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Origin of this structure?
    
Other dimensionless parameters of the SM:   

gs ≈1,  g ≈ 0.6,  g’ ≈ 0.3,  λHiggs ≈ 1,  

The SM flavor puzzle

YU ≈




6 · 10−6 −0.001 0.008 + 0.004i
1 · 10−6 0.004 −0.04 + 0.001

8 · 10−9 + 2 · 10−8i 0.0002 0.98





YD ≈ diag
�
2 · 10−5 0.0005 0.02

�

|θ| < 10−9



Operator Bounds on Λ in TeV (cij = 1) Bounds on cij (Λ = 1 TeV) Observables

Re Im Re Im

(s̄LγµdL)2 9.8× 102 1.6× 104 9.0× 10−7 3.4× 10−9 ∆mK ; �K
(s̄R dL)(s̄LdR) 1.8× 104 3.2× 105 6.9× 10−9 2.6× 10−11 ∆mK ; �K
(c̄LγµuL)

2 1.2× 103 2.9× 103 5.6× 10−7 1.0× 10−7 ∆mD; |q/p|,φD

(c̄R uL)(c̄LuR) 6.2× 103 1.5× 104 5.7× 10−8 1.1× 10−8 ∆mD; |q/p|,φD

(b̄LγµdL)2 5.1× 102 9.3× 102 3.3× 10−6 1.0× 10−6 ∆mBd ; SψKS

(b̄R dL)(b̄LdR) 1.9× 103 3.6× 103 5.6× 10−7 1.7× 10−7 ∆mBd ; SψKS

(b̄LγµsL)2 1.1× 102 7.6× 10−5 ∆mBs

(b̄R sL)(b̄LsR) 3.7× 102 1.3× 10−5 ∆mBs

UTfit 08, Isidori, Perez, Nir ‘10
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Very strong suppression! New flavor violation
must either approximately (exactly?) follow SM 
pattern… 
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… or exist only at very high scales (102  - 105 TeV) 
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YU ≈




6 · 10−6 −0.001 0.008 + 0.004i
1 · 10−6 0.004 −0.04 + 0.001

8 · 10−9 + 2 · 10−8i 0.0002 0.98





YD ≈ diag
�
2 · 10−5 0.0005 0.02

�



If                 , then the      don’t look crazy.

Log(SM flavor puzzle)

Y = e−∆ ∆

− log |YD| ≈ diag (11 8 4)

− log |YU | ≈




12 7 5
14 6 3
18 9 0
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strong dynamics

Froggatt-Nielsen

Hierarchy => hierarchical
masses & mixing angles{
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Figure 1.4: Simple Froggatt-Nielsen diagram.

1.4). Note that the messengers must have appropriate Standard Model and family

symmetry charge assignments - namely, it is relevant to consider the placement of

the H insertion (as it carries SU(2)L charge) and likewise φ will carry family charge.

Consider specifically the generation of Md
23 in eq.(1.15): it can proceed precisely

through a simple Froggatt-Nielsen diagram with just one flavon insertion, with d2

and dc
3 as the external fields. If the ordering of H and φ are as displayed in figure

1.4, then A must have U(1)f charge +1 (and respectively, Ā has −1).

When the messengers are integrated out, the superpotential term respective to

figure 1.4 becomes:

P =
〈φ〉
MA

ψψc〈H〉 = mψψψc (1.16)

The effective mass is mψ ≡ 〈φ〉
MA

〈H〉.

A more general diagram is displayed in figure 1.5, featuring more than one super-

heavy mass insertion (Ā and A, B̄ and B, C̄ and C with mass terms MAĀA, MBB̄B,

MCC̄C respectively).

The generalisation is simple, but one should note again that the charges of the

messengers must be such that the diagram is allowed. In order to consider another

specific case, consider for simplicity the following U(1)f charge assignments: φ1 has

family charge −1, φ2 has −2 and φ3 has +3, with all other non-messenger fields neutral

(note this is not the toy model discussed in subsection 1.3.2). With the ordering of

21

Hierarchy => hierarchical
masses & mixing angles{
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Example: MSSM is MFV before susy breaking. 
If flavor is generated well above messenger 
scale, TeV theory flavor trivial (= MFV).

10 CHAPTER 2. THE STANDARD MODEL AND ITS SUSY EXTENSION

In this case, the integral of the D component is invariant. The component vµ(x)
will act as a gauge field, and the neutral fermion λ is known as gaugino. A
composite term that transforms like a vector superfield is given by

Φ∗ exp (2gAV
a
AT

a
A)Φ (2.18)

where we have generalized to an arbitrary semisimple gauge group with gauge
couplings gA and generators T a

A. Furthermore it is useful to define the chiral
spinor fields

2gAT
a
AW

a
A =

1

4
D̄D̄ exp (−2gAT

a
AV

a
A)D exp (2gAT

a
AV

a
A) (2.19)

where now

W a
A(θ, y) = λa

A(y) +
(
Da

A(y)−
i

2
σµσ̄νvaAµν

)
θ + iθθσµ∂µλ̄

a
A(y). (2.20)

The most general gauge and supersymmetry invariant action is then given via

S =
∫

d4x
(
d2θd2θ̄Φ∗

i exp (2gAT
a
AV

a
A)Φi +

{
d2θ

[
W({Φi}) +

1

4
W a

AW
a
A

]
+ h.c.

})
.

(2.21)
We remark that the D and F component fields are auxiliary since they do not
have a kinetic term, so they can be eliminated in favor of polynomials in the
scalar fields φ by the equations of motion. Before doing this, in order to interpret
the terms in (2.21), we spell them out in terms of component fields. First,

∫
d2θd2θ̄Φ∗

i exp (2gAT
a
AV

a
A)Φi =

∑

i

|Dµφi|2 + iψiσ
µDµψi − g

√
2
(
φ∗
iT

a
Aλ

a
Aψi + λ̄a

AψiT
a
Aφi

)

+F ∗
i Fi + gAD

a
Ad

a
A (2.22)

where
daA = φ∗

iT
a
Aφi (2.23)

Thus this term describes gauge kinetic terms for the scalars and fermions of
the chiral multiplets. Furthermore, it contains a coupling between a fermion, a
sfermion and a gaugino. There is also a contribution to the scalar potential.

The superpotential term gives Yukawa couplings between fermions and sfermions
as well as another contribution to the scalar potential:

∫
d2θW({Φi})

∣∣∣∣
θθ

= −Yij({φi})ψiψj + Fifi (2.24)

where

Yij({φi}) =
∂2W

∂Φi∂Φj
({φi}), (2.25)

fi =
∂W
∂Φi

({φi}). (2.26)
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only trace left: MFV



Remark on Supersymmetry
1st-2nd gen’ squarks and gluinos?

• “Light” squarks and 
gluinos constrained to 
be > 800-1000 GeV 
from jets+MET 
searches with 1fb-1

• >500-600 GeV from 
lower lumi (35-200pb-1) 
in other channels (jets
+leptons)

EPS-HEP 2011, Grenoble Anyes Taffard  - Overview SUSY Searches With ATLAS 9 

Jets+ET
miss Search Interpretation 

Best expected signal region per model point is chosen 
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1st & 2nd gen. squark 
and gluino must be heavy

still want natural Susy: 
light stops

Papucci&AW, in progress

Squark spectrum split: 
not MFV & expect effects 
in 3rd gen. flavor!

t̃

q̃1,2 g̃



A particular class of models:
partial compositeness
(geometric alignment vs. MFV)



Weak scale is unstable

LHiggs = Λ2
H

2 + . . .

elementary scalar Higgs

✘



π

ρ, . . .

π
π → π + α

mass protected by global symmetry

Inspiration by QCD



global QCD symmetry!

π

Potential tilted:
due to quark masses
and gauging of EM

GB → pGB

ρ, . . .

π

Inspired by QCD

m2
π± ≈

αem

4π
Λ2

QCD

Fermions get masses by 
coupling to this new sector

MFV or not MFV?



Old Flavor problem of composite Higgs

     can not be too 
large, because want 
top mass

Λ = O(TeV)

DH=�ψ̄ψ� ≈ 3

1

ΛDH−1
yij ψ̄iHψj +

1

Λ2
cijkl ψ̄iψjψ̄kψl

Λ

Higgs as bound state, naively 
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1

ΛDH−1
yij ψ̄iHψj +

1

Λ2
cijkl ψ̄iψjψ̄kψl

     must be very large 
because this leads to 
FCNCs

K
0 − K̄

0

Λ > 105 TeV✘

ΛΛ

Higgs as bound state, naively 



Two ways of giving mass to fermions… 

Bi-linear (like SM):

Linear :

L = yfLOR + yRfROL + mOLOR, OR ∼ (3, 2) 1
6

L = yfLOHfR, OH ∼ (1, 2) 1
2

D.B. Kaplan ’91

Generating fermion masses 

similar to the SM

flavor blind 
couplings to the 
strong sector 
possible

!

 Flavor originates 
somewhere else

If high scale ⇒ MFV

qi

qj

H

qi

qj

H

Two possibilities:

∝
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Y*

Quarks & Leptons mix with
strong sector 

mass      compositeness



|SM� = cos φ|elem.� + sinφ|comp.�

|heavy� = − sin φ|elem.�+ cos φ|comp.�

Partial compositeness

Composites are heavy (                  ).

Light quarks have very little composite admixture.

mρ ≈ TeV



 

strong sector elementary fields

Higgs&EWSB
top
resonances

u, d, c, s, b, Aµ

ρµ

g∗, mρ 1 <∼ g∗ <∼ 4π

mixing ∝mass

Kaplan; Contino, 
Kramer, Son, Sundrum
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RGE of the mixing  UV            IR
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Contino, et al
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u,d,c,s,bR tR, QL

Higgs

0 5 10 15 20 25 30 35

KK modes

F(tR)

F(QL)

UV IR

Degree of compositeness: sin φ = F (c) ∼
�

TeV
Mpl

�c− 1
2

RGE of the mixing  UV            IR
Contino, Pomarol;
Contino, et al



Resonance production (option 1)

high pT

u

u

∼ g2∗ sin
2 θuR

sup

sup

ρ

strongly suppressed for 
light quarks!



Resonance production (option 2)

high pT

u

u

ρgluon

similar to             mixingγ − ρ

∼ gs
g∗

NB,  gluon-rho-rho = 0



Resonance decay

high pT

decays dominantly
into 3rd generation!
(tt, bt, bb)

t , b

t , b

ρ

Agashe et al,  Lillie et al
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We investigate the direct and indirect bounds on dipole operators involving the top quark. A

careful analysis shows that the experimental upper limit on the neutron electric dipole moment

strongly constrains the chromo-electric dipole of the top. We improve previous bounds by two

orders of magnitude. This has significant implications for new physics models and it also means

that CP violation in top pair production mediated by dipole operators will not be accessible at the

LHC. The CP conserving chromo-magnetic dipole moments are constrained by recent measurements

of the tt̄ spectrum by the ATLAS collaboration. We also update the indirect constraints on electric

and magnetic dipole moments from radiative b → s transitions, finding that they can be considerably

larger than their colored counterparts.

Introduction

In many scenarios the top quark provides a preferred

window on physics beyond the Standard Model (SM),

given its large coupling to the physics responsible for the

Electro-Weak Symmetry Breaking (EWSB). Top quarks

will be copiously produced at the LHC - the current

rate is of the order of fifteen tops per minute. While

the top quark has been studied in some detail at the

Tevatron, many of its properties besides the mass, spin

and the color and electric charges are still poorly con-

strained. Significant new insights on top quark properties

will therefore be one of the tasks of the LHC.

A fascinating possibility is that the top quark shows de-

viations from its behavior predicted by the SM. The lead-

ing contributions are encoded in the (chromo)-electric

and (chromo)-magnetic dipole moments, (C)EDM and

(C)MDM in the following.

A particularly interesting scenario is realized if some

of the quarks are partially or fully composite [1]. The

top, being the most massive quark, is the most natural

candidate, as the mass and the amount of compositeness

are often related, see e.g. [2]. If the compositeness scale

is in its natural range, large CMDM and CEDM are ex-

pected [3].

Supersymmetric models on the other hand, can also

lead to enhanced dipole moments of the top. This hap-

pens if the supersymmetric partners of the top are not

too heavy, which is a requirement of naturalness and pos-

sibly electro-weak baryogenesis, see e.g. [4]. The pres-

ence of sizable flavor-blind phases accessible to the third-

generation quarks can also explain the recent hints of CP

violation in Bs mixing in the context of Minimal Flavor

Violation [5].

We leave the implications of our results for specific

scenarios to future work. In this Letter we investigate

the direct and indirect constraints on dipole operators

involving the top quark in a model independent way. In

particular we will critically reanalyze the phenomenolog-

ically relevant question whether CP violation in top pair

production can be mediated by dipole operators at a level

accessible for the LHC.

As it is well known, dipole moments before EWSB are

encoded in dimension-6 operators

�
cLR,c gsQ̄H σµν

T
a
U + h.c.

�
G

a
µν ,�

cLR,w g Q̄ τaHσµν
U + h.c.

�
W

a
µν ,�

cLR,y g
�
Q̄H σµν

U + h.c.
�
Bµν , (1)

with dimensional couplings ci ∼ 1/Λ2
i . In particular,

Im (cLR,i) �= 0 would signal CP violation.

In the following, we will employ a phenomenological

Hamiltonian which can be easily translated to the more

physical SU(2)× U(1) gauge invariant basis in Eq. (1),

Heff = −1

2
ψ̄q

�
(Fµνσ

µν
)(µq + iγ5dq)

+gs (G
a
µνt

aσµν
)(µ̃q + iγ5d̃q)

�
ψq

− 1

6
wf

abcεµνλρ Ga
µσG

bσ
ν G

c
λρ , (2)

where q = u, d, s, c, b, t and ε0123 = 1. We denote dq and

d̃q as the EDM and the CEDM of the quark q, while

µq and µ̃q are the corresponding MDM and CMDM. We

have included the CP violating Weinberg operator [6],

which will be crucial later. Correspondingly, we have

omitted the terms involving the charged gauge bosons,

since they will not play an important role in the following

and have been already investigated elsewhere [7].

Indirect constraints

We first consider the present indirect constraints on

the top CEDM d̃t. The operators in Eq. (2) run

1/Λ2

anomalous top couplings to  

gluon

W, Z, photon
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in QCD, using the known partonic cross-section formu-
lae [22] convolved with MSTW2008 PDFs [28] . We
normalize our SM values to approximate NNLO re-
sults [27, 31, 33] including theoretical uncertainties. Ad-
ditionally we have checked the residual theoretical un-
certainty in the relative NP contributions by varying the
factorization and renormalization scales and finding neg-
ligible differences. We compare these estimates of the in-
clusive and high mtt̄ cross-sections with the correspond-
ing measurements both at the Tevatron and the LHC in
Fig. 2.

We observe that the new ATLAS result on the high
mtt̄ region at the LHC sizably shrinks the allowed region
in the (µ̃t, d̃t) plane relative to previous results [23] or
compared to using only Tevatron data. Marginalizing
over the CEDM values, we obtain a new best bound on
the top CMDM of

|µ̃t|mt < 0.05 (95%C.L.) . (18)

The CEDM of the top is constrained to

|d̃t|mt < 0.16 (95%C.L.) , (19)

or |d̃t| < 1.9 · 10−17 cm, which is almost two orders of
magnitude weaker than our new indirect bound (6). A
remark on the consistency of our EFT expansion is in
order here. The CP violating CEDM does not interfere
with the SM and its contribution to the cross section
starts at ∼ 1/Λ4, and not at ∼ 1/Λ2 as the CP conserving
CMDM. It is therefore of the same order as interfering
dimension eight operators, which in principle should have
been included. Fortunately the far dominant constraint
arises from indirect observables and we can safely ignore
this issue.

The bounds can be expressed in terms of the gauge-
invariant basis of Eq. (1). The minimum scale for new
physics contributing to the gluonic dipole moments has
to be

ReΛdirect
LR,c > 1.1 TeV

ImΛdirect
LR,c > 0.62 TeV

ImΛneutron
LR,c > 5.5 TeV

where we have separated the minimum scale for real and
imaginary contributions.

Let us now consider the prospects of probing a CEDM
at the LHC as small as required by the indirect bound (6).
In [35], it was estimated that a 5σ detection for a value
of d̃tmt = 0.05 requires 10 fb−1. We see that we would
therefore need at least O(1 ab−1) luminosity to detect CP
violation at 5σ from a top CEDM. This is likely beyond
current LHC capabilities, unless further collider studies
can improve the reach.

Conclusions

In this Letter we have investigated the constraints on
dipole operators involving the top quark. The neutron
EDM imposes a stringent bound on the top CEDM. We
have also derived a direct bound on the CMDM of the top
from the invariant mass distribution in tt̄ events at the
LHC. These two bounds have significant implications for
models of top compositeness and supersymmetric models
with light stops which we will address in an upcoming
paper. Finally, we have updated the constraints on the
EDM/MDM of the top coming from b → s transitions
with the most recent data.
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in QCD, using the known partonic cross-section formu-
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normalize our SM values to approximate NNLO re-
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certainty in the relative NP contributions by varying the
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compared to using only Tevatron data. Marginalizing
over the CEDM values, we obtain a new best bound on
the top CMDM of
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The CEDM of the top is constrained to
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or |d̃t| < 1.9 · 10−17 cm, which is almost two orders of
magnitude weaker than our new indirect bound (6). A
remark on the consistency of our EFT expansion is in
order here. The CP violating CEDM does not interfere
with the SM and its contribution to the cross section
starts at ∼ 1/Λ4, and not at ∼ 1/Λ2 as the CP conserving
CMDM. It is therefore of the same order as interfering
dimension eight operators, which in principle should have
been included. Fortunately the far dominant constraint
arises from indirect observables and we can safely ignore
this issue.

The bounds can be expressed in terms of the gauge-
invariant basis of Eq. (1). The minimum scale for new
physics contributing to the gluonic dipole moments has
to be

ReΛdirect
LR,c > 1.1 TeV

ImΛdirect
LR,c > 0.62 TeV

ImΛneutron
LR,c > 5.5 TeV

where we have separated the minimum scale for real and
imaginary contributions.

Let us now consider the prospects of probing a CEDM
at the LHC as small as required by the indirect bound (6).
In [35], it was estimated that a 5σ detection for a value
of d̃tmt = 0.05 requires 10 fb−1. We see that we would
therefore need at least O(1 ab−1) luminosity to detect CP
violation at 5σ from a top CEDM. This is likely beyond
current LHC capabilities, unless further collider studies
can improve the reach.

Conclusions

In this Letter we have investigated the constraints on
dipole operators involving the top quark. The neutron
EDM imposes a stringent bound on the top CEDM. We
have also derived a direct bound on the CMDM of the top
from the invariant mass distribution in tt̄ events at the
LHC. These two bounds have significant implications for
models of top compositeness and supersymmetric models
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Conclusions & Outlook
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