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Why ßavor matters in the LHC era?

• Directly relates to two outstanding HEP issues: SM & NP flavor 
puzzles

• Indirectly probes NP scales up to 105 TeV through virtual effects

• Can help shed light / constrain the nature of the EWSB & the 
Higgs sector

• Can help reduce fine-tuning in models addressing the EW 
hierarchy in light of null LHC NP search results

• In case of observed deviations from SM, can point towards 
experimental targets both at high-pT and at other venues
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SM phenomenologically very successful

Most likely just (experimentally accessible) effective theory
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Twofold role of flavor physics

(1) Indirect probe of BSM physics beyond direct reach
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Flavor Constraints on New Physics 3
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Fig. 1. Result of the SM CKM Þt projected onto the ø ρ ! øη plane, as obtained by the UTFit
(left) 1 and CKMÞtter (right) 2 collaborations. Shown shaded are the 95% C.L. regions selected by
the given observables.

In order to interpret results of experimental measurements involving hadronic

initial and final states, a final step needs to involve non-perturbative matching to an

effective description involving QCD bound states Leff
weak → Leff(! , N, K, D, B, . . . ) ,

i.e. the computation of hadronic �Qi � matrix elements. It has predominantly been

due to the tremendous improvements in lattice QCD approaches to such calculations

that propelled the field into the era of precision flavor constraints (for discussion on

recent progress see Ref. 5).

Given the multitude of complementary experimental results over-constraining

the SM quark flavor sector, it has become possible to complete the above sketched

program even in presence of new sources of SM flavor symmetry breaking, i.e. flavor

changing transitions among SM quarks mediated by new heavy degrees of freedom

with masses mNP ! v and described by a Lagrangian LBSM . At scales µ below

the new particle thresholds but above the EW breaking scale (v < µ < m NP ), any

such effects can be described in complete generality in terms of local operators (Qi )

involving only SM fields6 via the matching procedurea

LBSM → L! SM +

!

i, (d> 4)

Q(d)
i

Λd−4 , (4)

where d is the canonical operator dimension. Below the EW breaking scale, these

new contributions can lead to (a) shifts in the Wilson coefficients corresponding to

Qi present in Leff
weak already within the SM; (b) the appearance of new effective local

operators. In both cases, the resulting effects on the measured flavor observables can

be computed systematically. Given the overall good agreement of SM predictions

aA simple generalization of such matching applies even in presence of weakly coupled new light
(neutral) particles with masses well below the weak scale. 7
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Twofold role of flavor physics

(2) Test sources of flavor symmetries & their violation

Suggestive pattern of masses and mixings

Accidental? Dynamics? Symmetries?
S. Stone, 1212.6374
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Twofold role of flavor physics

(2) Test sources of flavor symmetries & their violation

In SM flavor only broken by Higgs interactions

Ve! = ! µ2! †! + " (! †! )2 + Y ij# i
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EW breaking Flavor breaking

BSM sources of flavor breaking may or may not be related to 
EW scale generation
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Example 1: MSSM 

New flavor sources from SUSY breaking  
- squark, slepton masses & trilinear terms

Radiative EWSB from flavor effects          
- Higgs mass term driven negative by top 
Yukawa RGE
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Figure 8.1: A contour map of the Higgs potential, for a typical case with tanβ ! " cotα ! 10.
The minimum of the potential is marked by +, and the contours are equally spaced equipotentials.
Oscillations along the shallow direction, with H 0

u/H 0
d ! 10, correspond to the mass eigenstateh0, while

the orthogonal steeper direction corresponds to the mass eigenstateH 0.

! (m2
h0) = h0

t

+ h0

÷t

+ h0

÷t

Figure 8.2: Contributions to the MSSM lightest Higgs mass from top-quark and top-squark one-loop
diagrams. Incomplete cancellation, due to soft supersymmetry breaking, leads to a large positive
correction to m2

h0 in the limit of heavy top squarks.

basis and with massesm!t1 , m!t2 much greater than the top quark massmt, one Þnds a large positive
one-loop radiative correction to eq. (8.1.20):

! (m2
h0) =

3
4π2 cos2α y2

t m2
t ln

"
m!t1m!t2 /m 2

t

#
. (8.1.24)

This shows that mh0 can exceed the LEP bounds.
An alternative way to understand the size of the radiative correction to the h0 mass is to consider

an e" ective theory in which the heavy top squarks and top quarkhave been integrated out. The quartic
Higgs couplings in the low-energy e" ective theory get large positive contributions from the the one-loop
diagrams of Þg. 8.3. This increases the steepness of the Higgs potential, and can be used to obtain the
same result for the enhancedh0 mass.

An interesting case, often referred to as the Òdecoupling limitÓ, occurs whenmA0 # mZ . Then
mh0 can saturate the upper bounds just mentioned, withm2

h0 ! m2
Z cos2(2β)+ loop corrections. The

particles A0, H 0, and H ± will be much heavier and nearly degenerate, forming an isospin doublet that
decouples from su# ciently low-energy experiments. The angle α is very nearly β " π/ 2, and h0 has the
same couplings to quarks and leptons and electroweak gauge bosons as would the physical Higgs boson
of the ordinary Standard Model without supersymmetry. Indeed, model-building experiences have
shown that it is not uncommon for h0 to behave in a way nearly indistinguishable from a Standard
Model-like Higgs boson, even ifmA0 is not too huge. However, it should be kept in mind that the

t ÷t÷t
÷t

Figure 8.3: Integrating out the top quark and top squarks yields large positive contributions to the
quartic Higgs coupling in the low-energy e" ective theory, especially from these one-loop diagrams.
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Example 2: composite pseudo-
Goldstone Higgs 

New flavor sources from partial compositeness                                        
- mixing with heavy vector-like fermions

Radiative EWSB from flavor effects                        
- Goldstone shift symmetry broken  by top 
Yukawa
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Twofold role of flavor physics

(2) Test sources of flavor symmetries & their violation

Global flavor symmetry of SM broken by Yukawas: 

A d
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On the Universality of CP Violation in ! F = 1 Processes

Oram Gedalia,1 Jernej F. Kamenik,2, 3 Zoltan Ligeti, 4 and Gilad Perez1, 5
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We show that new physics that breaks the left-handed SU(3)Q quark ßavor symmetry induces
contributions to CP violation in ! F = 1 processes which are approximately universal, in that
they are not a" ected by ßavor rotations between the up and the down mass bases. Therefore,
such ßavor violation cannot be aligned, and is constrained by the strongest bound from either
the up or the down sectors. We use this result to show that the bound from ��/ � prohibits an
SU(3)Q breaking explanation of the recent LHCb evidence for CP violation in D meson decays.
Another consequence of this universality is that supersymmetric alignment models with a moderate
mediation scale are consistent with the data, and are harder to probe via CP violating observables.
With current constraints, therefore, squarks need not be degenerate. However, future improvements
in the measurement of CP violation in D − D mixing will start to probe alignment models.

I. INTRODUCTION

Measurements of ßavor-changing neutral-current (FCNC) processes in the quark sector put strong constraints on
New Physics (NP) at the TeV scale and provide a crucial guide for model building. Generically, NP models can avoid
existing bounds by aligning the ßavor structure with one of the quark Yukawa matrices. However, new ßavor breaking
sources involving only theSU (2)L doublet quarks Qi (i.e., breaking only the SU (3)Q quark ßavor symmetry) cannot
be simultaneously diagonalized in both the up and the down quark mass bases, and new contributions to FCNCs
are necessarily generated. To constrain such models of ßavor alignment, processes involving both up and down type
quark transitions need to be measured. Consequently, one would na¬õvely conclude that robust constraints on the
corresponding microscopic ßavor structures come from theweakerof the bounds in the up and the down sectors.

Below we argue, however, that in a large class of models, contrary to ßavor violation in∆F = 2 processes [1], in
the case of∆F = 1 CP violation, it is the strongest of the up and down sector constraints which applies. We show
that in these scenarios, to a good approximation, the sources of∆F = 1 CP violation are universal, namely they do
not transform under ßavor rotations between the up and the down mass bases. This is particularly important for the
NP interpretation of the recent LHCb evidence for CP violation in D decays. Employing the�!/� constraint on new
CP violating ∆s = 1 operators, we exclude sizable contributions ofSU (3)Q breaking NP operators to the direct CP
asymmetries in singly-Cabibbo-suppressedD decays, in particular to ∆aCP measured by the LHCb experiment [2].

Furthermore, applying our argument to rare semileptonic K and B decays, we show how the present and future
measurements of these processes constrain the sources of CP violation in rare semileptonicD decays and FCNC top
decays. In particular, the observation of non-SM CP asymmetries in these processes would, barring cancellations,
signal the presence of new sources ofSU (3)U,D ßavor symmetry breaking.

Finally, an additional implication of our result is that in viable ßavor alignment models the universal ßavor and CP
violating phases are naturally small. Applying this insight to supersymmetric (SUSY) alignment models leads to the
conclusion that the Þrst two generation squarks can have mass splittings as large as 30% at the TeV scale, consistent
with mass anarchy at a supersymmetry breaking mediation scale as low as 10 TeV.

II. UNIVERSALITY OF CP VIOLATION WITH TWO GENERATIONS

It is well known that the gauge sector of the Standard Model (SM) respects a large global ßavor symmetry. In the
quark sector, the corresponding ßavor group,GF = SU (3)Q × SU (3)U × SU (3)D , is broken by the up and the down
Yukawa matrices Yu,d , formally transforming as (3,ø3, 1) and (3, 1,ø3) under GF , respectively. From these, one can
construct two independent sources ofSU (3)Q breaking,

Au ≡ (YuY
 
u ) /tr , A d ≡ (YdY

 
d ) /tr , (1)
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Global flavor symmetry of SM broken by Yukawas: 

GF = SU(3)Q × SU(3)U × SU(3)D × SU(3)L × SU(3)E
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Twofold role of flavor physics

(2) Test sources of flavor symmetries & their violation

GF = SU (3)Q × SU (3)U × SU (3)D
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asymmetries in singly-Cabibbo-suppressedD decays, in particular to ∆aCP measured by the LHCb experiment [2].

Furthermore, applying our argument to rare semileptonic K and B decays, we show how the present and future
measurements of these processes constrain the sources of CP violation in rare semileptonicD decays and FCNC top
decays. In particular, the observation of non-SM CP asymmetries in these processes would, barring cancellations,
signal the presence of new sources ofSU (3)U,D ßavor symmetry breaking.

Finally, an additional implication of our result is that in viable ßavor alignment models the universal ßavor and CP
violating phases are naturally small. Applying this insight to supersymmetric (SUSY) alignment models leads to the
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We show that new physics that breaks the left-handed SU(3)Q quark ßavor symmetry induces
contributions to CP violation in ! F = 1 processes which are approximately universal, in that
they are not a" ected by ßavor rotations between the up and the down mass bases. Therefore,
such ßavor violation cannot be aligned, and is constrained by the strongest bound from either
the up or the down sectors. We use this result to show that the bound from ��/ � prohibits an
SU(3)Q breaking explanation of the recent LHCb evidence for CP violation in D meson decays.
Another consequence of this universality is that supersymmetric alignment models with a moderate
mediation scale are consistent with the data, and are harder to probe via CP violating observables.
With current constraints, therefore, squarks need not be degenerate. However, future improvements
in the measurement of CP violation in D − D mixing will start to probe alignment models.
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not transform under ßavor rotations between the up and the down mass bases. This is particularly important for the
NP interpretation of the recent LHCb evidence for CP violation in D decays. Employing the�!/� constraint on new
CP violating ∆s = 1 operators, we exclude sizable contributions ofSU (3)Q breaking NP operators to the direct CP
asymmetries in singly-Cabibbo-suppressedD decays, in particular to ∆aCP measured by the LHCb experiment [2].
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Global flavor symmetry of SM broken by Yukawas: 

Formally, NP flavor cannot be completely trivial

“Minimal Flavor Violation”ai> 2 ! a1,2

! [TeV]

z = 1 + a1Au + a2A d + . . .

Reclaiming flavorful NP at EW scale

d’Ambrosio et al., hep-ph/0207036
Colangelo et al., 0807.0801

...

17

Q(6) ! [A ij
u ( øQi ! µ Qj )]2

!
d4xT{QNP HSM }

NP in loops 
⇓

probe EW scale masses

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

http://arxiv.org/abs/hep-ph/0207036
http://arxiv.org/abs/hep-ph/0207036


Flavor triviality imposes degeneracy in NP spectra - 
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Figure 6: Exclusion limits for a simpliÞed phenomenological MSSM scenario with only strong produc-
tion of gluinos and Þrst- and second-generation squarks (of common mass), with direct decays to jets
and lightest neutralinos. Three values of the lightest neutralino mass are considered:m÷χ0

1
= 0, 395 and

695 GeV. Exclusion limits are obtained by using the signal region with the best expected sensitivity at
each point. The dashed lines show the expected limits at 95% CL, with the light (yellow) band indicating
the 1σ experimental and background-theory uncertainties on them÷χ0

1
= 0 limit. Observed limits are

indicated by solid curves. The dotted lines represent them÷χ0
1
= 0 observed limits obtained by varying the

signal cross-section by the theoretical scale and PDF uncertainties. Previous results form÷χ0
1
= 0 from

ATLAS at 7 TeV [17] are represented by the shaded (light blue) area. Results at 7 TeV are valid for
squark or gluino masses below 2000 GeV, the mass range studied for that analysis.

In Fig. 7 limits are shown for three classes of simpliÞed model in which only direct production of
(a) gluino pairs, (b) light-ßavour squarks and gluinos or (c) light-ßavour squark pairs is kinematically
possible, with all other superpartners, except for the neutralino LSP, decoupled. This forces each light-
ßavour squark or gluino to decay directly to jets and an LSP. Cross-sections are evaluated assuming
decoupled light-ßavour squarks or gluinos in cases (a) and (c), respectively. In all cases squarks of the
third generation are decoupled. In case (b) the masses of the light-ßavour squarks are set to 0.96 times
the mass of the gluino. The expected limits for case (c) do not extend substantially beyond those obtained
from the previous published ATLAS analysis [17] because the events closely resemble the predominant
W/Z + 2-jet background, leading the background uncertainties to be dominated by systematics.

In Fig. 8 limits are shown for pair produced gluinos each decaying via an intermediate÷χ±
1 to two

quarks, aW boson and a÷χ0
1, and pair produced light squarks each decaying via an intermediate÷χ±

1 to
a quark, aW boson and a÷χ0

1. Results are presented for models in which either the÷χ0
1 mass is Þxed to

60 GeV, or the mass splitting between the÷χ±
1 and the÷χ0

1, relative to that between the squark or gluino
and the÷χ0

1, is Þxed to 0.5.
In Fig. 9 the results are interpreted in the context of a Non-Universal Higgs Mass model with gaugino

mediation (NUHMG) [73] with parameters tanβ = 10, µ > 0, m2
H2
= 0, andA0 chosen to maximize the

mass of the lightest Higgs boson. The two remaining free parameters of the modelm1/ 2 andm2
H1

are
chosen such that the next-to-lightest SUSY particle (NLSP) is a tau-sneutrino with properties satisfying
Big Bang Nucleosynthesis constraints.

In Fig. 10(left) limits are presented for a simpliÞed phenomenological SUSY model in which pairs
of gluinos are produced, each of which then decays to a top squark and a top quark, with the top squark
decaying to a charm quark and÷χ0

1.
In addition to these interpretations in terms of SUSY models, an alternative interpretation in the

context of the minimal universal extra dimension (mUED) model [75] with similar phenomenological

14

Strong LHC direct search constraints

(MSSM example) ATLAS-CONF-2013-047
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Figure 7: Correlation between ! F = 2 observables. Dark and light blue points are allowed by
all constraints, light blue points have a compressed spectrum (see text for details),
light gray points are ruled out by B ! Xsγ. The red star is the SM. The black
dashed line is the 95% C.L. region allowed by the global CKM fit imposing the U(2)3

relations, the gray dashed line in a generic new physics fit. The dashed lines in the
first row show the MFV limit, the solid lines in the last row the U(2)3 limit.
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Figure 7: Correlation between ! F = 2 observables. Dark and light blue points are allowed by
all constraints, light blue points have a compressed spectrum (see text for details),
light gray points are ruled out by B ! Xsγ. The red star is the SM. The black
dashed line is the 95% C.L. region allowed by the global CKM fit imposing the U(2)3

relations, the gray dashed line in a generic new physics fit. The dashed lines in the
first row show the MFV limit, the solid lines in the last row the U(2)3 limit.
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Figure 2: Correlation between the branching ratios ofBs ! µ+ µ! and Bd ! µ+ µ!

in MFV, the SM4 and four SUSY ßavour models. The gray area is ruled out experi-
mentally. The SM point is marked by a star.

3.2 Bs → µ+µ− vs. Bd → µ+µ−

The correlation between the decaysBs ! µ+ µ! and Bd ! µ+ µ! is an example of a
ÒverticalÓ correlation mentioned in section 2. Beyond the SM, their branching ratios
can be written as

BR(Bq ! µ+ µ! ) " |S|2
!
1 # 4x2

µ

"
+ |P |2, (5)

S = Cbq
S # C "bq

S , P = Cbq
P # C "bq

P + 2xµ(Cbq
10 # C "bq

10 ) , xµ = mµ/mBs . (6)

Order-of-magnitude enhancements of these branching ratios are only possible in the
presence of sizable contributions from scalar or pseudoscalar operators. In two-Higgs-
doublet models, the contribution toCbq

S from neutral Higgs exchange scales as tanβ2,
where tanβ is the ratio of the two Higgs VEVs. In the MSSM, the non-holomorphic
corrections to the Yukawa couplings even enhance this contribution to tanβ3.

Figure 2 shows the correlation between BR(Bs ! µ+ µ! ) and BR(Bd ! µ+ µ! )
in MFV, the SM4 and four SUSY ßavour models¶ analyzed in detail in [10]. The
MFV line, shown in orange, is obtained from the ßavour independence of the Wil-
son coe! cients, cf. eq. (3). The largest e" ects are obtained in the SUSY ßavour
models due to the above-mentioned Higgs-mediated contributions. While in some

¦ The acronyms stand for the models by Agashe and Carone (AC, [13]), Ross, Velasco-Sevilla
and Vives (RVV2, [12]), Antusch, King and Malinsky (AKM, [11]) and a model with left-handed
currents only (LL, [14]).
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Figure 9: Maximum value of the argument of the µ term, ! µ , allowed by two-loop contribu-

tions to the electron EDM, in the plane of the common chargino mass mχ̃± and the

pseudoscalar Higgs mass M A .

role than for ! B = 2 processes. First, this is because the dipole operators change chirality

and hence in general they can receive tan " enhanced contributions. Second, there are the

Bs,d → µ+µ−
decays which receive strongly tan " enhanced contributions from scalar operators.

Here, we focus on the regime tan " ! 5, where the branching ratios of Bs,d → µ+µ−
are

modified by at most 30% with respect to the SM.

5.5. Electron electric dipole moment

Suppressing SUSY contributions to Electric Dipole Moments (EDM) is an additional moti-

vation for a split squark spectrum, as it allows to have sizable CP-violating phases without

excessive one-loop contributions to EDMs of first generation fermions. Recently, a new ex-

perimental bound on the electron EDM has been obtained [56], |de| < 8.7 × 10
−29 ecm, that

improves the previous bound [?] by a factor of 12. Here, we study the impact of this new

bound on models with a split sfermion spectrum.

First, there is the direct one-loop contribution to the electron EDM involving charginos and

sneutrinos, that decouples with the scale of the first generation sfermion masses. Updating the

bound in [58], we find a lower bound on the sneutrino mass, depending on tan " and the phase

of the µ term (µ = |µ|eiφµ),

mν̃1 > 17 TeV× (sin ! µ tan " )
1
2 . (37)

Second, there is a contribution from two-loop Barr-Zee type diagrams involving a chargino

loop attached to the electron line by a Higgs and a gauge boson. This contribution is tan "
dependent and decouples with the chargino masses. We refer to [59–63] for explicit expressions

for these contributions. In fig. 9, we show the constraints on the phase of µ obtained from these
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role than for ∆B = 2 processes. First, this is because the dipole operators change chirality
and hence in general they can receive tanβ enhanced contributions. Second, there are the
Bs,d → µ+ µ! decays which receive strongly tanβ enhanced contributions from scalar operators.
Here, we focus on the regime tanβ ! 5, where the branching ratios ofBs,d → µ+ µ! are
modiÞed by at most 30% with respect to the SM.

5.5. Electron electric dipole moment

Suppressing SUSY contributions to Electric Dipole Moments (EDM) is an additional moti-
vation for a split squark spectrum, as it allows to have sizable CP-violating phases without
excessive one-loop contributions to EDMs of Þrst generation fermions. Recently, a new ex-
perimental bound on the electron EDM has been obtained [56], |de| < 8.7× 10! 29 e cm, that
improves the previous bound [?] by a factor of 12. Here, we study the impact of this new
bound on models with a split sfermion spectrum.

First, there is the direct one-loop contribution to the electron EDM involving charginos and
sneutrinos, that decouples with the scale of the Þrst generation sfermion masses. Updating the
bound in [58], we Þnd a lower bound on the sneutrino mass, depending on tanβ and the phase
of the µ term (µ = |µ|eiφµ),

m÷ν1 > 17 TeV× (sinφµ tan β)
1
2 . (37)

Second, there is a contribution from two-loop Barr-Zee type diagrams involving a chargino
loop attached to the electron line by a Higgs and a gauge boson. This contribution is tanβ
dependent and decouples with the chargino masses. We refer to [59Ð63] for explicit expressions
for these contributions. In Þg.9, we show the constraints on the phase ofµ obtained from these
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with τxi = m2
x/M 2

Hi
. The Higgs-mediated two-loop quark EDMs (dE

q= u,d,s)
H are also cal-

culated similarly. In the above, the two-loop functionsF (τ ), f (τ ), and g(τ ) are given
by

F (τ ) =
∫ 1

0
dx

x(1 # x)
τ # x(1 # x)

ln
[ x(1 # x)

τ

]
,

f (τ ) =
τ

2
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dx

1 # 2x(1 # x)
x(1 # x) # τ

ln
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]
,
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FIG. 3: Left: two dimensional 95% C.L. exclusion limits in the neutralino-stop mass plane. Our derived limits are shown in
red (with expected limits shown as a dashed line), LEP limits [63] in gray while the CMS direct stop search in the light stop
region [25] is shown in blue. Right: excluded regions for massless neutralino in the stop-top mass plane. Excluded region from
our analysis derived using the top cross section alone (i.e. without assuming prior knowledge of the top mass) are shaded in
red, while the LEP limits are shown in gray. The e ffect of combining the σtt̄ measurement with current mt measurements
(assuming no stop contamination) is shown as a blue line. Expected limits are shown as dashed lines. For both plots we assume
right-handed stop, ÷tR.

limits [63] beyond the LEP kinematical range into a re-
gion currently unconstrained by LHC direct searches.
Stop mass limits based on the top cross section may
reach and extend beyond the top mass, with the bino
LSP case being more strongly constrained at higher stop
masses and being less constrained, for t̃R decays around
80 − 100GeV, due to the less e! cient t → t̃! 0

1 decays,
see Fig. 1 (right).

In Fig. 3a we present the case where the bino mass
is allowed to move in the (m÷t , mχ0

1
) plane, comparing

our limits to those obtained by other existing direct stop
searches [25, 63]. Our method is closing the stealth stop
window for low neutralino masses, mχ0

1
� 20GeV, while

it is not e" ective for higher masses because signal rates
rapidily become too low with increasing mχ0

1
.

Finally, in Fig. 3b we consider the case where the as-
sumption of a known top mass is relaxed. We use the
mt dependence of " t øt presented in [59]. We show the
limits of this scenario in the (m÷t ,mt ) plane for massless
bino. If mt is not known, either due to stop contam-
ination or to theoretical uncertainties [77], an increase
in mt can reduce " t øt , thus compensating the e" ects of
the extra SUSY contributions. Therefore the top cross
section is now allowing a significantly larger band in the
top–stop mass plane. However a 10GeV shift in the top

mass is required to re-open the stop window all the way
below 150GeV. While this shift is likely too large to
be allowed by current top mass measurements given the
agreement across di" erent analysis techniques and given
the O(2GeV) uncertainty on mt in the endpoint analy-
sis in [78], the precise extent of the allowed regions can
ultimately be constrained only by studying SUSY con-
tamination in top mass analyses. In Fig. 3b we also
show the limit that would be achieved by combining the
cross section measurement with a mass measurement of
mt = 173.34 ± 0.76GeV [79], in order to illustrate the
sensitivity assuming present mass measurements are not
significantly impacted by the presence of stops.

Discussion: We have introduced a novel method for
constraining light stops with precision top cross sec-
tion measurements at the LHC. The idea of using preci-
sion SM measurements to constrain BSM physics is well
known for indirect observables (like electroweak preci-
sion measurements or flavor violating observables), but
mostly unexplored at high energy colliders, such as the
LHC, where a dichotomy between “measurements” and
“searches” is often present. This type of studies can be
very powerful in covering the shortcomings of standard
searches, but clearly require high precision for both the-
ory and experiment which, at present, makes them appli-

Czakon et al., 1407.1043

see also ATLAS, 1406.5375
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operator, O7 , is also important at small q2. The B → K ∗�+ �− mode is particularly promising, since the distribution
of the K ∗ → K π decay products allows to extract information about the polarization of the K ∗. When combined
with the angular distributions of the two charged leptons, it is possible to construct observables probing directly CP
violating contributions to the relevant short-distance Wilson coe! cients [23]. Such observables could potentially be
measured at LHCb and SuperB [24]. On the other hand, the direct CP asymmetries depend on strong phases, which
are small in the inclusive B → X s�+ �− decay (outside the resonance region), and are poorly known in the exclusive
B → K (∗) �+ �− case. Another probe of this physics could be the study of time-dependent CP asymmetries in these
modes. While these are challenging experimentally, the interpretation of the results would be theoretically cleaner.
The SM predicts that the time-dependent CP asymmetry vanishes, as it does in Bs → φφ, to an even better accuracy
than in Bs → ψφ, due to a 2βs − 2βs cancellation between the mixing and decay phases. The same cancellation
occurs in NP models in which the mixing amplitude is modified as M SM

12 × R2 and the decay amplitude is modified
as ASM × R. While this is the case in most supersymmetric models, it is not generic, and is violated, for example,
by models containing a Z � which has a flavor changing coupling to quarks and non-universal couplings to quarks and
leptons. (With very large data sets at the upgraded LHCb, a time-dependent Bs → µ+ µ− analysis would also be
worth pursuing.)

To analyze the connection between t → cZ and FCNC b → s decays, we need to consider the NP operators
before the Z is integrated out [25]. For example, the operator (b̄s)V −A (H   DH ) contributes to Eq. (20), since after
electroweak symmetry breaking H   Dµ H → gv2Zµ . Thus the relevant Wilson coe! cient, CH

bs , is constrained from
B → X s�+ �−, similar to Eq. (22), as

!
!Im(CH

bs)
!
! < 8.7× 10−3 (" NP / TeV)2. Top decays into final states with a jet and

a pair of charged leptons o#er a probe of the related (X u
L )tc and (X u

L )tu contributions [26]. The expected sensitivity
of this mode with 100 fb−1 at the 14 TeV LHC is |CH

tc (u) | ! 0.2 (" NP / TeV)2 [25, 27], where the relevant operator is

defined as (t̄c(u))V −A (H   DH ). According to Eq. (7), we can conclude that barring cancellations, any experimental
signal of CP violation in this channel would have to be due to SU(3)U breaking NP.

V. IMPLICATIONS FOR SUSY MODELS

In SUSY models the left-handed squark mass-squared matrix, m̃2
Q , is the only source of SU(3)Q breaking, and

is approximately SU(2)L invariant (see, e.g., [28] and references therein). In the following we discuss a universal
constraint on m̃2

Q from $ F = 1 CP violation. In addition, we consider an example of $ F = 2 constraints in relation
to alignment models, where our argument about universality of the CP phase also plays a role. In all cases the bounds
can be directly applied on the corresponding mass insertion parameters.

First we analyze the constraint from ��/ �. In the super-CKM basis, the neutral gaugino couplings are flavor
diagonal, while the mass matrices of the squarks are not diagonal in general. New contributions to CP violation
in $ F = 1 processes involving left handed quarks are induced by the imaginary o#-diagonal elements of m̃2

Q , and

can be parameterized in terms of the ratios δij
LL ≡

"
m̃2

Q

#ij
/ m̄2

÷Q
, where i, j = 1, 2 are flavor indices and m̄ ÷Q ≡

(m ÷Q1
+m ÷Q2

)/ 2 is the average squark mass (this choice is consistent to linear order with the convention of [29]). The
experimental constraint on new contributions to ��/ � is translated to the following bound on the left-handed mass
insertion parameter [29] Im δ12

LL ≤ 0.5 for m̄ ÷Q = m÷g = 500 GeV . This can be straightforwardly rephrased as a robust
constraint on the level of degeneracy

δ12
Q ≡

m ÷Q2
− m ÷Q1

m ÷Q2
+ m ÷Q1

≤ 0.25

$
500GeV

m̄ ÷Q

%

. (24)

This bound is weaker than the one obtained by combining the bounds from �K and D−D mixing [1]. Yet, interestingly,
it could have constrained degeneracy without the need for any additional measurements involving D mesons, more
than 20 years ago already, when the experimental uncertainty of ��/ � approached the 10−3 level [30].

Constraints on alignment models that balance the bounds from mixing and CP violation in the K and D systems
have been analyzed in [1]. Here we comment on their results for supersymmetric models based on our CP universality
argument. According to the parameterization employed in [1], sinα (sin 2γ) is proportional to the real (imaginary)
part of the o#-diagonal element of the NP flavor violating source in the down mass basis. CP universality implies that
in the up mass basis, sin 2γ still corresponds to the imaginary part, while the real part is rotated by twice the Cabibbo
angle. Equation (31) in [1] gives the bounds on squark mass degeneracy for the cases of vanishing (sin 2γ = 0) and
maximal (sin 2γ ∼ 1) phase. We argue that the latter case is irrelevant, since it violates the assumption of alignment.
In contrast, while realistic models of alignment generically do not control the fundamental CP violating phases, they
force both sinα and sin 2γ to be small, and should therefore be taken to be comparable [31]. This leads to a much
weaker bound than the more stringent one in [1]. In particular, the bound on δ12

Q from �K and $ mK for sinα ∼ sin 2γ
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FIG. 1: The bound on ! 12
Q as a function of the angle " (see text). The angle " is plotted on a log scale in the basis #C = 0.23,

so that a value of 1 on the x axis corresponds to " = #C (large angle), while a value of 5 gives " = #5
C (small angle — down

alignment). The vertical doted line shows the angle of optimal alignment (weakest bound). The red (blue) shaded region
corresponds to a gluino mass m÷g of 1 (1.5) TeV, and inside each region the average squark mass m̄ ÷Q is varied in the range
[0.8m÷g , 1.2m÷g ]. The upper edge of each region (weakest bound) comes from the lowest m̄ ÷Q . The two dashed lines correspond
to m̄ ÷Q = m÷g .

is shown in Fig. 1 as a function of the angle ! , for various ranges of the relevant SUSY parameters (see the caption).
It can be seen that on the right-hand side of the plot, where the angle is very small (down alignment), the strongest
constraint comes from ! mD , while on the left hand side, where the angle is large, "K is the dominant constraint.
The vertical dashed line marks the transition point, where the alignment is optimal, yet as evident from the plot,
making the angle smaller only mildly a" ects the bound on #12

Q . For the case where the gluino mass and the average
squark mass are both 1 TeV, the weakest bound is #12

Q � 0.13. This occurs around log! ! ! 2.5, so the universal CP

violating phase is of order $2.5
C . This implies an upper bound on CP violation in D " D mixing of order 0.2, around

the current experimental limit on
!
!|q/p| " 1

!
! [32], which is expected to be improved significantly in the near future.

It is interesting that a modest level of degeneracy can be obtained only from the renormalization group equation
(RGE) flow, when starting from anarchy at the SUSY breaking mediation scale [33]. Moreover, in order to satisfy
the bounds on degeneracy from optimal alignment models, as presented in Fig. 1, the mediation scale does not have
to be very high. To show this, we use the SUSY RGE for the diagonal squark mass entries, which is dominated by
the gluino contribution. Neglecting the other gaugino contributions, we can solve the relevant equations at one loop
analytically

1

! s(MS)
=

1

! s(# )
+

b3

2%
ln

#
MS

, (25)

m÷g(# )
m÷g(MS)

= 1 + ! s(# )
b3

2%
ln

#
MS

, (26)

m2
÷Q1, 2

(MS) " m2
÷Q1, 2

(# ) =
8

3b3

"
m÷g(# )2 " m÷g(MS)

2#
, (27)

where # is the typical scale of the new supersymmetric particles (taken to be 1 TeV), MS is the SUSY breaking
mediation scale, b3 = " 3 is the MSSM QCD beta function and the last equation is written in the squark mass basis.
In addition, we define

$
m2

÷Q
(µ) = m2

÷Q1
(µ) +m2

÷Q2
(µ) and ! m2

÷Q
(µ) = m2

÷Q2
(µ) " m2

÷Q1
(µ). Then in our approximation,

only
$

m2 has a nontrivial RGE evolution, while ! m2 is invariant. Writing

#12
Q (µ) =

! m2
÷Q
(µ)

$
m2

÷Q
(µ)

%
1 +

&

1 "
'

! m2
÷Q
(µ)/

$
m2

÷Q
(µ)

( 2 ) , (28)
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operator, O7 , is also important at small q2. The B → K ∗�+ �− mode is particularly promising, since the distribution
of the K ∗ → K π decay products allows to extract information about the polarization of the K ∗. When combined
with the angular distributions of the two charged leptons, it is possible to construct observables probing directly CP
violating contributions to the relevant short-distance Wilson coe! cients [23]. Such observables could potentially be
measured at LHCb and SuperB [24]. On the other hand, the direct CP asymmetries depend on strong phases, which
are small in the inclusive B → X s�+ �− decay (outside the resonance region), and are poorly known in the exclusive
B → K (∗) �+ �− case. Another probe of this physics could be the study of time-dependent CP asymmetries in these
modes. While these are challenging experimentally, the interpretation of the results would be theoretically cleaner.
The SM predicts that the time-dependent CP asymmetry vanishes, as it does in Bs → φφ, to an even better accuracy
than in Bs → ψφ, due to a 2βs − 2βs cancellation between the mixing and decay phases. The same cancellation
occurs in NP models in which the mixing amplitude is modified as M SM

12 × R2 and the decay amplitude is modified
as ASM × R. While this is the case in most supersymmetric models, it is not generic, and is violated, for example,
by models containing a Z � which has a flavor changing coupling to quarks and non-universal couplings to quarks and
leptons. (With very large data sets at the upgraded LHCb, a time-dependent Bs → µ+ µ− analysis would also be
worth pursuing.)

To analyze the connection between t → cZ and FCNC b → s decays, we need to consider the NP operators
before the Z is integrated out [25]. For example, the operator (b̄s)V −A (H   DH ) contributes to Eq. (20), since after
electroweak symmetry breaking H   Dµ H → gv2Zµ . Thus the relevant Wilson coe! cient, CH

bs , is constrained from
B → X s�+ �−, similar to Eq. (22), as

!
!Im(CH

bs)
!
! < 8.7× 10−3 (" NP / TeV)2. Top decays into final states with a jet and

a pair of charged leptons o#er a probe of the related (X u
L )tc and (X u

L )tu contributions [26]. The expected sensitivity
of this mode with 100 fb−1 at the 14 TeV LHC is |CH

tc (u) | ! 0.2 (" NP / TeV)2 [25, 27], where the relevant operator is

defined as (t̄c(u))V −A (H   DH ). According to Eq. (7), we can conclude that barring cancellations, any experimental
signal of CP violation in this channel would have to be due to SU(3)U breaking NP.

V. IMPLICATIONS FOR SUSY MODELS

In SUSY models the left-handed squark mass-squared matrix, m̃2
Q , is the only source of SU(3)Q breaking, and

is approximately SU(2)L invariant (see, e.g., [28] and references therein). In the following we discuss a universal
constraint on m̃2

Q from $ F = 1 CP violation. In addition, we consider an example of $ F = 2 constraints in relation
to alignment models, where our argument about universality of the CP phase also plays a role. In all cases the bounds
can be directly applied on the corresponding mass insertion parameters.

First we analyze the constraint from ��/ �. In the super-CKM basis, the neutral gaugino couplings are flavor
diagonal, while the mass matrices of the squarks are not diagonal in general. New contributions to CP violation
in $ F = 1 processes involving left handed quarks are induced by the imaginary o#-diagonal elements of m̃2

Q , and

can be parameterized in terms of the ratios δij
LL ≡

"
m̃2

Q

#ij
/ m̄2

÷Q
, where i, j = 1, 2 are flavor indices and m̄ ÷Q ≡

(m ÷Q1
+m ÷Q2

)/ 2 is the average squark mass (this choice is consistent to linear order with the convention of [29]). The
experimental constraint on new contributions to ��/ � is translated to the following bound on the left-handed mass
insertion parameter [29] Im δ12

LL ≤ 0.5 for m̄ ÷Q = m÷g = 500 GeV . This can be straightforwardly rephrased as a robust
constraint on the level of degeneracy

δ12
Q ≡

m ÷Q2
− m ÷Q1

m ÷Q2
+ m ÷Q1

≤ 0.25

$
500GeV

m̄ ÷Q

%

. (24)

This bound is weaker than the one obtained by combining the bounds from �K and D−D mixing [1]. Yet, interestingly,
it could have constrained degeneracy without the need for any additional measurements involving D mesons, more
than 20 years ago already, when the experimental uncertainty of ��/ � approached the 10−3 level [30].

Constraints on alignment models that balance the bounds from mixing and CP violation in the K and D systems
have been analyzed in [1]. Here we comment on their results for supersymmetric models based on our CP universality
argument. According to the parameterization employed in [1], sinα (sin 2γ) is proportional to the real (imaginary)
part of the o#-diagonal element of the NP flavor violating source in the down mass basis. CP universality implies that
in the up mass basis, sin 2γ still corresponds to the imaginary part, while the real part is rotated by twice the Cabibbo
angle. Equation (31) in [1] gives the bounds on squark mass degeneracy for the cases of vanishing (sin 2γ = 0) and
maximal (sin 2γ ∼ 1) phase. We argue that the latter case is irrelevant, since it violates the assumption of alignment.
In contrast, while realistic models of alignment generically do not control the fundamental CP violating phases, they
force both sinα and sin 2γ to be small, and should therefore be taken to be comparable [31]. This leads to a much
weaker bound than the more stringent one in [1]. In particular, the bound on δ12

Q from �K and $ mK for sinα ∼ sin 2γ

!
øm

÷ Q
/m

÷g

Gedalia, J.F.K, Ligeti & Perez 
1202.5038Assuming realistic CPV
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R = 0 .7, 0.8, 0.9, 1.0 (from darker to lighter shades, as indicated). Contours of constant tuning

parameter ξ, obtained for c = 0 .7, are displayed by the dashed lines.

0.0 0.2 0.4 0.6 0.8 1.0

0.95

0.96

0.97

0.98

0.99

1.00

c

C
L

m1�350 GeV, m2�550 GeV

0.0 0.2 0.4 0.6 0.8 1.0

0.4

0.5

0.6

0.7

0.8

c

Ξ

m1�350GeV, m2�550GeV

Figure 5. The conÞdence level (CL) of exclusion and the tuning parameterξ as functions of

c = cos θct
R for the casem1 = 350 GeV and m2 = 550 GeV. Shaded regions are excluded at 95%CL.

m1 is shown in Fig. 6. When obtaining the 95% CL exclusions in the aggressive (dark

shaded region) and conservative (light shaded) approaches, the mixing angle was kept above

45! so that ÷q1 is always stop-like. We see that reductions in! up to about 40% (20%) are
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Conclusions

Success of SM in describing flavor-changing processes implies 
that large new sources of flavor symmetry breaking at TeV scale 
are mostly excluded. 

However, NP at TeV scale need not be flavor trivial!

If (properly aligned) new sources of flavor breaking present
• Precision flavor observables may hide NP signals  @10% level in well 

motivated NP models (natural SUSY)

• can significantly affect & guide NP searches high pT

• have implications for EW fine-tuning
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