co =
1
3

and ∆CC = contribution from box diagram with new charged vectors

Also

60

Numerically, for Bd,s mixing contributions we have

hd,se
2iσd,s = ! d,sy

4
t

" !

" W

Λ2
SM

M2
V

! 20" ! d,sy
4
t

!
1 TeV

MV

" 2

. (C12)

The contribution to the K mixing is

hK ei 2σK = ! K y4
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td )2 mK

3∆mK
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öBK
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and for the D mixing

hD ei 2σD = ! D y4
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f2
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m2
V

! (0.3 á10# 2) " ! D ei 2γy4
b

!
1 TeV
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. (C14)

In the numerics above we use fK = 156 MeV, öBK = 0 .79 [143], BD
1 = 0 .865 [143], the averages of

CKM elements from CKMfitter ICHEP2010 update [145]. The standard CKM unitarity triangle angles

have the values # = (21 .8 ± 0.9)$
and $ = (67 .2 ± 3.9)$

. We have also included the effect of running

from electroweak scale to mD for D # øD mixing, however, this is numerically unimportant and results in a

percent level shift in hD .

The flavor constraints thus require that (for MV = 1 TeV) the ! i coefficients for the particular model

are below ! d
<$ 0.02, ! K

<$ 10# 2
(unless the phase of ! K is finely tuned not to give a contribution to %K ),

and ! D
<$ 20. In order to explain the hint for nonzero phase of Bs mixing, on the other hand, requires

hs $ 0.02 or hs $ 0.1 for the two solutions, with appropriate weak phases.

We make the following observations regarding models I-IX:

¥ We can group the models into two categories. The first category form “universal” models, where

the contributions to the mixing amplitudes are due to class-1 operators in the notation of [13]. For

universal models we have

! s = ! d % ! K $ ! D , (C15)

where the last approximate equalities are valid, if all the couplings " i are of the same size. In addition

in yb & 0 limit ! s,d = ! K .

¥ The second category form the “Yukawa suppressed” models, where the contributions to the mixing

come from operators with additional Yukawa suppression (the so-called class-2 operators in the nota-

tion of [13]). These are the models II s,o, VI s,o, that contribute only to D # øD mixing and the models

Is,o, Vs,o, for which

! d : ! s : ! K = y2
d : y2

s :
y2

sy
2
d

y2
b

, (C16)

(the relation to ! K is only approximate for model V).
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TABLE VIII: The part of interaction Lagrangian! L relevant for meson mixing amplitudes and coefÞcients! i in

(C9)-(C11) for each of the models I-IX. We use the abbreviations! U = Y  
U YU , ! D = Y  

D YD andr i = mVi /m V for

the ratios of vector meson masses in the ßavor multiplet to the average vector meson massmV , while ! CC stands for a

1-loop contribution, a box diagram, from exchange of charged MFV-vectors; see text. The factors ofCs = 1( Co = 1
3 )

must be included for color singlet (octet) vectors. Due to lack of space we display for model IX results only for leading

complex parameters (the undisplayed leading real terms are the same as for model VIII).

The coefÞcients! s,d,K,D are collected in Table VIII. In models V, VIII and IX several vector Þelds mediate

mixing and we indicate their separate contributions. This requires we distinguish among their masses , with

M V then denoting their average mass in the deÞning formulae (C9)-(C11) for! i .
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TABLE VIII: The part of interaction Lagrangian! L relevant for meson mixing amplitudes and coefÞcients! i in

(C9)-(C11) for each of the models I-IX. We use the abbreviations! U = Y  
U YU , ! D = Y  

D YD andr i = mVi /m V for

the ratios of vector meson masses in the ßavor multiplet to the average vector meson massmV , while ! CC stands for a

1-loop contribution, a box diagram, from exchange of charged MFV-vectors; see text. The factors ofCs = 1( Co = 1
3 )

must be included for color singlet (octet) vectors. Due to lack of space we display for model IX results only for leading

complex parameters (the undisplayed leading real terms are the same as for model VIII).

The coefÞcients! s,d,K,D are collected in Table VIII. In models V, VIII and IX several vector Þelds mediate

mixing and we indicate their separate contributions. This requires we distinguish among their masses , with

M V then denoting their average mass in the deÞning formulae (C9)-(C11) for! i .

Models with
dRdR only
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TABLE VIII: The part of interaction Lagrangian! L relevant for meson mixing amplitudes and coefÞcients! i in

(C9)-(C11) for each of the models I-IX. We use the abbreviations! U = Y  
U YU , ! D = Y  

D YD andr i = mVi /m V for

the ratios of vector meson masses in the ßavor multiplet to the average vector meson massmV , while ! CC stands for a

1-loop contribution, a box diagram, from exchange of charged MFV-vectors; see text. The factors ofCs = 1( Co = 1
3 )

must be included for color singlet (octet) vectors. Due to lack of space we display for model IX results only for leading

complex parameters (the undisplayed leading real terms are the same as for model VIII).

The coefÞcients! s,d,K,D are collected in Table VIII. In models V, VIII and IX several vector Þelds mediate

mixing and we indicate their separate contributions. This requires we distinguish among their masses , with

M V then denoting their average mass in the deÞning formulae (C9)-(C11) for! i .

Models with
dRdR only

Models with
uRuR only
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Case
! L

! s,d /C s,o ! K /C s,o ! D /C s,o

Is,o

" 1
ødR (/V YD ! U Y  

D )dR +
�
" 2

ødR (/V YD ! U ! D Y  
D )dR + h.c.

�

y2
s,d y2

b(" 1 + " 2y2
b)2 y2

dy2
s (" 1 + " 2y2

b)2 0

II s,o

" 1 øuR (/V YU ! D Y  
U )uR +

�
" 2 øuR (/V YU ! U ! D Y  

U )uR + h.c.
�

0 0 y2
u y2

c (" 1 + " 2y2
c )2

III s,o

" 1 øQL (/V ! U )QL + " !
1

øQL (/V ! D )QL +
�
" 2 øQL (/V ! U ! D )QL + h.c.

�

�
" 1 + " 2y2

b)2 " 2
1 " !

1
2

IV s,o

" 0 øQL /V Q L + " 1 øQL (/V ! U )QL + " !
1

øQL (/V ! D )QL +
�
" 2 øQL (/V ! U ! D )QL + h.c.

�

�
" 1 + " 2y2

b)2 + ! CC " 2
1 + ! CC " !2

1 + ! CC

Vs,o

" 1
ødR /V dR +

�
" 2

ødR /V
�
YD ! U Y  

D

�
dR + h.c.

�
+ " 3

ødR
�
YD ! U Y  

D

�
/V
�
YD ! U Y  

D

�
dR

y2
s,d y2

b

�
! 2

2
4r 2

3
+ ( ! 2 " 2! !

2 ) 2

12r 2
8

+ ! 1 ! 3
r 2

6 , 4

�
y2

dy2
s

�
( ! 2 " ! !

2 ) 2

4r 2
3

+ ( ! 2 + ! !
2 ) 2

12r 2
8

+ ! 1 ! 3
r 2

1

�
0

VI s,o

" 1 øuR /V u R +
�
" 2 øuR /V

�
YU ! D Y  

U

�
uR + h.c.

�
+ " 3 øuR

�
YU ! D Y  

U

�
/V
�
YU ! D Y  

U

�
uR

0 0 y2
u y2

c

�
( ! !

2 " ! 2 ) 2

4r 2
3

+ ( ! 2 + ! !
2 ) 2

12r 2
8

+ ! 1 ! 3
r 2

1

�

VII s,o

" 1
ødR /V u R + " 2

ødR (YD ! U Y  
D )/V u R + h.c.

! CC ! CC ! CC

VIII s,o

" 1 øQL /V Q L + [ " 2 øQL ! U /V Q L + " !
2

øQL ! D /V Q L + h.c.] + " 3 øQL ! U /V ! U QL + " !
3

øQL ! D /V ! D QL

! ! 2
2

4r 2
3

+ ( ! !
2 " 2! 2 ) 2

12r 2
8

+ ! 1 ! 3
r 2

6 , 4

( ! !
2 " ! 2 ) 2

4r 2
3

+ ( ! 2 + ! !
2 ) 2

12r 2
8

+ ! 1 ! 3
r 2

1

( ! "
2 " ! "

2
! ) 2

4r 2
3

+ ( ! "
2 + ! "

2
! ) 2

12r 2
8

+ ! 1 ! "
3

r 2
1

IX s,o

" 1 øQL /V Q L + [ " 2 øQL ! U /V Q L + " !
2

øQL ! D /V Q L + h.c.] + á á á

! ! 2
2

4r 2
3

+ ( ! !
2 " 2! 2 ) 2

12r 2
8

+ ! CC
(! !

2 " ! 2 ) 2

4r 2
3

+ ( ! 2 + ! !
2 ) 2

12r 2
8

+ ! CC
(! "

2 " ! "
2

! ) 2

4r 2
3

+ ( ! "
2 + ! "

2
! ) 2

12r 2
8

+ ! CC

TABLE VIII: The part of interaction Lagrangian! L relevant for meson mixing amplitudes and coefÞcients! i in

(C9)-(C11) for each of the models I-IX. We use the abbreviations! U = Y  
U YU , ! D = Y  

D YD andr i = mVi /m V for

the ratios of vector meson masses in the ßavor multiplet to the average vector meson massmV , while ! CC stands for a

1-loop contribution, a box diagram, from exchange of charged MFV-vectors; see text. The factors ofCs = 1( Co = 1
3 )

must be included for color singlet (octet) vectors. Due to lack of space we display for model IX results only for leading

complex parameters (the undisplayed leading real terms are the same as for model VIII).

The coefÞcients! s,d,K,D are collected in Table VIII. In models V, VIII and IX several vector Þelds mediate

mixing and we indicate their separate contributions. This requires we distinguish among their masses , with

M V then denoting their average mass in the deÞning formulae (C9)-(C11) for! i .

Models with
dRdR only

Models with
uRuR only

Models with
dRuR only

!1st contribution 
at 1#loop"
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Case
! L

! s,d /C s,o ! K /C s,o ! D /C s,o

Is,o
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ødR (/V YD ! U Y  

D )dR +
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ødR (/V YD ! U ! D Y  
D )dR + h.c.
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s,d y2

b(" 1 + " 2y2
b)2 y2

dy2
s (" 1 + " 2y2

b)2 0
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U )uR +

�
" 2 øuR (/V YU ! U ! D Y  

U )uR + h.c.
�

0 0 y2
u y2

c (" 1 + " 2y2
c )2
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" 1 øQL (/V ! U )QL + " !
1

øQL (/V ! D )QL +
�
" 2 øQL (/V ! U ! D )QL + h.c.

�

�
" 1 + " 2y2

b)2 " 2
1 " !

1
2

IV s,o

" 0 øQL /V Q L + " 1 øQL (/V ! U )QL + " !
1

øQL (/V ! D )QL +
�
" 2 øQL (/V ! U ! D )QL + h.c.

�

�
" 1 + " 2y2

b)2 + ! CC " 2
1 + ! CC " !2

1 + ! CC
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" 1
ødR /V dR +

�
" 2

ødR /V
�
YD ! U Y  

D

�
dR + h.c.

�
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YD ! U Y  

D

�
/V
�
YD ! U Y  

D

�
dR

y2
s,d y2

b

�
! 2

2
4r 2

3
+ ( ! 2 " 2! !

2 ) 2

12r 2
8

+ ! 1 ! 3
r 2

6 , 4

�
y2

dy2
s

�
( ! 2 " ! !

2 ) 2

4r 2
3

+ ( ! 2 + ! !
2 ) 2

12r 2
8

+ ! 1 ! 3
r 2

1

�
0

VI s,o

" 1 øuR /V u R +
�
" 2 øuR /V

�
YU ! D Y  

U

�
uR + h.c.

�
+ " 3 øuR

�
YU ! D Y  

U

�
/V
�
YU ! D Y  

U

�
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0 0 y2
u y2

c

�
( ! !

2 " ! 2 ) 2

4r 2
3

+ ( ! 2 + ! !
2 ) 2

12r 2
8

+ ! 1 ! 3
r 2

1

�

VII s,o

" 1
ødR /V u R + " 2

ødR (YD ! U Y  
D )/V u R + h.c.

! CC ! CC ! CC

VIII s,o

" 1 øQL /V Q L + [ " 2 øQL ! U /V Q L + " !
2

øQL ! D /V Q L + h.c.] + " 3 øQL ! U /V ! U QL + " !
3

øQL ! D /V ! D QL

! ! 2
2

4r 2
3

+ ( ! !
2 " 2! 2 ) 2

12r 2
8

+ ! 1 ! 3
r 2

6 , 4

( ! !
2 " ! 2 ) 2

4r 2
3

+ ( ! 2 + ! !
2 ) 2

12r 2
8

+ ! 1 ! 3
r 2

1

( ! "
2 " ! "

2
! ) 2

4r 2
3

+ ( ! "
2 + ! "

2
! ) 2

12r 2
8

+ ! 1 ! "
3

r 2
1

IX s,o

" 1 øQL /V Q L + [ " 2 øQL ! U /V Q L + " !
2

øQL ! D /V Q L + h.c.] + á á á

! ! 2
2

4r 2
3

+ ( ! !
2 " 2! 2 ) 2

12r 2
8

+ ! CC
(! !

2 " ! 2 ) 2

4r 2
3

+ ( ! 2 + ! !
2 ) 2

12r 2
8

+ ! CC
(! "

2 " ! "
2

! ) 2

4r 2
3

+ ( ! "
2 + ! "

2
! ) 2

12r 2
8

+ ! CC

TABLE VIII: The part of interaction Lagrangian! L relevant for meson mixing amplitudes and coefÞcients! i in

(C9)-(C11) for each of the models I-IX. We use the abbreviations! U = Y  
U YU , ! D = Y  

D YD andr i = mVi /m V for

the ratios of vector meson masses in the ßavor multiplet to the average vector meson massmV , while ! CC stands for a

1-loop contribution, a box diagram, from exchange of charged MFV-vectors; see text. The factors ofCs = 1( Co = 1
3 )

must be included for color singlet (octet) vectors. Due to lack of space we display for model IX results only for leading

complex parameters (the undisplayed leading real terms are the same as for model VIII).

The coefÞcients! s,d,K,D are collected in Table VIII. In models V, VIII and IX several vector Þelds mediate

mixing and we indicate their separate contributions. This requires we distinguish among their masses , with

M V then denoting their average mass in the deÞning formulae (C9)-(C11) for! i .
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Case
! L

! s,d /C s,o ! K /C s,o ! D /C s,o

Is,o
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ødR (/V YD ! U Y  

D )dR +
�
" 2

ødR (/V YD ! U ! D Y  
D )dR + h.c.

�

y2
s,d y2

b(" 1 + " 2y2
b)2 y2

dy2
s (" 1 + " 2y2

b)2 0

II s,o

" 1 øuR (/V YU ! D Y  
U )uR +

�
" 2 øuR (/V YU ! U ! D Y  

U )uR + h.c.
�

0 0 y2
u y2

c (" 1 + " 2y2
c )2

III s,o

" 1 øQL (/V ! U )QL + " !
1

øQL (/V ! D )QL +
�
" 2 øQL (/V ! U ! D )QL + h.c.

�

�
" 1 + " 2y2

b)2 " 2
1 " !

1
2

IV s,o

" 0 øQL /V Q L + " 1 øQL (/V ! U )QL + " !
1

øQL (/V ! D )QL +
�
" 2 øQL (/V ! U ! D )QL + h.c.

�

�
" 1 + " 2y2

b)2 + ! CC " 2
1 + ! CC " !2

1 + ! CC
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" 1
ødR /V dR +

�
" 2

ødR /V
�
YD ! U Y  

D
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dR + h.c.
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ødR
�
YD ! U Y  

D

�
/V
�
YD ! U Y  

D

�
dR
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s,d y2

b
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2
4r 2
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+ ( ! 2 " 2! !

2 ) 2

12r 2
8

+ ! 1 ! 3
r 2

6 , 4

�
y2
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s

�
( ! 2 " ! !

2 ) 2

4r 2
3

+ ( ! 2 + ! !
2 ) 2

12r 2
8

+ ! 1 ! 3
r 2

1

�
0

VI s,o

" 1 øuR /V u R +
�
" 2 øuR /V

�
YU ! D Y  

U

�
uR + h.c.

�
+ " 3 øuR

�
YU ! D Y  

U

�
/V
�
YU ! D Y  

U

�
uR

0 0 y2
u y2

c

�
( ! !

2 " ! 2 ) 2

4r 2
3

+ ( ! 2 + ! !
2 ) 2

12r 2
8

+ ! 1 ! 3
r 2

1

�

VII s,o

" 1
ødR /V u R + " 2

ødR (YD ! U Y  
D )/V u R + h.c.

! CC ! CC ! CC

VIII s,o

" 1 øQL /V Q L + [ " 2 øQL ! U /V Q L + " !
2

øQL ! D /V Q L + h.c.] + " 3 øQL ! U /V ! U QL + " !
3

øQL ! D /V ! D QL

! ! 2
2

4r 2
3

+ ( ! !
2 " 2! 2 ) 2

12r 2
8

+ ! 1 ! 3
r 2

6 , 4

( ! !
2 " ! 2 ) 2

4r 2
3

+ ( ! 2 + ! !
2 ) 2

12r 2
8

+ ! 1 ! 3
r 2

1

( ! "
2 " ! "

2
! ) 2

4r 2
3

+ ( ! "
2 + ! "

2
! ) 2

12r 2
8

+ ! 1 ! "
3

r 2
1

IX s,o

" 1 øQL /V Q L + [ " 2 øQL ! U /V Q L + " !
2

øQL ! D /V Q L + h.c.] + á á á

! ! 2
2

4r 2
3

+ ( ! !
2 " 2! 2 ) 2

12r 2
8

+ ! CC
(! !

2 " ! 2 ) 2

4r 2
3

+ ( ! 2 + ! !
2 ) 2

12r 2
8

+ ! CC
(! "

2 " ! "
2

! ) 2

4r 2
3

+ ( ! "
2 + ! "

2
! ) 2

12r 2
8

+ ! CC

TABLE VIII: The part of interaction Lagrangian! L relevant for meson mixing amplitudes and coefÞcients! i in

(C9)-(C11) for each of the models I-IX. We use the abbreviations! U = Y  
U YU , ! D = Y  

D YD andr i = mVi /m V for

the ratios of vector meson masses in the ßavor multiplet to the average vector meson massmV , while ! CC stands for a

1-loop contribution, a box diagram, from exchange of charged MFV-vectors; see text. The factors ofCs = 1( Co = 1
3 )

must be included for color singlet (octet) vectors. Due to lack of space we display for model IX results only for leading

complex parameters (the undisplayed leading real terms are the same as for model VIII).

The coefÞcients! s,d,K,D are collected in Table VIII. In models V, VIII and IX several vector Þelds mediate

mixing and we indicate their separate contributions. This requires we distinguish among their masses , with

M V then denoting their average mass in the deÞning formulae (C9)-(C11) for! i .
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Case
! L

! s,d /C s,o ! K /C s,o ! D /C s,o
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D )/V u R + h.c.
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2
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3
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+ ( ! !
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TABLE VIII: The part of interaction Lagrangian! L relevant for meson mixing amplitudes and coefÞcients! i in

(C9)-(C11) for each of the models I-IX. We use the abbreviations! U = Y  
U YU , ! D = Y  

D YD andr i = mVi /m V for

the ratios of vector meson masses in the ßavor multiplet to the average vector meson massmV , while ! CC stands for a

1-loop contribution, a box diagram, from exchange of charged MFV-vectors; see text. The factors ofCs = 1( Co = 1
3 )

must be included for color singlet (octet) vectors. Due to lack of space we display for model IX results only for leading

complex parameters (the undisplayed leading real terms are the same as for model VIII).

The coefÞcients! s,d,K,D are collected in Table VIII. In models V, VIII and IX several vector Þelds mediate

mixing and we indicate their separate contributions. This requires we distinguish among their masses , with

M V then denoting their average mass in the deÞning formulae (C9)-(C11) for! i .

Complex 
universal 

phase
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Comments !summary for vector#Þeld models":

• Universal models: IIIs,o, IV s,o, VIII s,o, IX s,o :
• hd ≈ hs, so to account for both as NP e&ects need high hd and low hs

• hs easily accommodated, with  (ηi /0.1)(1 TeV/ MV) ≈ 1
• models VIII s,o, IX s,o  additional ßavor MV dependence can give hd !#  hs.

• Yukawa#suppressed models:
• I s,o, Vs,o :   ys2 #suppressed
• to account for NP need MV��!#100 GeV, ηi ~ 1, yb ~ 1
• predict negligible hd  ≈ (ys /ys)2 hs.

• X 3,6 :  ys #suppressed
• hs easily accommodated, with  (ηi /1)(1 TeV/ MV) ~ 1

(new operators contribute, enahced)
• predict small but non-negligible hd  ≈ (yd /ys) hs

• Loop#only models, VIIs,o, XI 3,6 :
• hd ≈ hs, because of MFV assumption
• contribution to hs can carry new weak phase

• Explain AFB and B mixing anomalies at the same time?
• If any on! speciÞc model is to Þt both !with mixing from tree level" need

couplings to both t#quarks and d,s,b#quarks
• select models that couple to doublet QL and dR or QL again: III, IV,  VII, VIII, IX, X
• X contributes negatively to AFB

• others, as you saw, are OK !better with this yearÕs data"
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Story with scalars models similar: 

but no time today
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Spin#0, spin#1 ... why not spin#2??
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Massive Spin-2 NP E! ective theory of Massive Spin-2 Particles

Massive Spin-2 States
Complex massive spin-2 particles (hµν) could arise
from many di! erent contexts: resonance of QCD,
KK modes of graviton, or a four-dimensional theory
of massive gravity.
hµν propagate 5 degrees of freedom. The
propagator is of the form

�hµνhα! � =
i

k2 − M2

�
! µα ! νβ

2
+

! µβ ! να

2
−

! µν ! αβ

3

�

! µν = ! µν −
kµkν
M2

Patipan Uttayarat (UCSD) tøt Forward-Backward Asymmetry UCSD Seminar 13 / 34a few slides stolen from P. Uttayarat  NOTE: this is not MFV!!
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Massive Spin-2 NP E! ective theory of Massive Spin-2 Particles

Coupling to Fermions

hµ! couple to the Óenergy-momentumÓ tensor.
We will concentrate on implication of massive spin-2
states onAtøt

FB .
Dimension 4 couplingλijhµ

µøqiqj
� i , j are ßavor indices. Other indices are suppressed.
� Similar e! ect to color-singlet scalar exchange which has

been much studied in the literature.
� Flavor violating coupling to top quark is constrained to

be small from same sign top production at LHC.
� We will ignore this coupling in the rest of the talk.

Patipan Uttayarat (UCSD) tøt Forward-Backward Asymmetry UCSD Seminar 14 / 34
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Massive Spin-2 NP Effective theory of Massive Spin-2 Particles

Dimension 5 Coupling
We will focus on couplings between u and t pair
which are the most relevant ones for Atøt

FB,
L5

i

4f
gL

ut t̄L(!
µ" ! + ! ! " µ)uLhµ!

+
i

4f
gL

ut ("
µt̄L! ! + " ! t̄L! µ)uLhµ! + h.c.

+ (u ! t) + (L ! R)

We will ignore diagonal coupling, ie. take gL(R)
uu to

be small.
Patipan Uttayarat (UCSD) tøt Forward-Backward Asymmetry UCSD Seminar 15 / 34
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Massive Spin-2 NP tøt Phenomenology with Massive Spin-2

Flavor Constraint
SU(2)L relatesgL

db = gL
ut

which is constrained by
Bd-Bd mixing.

b

ød øb

d

h

This diagram contribute to the 4-quark operator of
the form (ødLγµbL)( ødLγµbL). Dimensional analysis
yeilds

gL
utg

L!
tu

f 2

m2
b

M2.

It is suppressed by the smallness of bothgtu (as in
the same-sign top case) and the ratiomb/ M.
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Massive Spin-2 NP tøt Phenomenology with Massive Spin-2

AFB rises withMt t̄ (pre-Moriond 2012)

|gR
ut |/ f = 2.36(TeV)! 1, M = 350 GeV

A
tø t F
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Massive Spin-2 NP tøt Phenomenology with Massive Spin-2

tøt di! erential cross-section

|gR
ut |/ f = 2.36(TeV)! 1, M = 350 GeV

d!
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ø t
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Massive Spin-2 NP tøt Phenomenology with Massive Spin-2

AFB post-Moriond 2012

gR
ut/f = 1 .1 TeV−1, M = 200 GeV

C. Murphy
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Massive Spin-2 NP tøt Phenomenology with Massive Spin-2

LargeAFB in high mass bin
gR

uu = gR
tt = gR

ut/10 = 3gR
tu

M [GeV]

! ! g
R u
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Allowed parameters conÞdence regions: 1σ !green" and 2σ !yellow"
Regions disfavored by constraints from same#sign top!blue", EWPD! red", 
!width of the top constraint is under the blue for this set of parameters"
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Brief Summary

• Producing large AFB  typically requires large ßavor non#universal couplings

• Simple rationale for naturally evading of FCNC constraints: ßavor symmetry

• Constructed all possible !e&ective" theories of spin#0 or #1 ßavor symmetric
Þelds with ßavor breaking dictated by MFV

• Bottom line: 

! no model does perfectly in Þtting AFB and total cross section/spectrum

! some models also accommodate mixing anomalies, but typically  are
ßavor universal !hd ≈ hs"

• Model of spin#2 have inherently stronger dependence on kinematic variables

! Can Þt very well even very large asymmetries

! Need to incorporate ßavor coherently into such models

The End
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As the last speaker...

On behalf of all the participants

Our deepest gratitude to 
 

Giulia Ricciardi
Crisostomo Sciacca

Guglielmo De Nardo
Mario Merola

 

for organizing a wonderful, successful workshop
in such a beautiful setting

(and for inviting us!)



FB asymmetry in the SM

• In QCD Þrst arises at order αs3:

! Interference of ISR with FSR 
LO for ttbar+jet 
negative contribution to ttbar+1 jet

! Interference of box diagrams with Born 
!+soft" 
positive contribution to ttbar !no jet"

! Flavor excitation !qg channel" much 
smaller

! Color factor (dabc)2: pair in color singlet

! Loop contribution larger than tree level: 
top quarks are preferentia"y emitted in th! 
direction of the incoming quar#
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EW corrections
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QED: same diagrams as QCD replacing a gluon by a photon
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QCD to QED relative factor:

Counting quarks !ignoring PDFs, which only slightly modify this":
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weak !Z boson" correction
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weak !Z boson" to QCD relative correction factor
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• Strong cancellation between up and down quark contributions

• Weak Sudakov logs $Manohar, Trott%: at most 0.02-0.03


