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Why flavor matters in the LHC era?

• Indirectly probes NP scales up to 108 GeV through virtual effects

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

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

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

SM phenomenologically very successful theory

Strong theoretical arguments to consider it as effective 
theory

L⌫SM = Lgauge(Aa, i) +Dµ�
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Unification
of interactions

EW scale 
stabilization

Origin of flavor

Need to understand/constrain size of additional terms in 
series 3
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In SM quark sector Yu, Yd  only source of global flavor 
symmetry breaking:

 10 physical parameters: 
 6 quark masses
 3 CKM mixing angles 
 1 CP odd phase

 

(Over)constraining the SM flavor sector

 Determine all flavor phenomena in quark sector!

mu =vV u
L Y uV u†

R

md =vV d
LY

dV d†
R

V = V u
L V d†

L
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In SM quark sector Yu, Yd  only source of global flavor 
symmetry breaking:
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In SM quark sector Yu, Yd  only source of global flavor 
symmetry breaking:
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And continuing improvement! (see th. talks by Imbeault, Wingate)



(Over)constraining the SM flavor sector
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For most interesting observables known to 
N2LO in QCD and NLO in EW, most recently
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Figure 1: Sample penguin, box, and counterterm diagrams. Our tadpole renormalisation results
in an explicit finite renormalisation of all massive quantities. The right-hand side diagram shows
a resulting counterterm diagram.

where ↵̂ = ↵MS, and c2W = 1� s2W . The explicit expression for �⇢̂ can also be found
in [15].

The numerical discussion of the three di↵erent schemes is given in Section 4.

3 Calculation

We determine the e↵ective Hamiltonian by computing the relevant Standard Model Green’s
functions in the MS scheme and matching them to the five-flavour e↵ective theory. To this
end we have to calculate two-loop box and penguin diagrams, samples of which are shown in
Figure 1. All diagrams reduce to two-loop vacuum diagrams after setting external momenta
and light masses to zero. The resulting loop integrals are computed using standard methods
[16, 17]. All this is done in two independent setups: one is using the FeynArts [18] package
to generate the diagrams and a self written Mathematica program, the other method uses
a self written Form [19] program. The Feynman gauge ⇠ = 1 is used in both setups.

The integrals in the e↵ective theory correspond to massless diagrams with vanishing
external momenta and are exactly zero in dimensional regularisation. The only remaining
contributions are then products of renormalisation constants and tree-level matrix elements
of the operators Q⌫ , defined in Equation (2.1), and

E⌫ =
X

l=e,µ,⌧

(s̄L�µ1�µ2�µ3dL)(⌫̄lL�
µ1�µ2�µ3⌫lL)� (16� 4✏)Q⌫ . (3.1)

The evanescent operator E⌫ arises in the context of dimensional regularisation and vanishes
algebraically in four space-time dimensions. It leads to a non-vanishing finite contribution
to the Wilson coe�cient, proportional to the finite mixing of E⌫ into Q⌫ . The infinite
operator renormalisation constants are determined from the ultraviolet poles of the matrix
elements of the operators between external fermion states. They multiply the tree-level
and one-loop Wilson coe�cients of the operators (2.1) and (3.1) and cancel exactly the cor-
responding spurious infrared divergences of the Standard Model amplitude, thus rendering
the matching condition finite.

The use of dimensional regularisation is in general inconsistent with a fully anticom-
muting �

5

matrix in d dimensions, and we use the ’t Hooft-Veltman (HV) scheme in our
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FIG. 1. Sample one-, two-, and three-loop diagrams con-
tributing to the matching at the charm-quark scale. Loopy
lines are gluons, and straight lines are quarks. The combina-
tion c � u arises from the GIM mechanism; q denotes any of
the quarks u, d, s.

quark scale.
We take the initial conditions for C±, obtained by a

NNLO matching calculation at the electroweak scale,
from Ref. [14]. The dimension-eight Wilson coe�-
cient does not receive a contribution at the electroweak

scale [15]. The running of C± to the charm-quark scale
can be taken up to NNLO from [14].

At the scale µc = O(mc) the charm quark is removed
from the theory as a dynamical degree of freedom. Re-
quiring the equality of the Green’s functions in both the-
ories at µc leads to the matching condition

X

i,j=+,�
CiCjhQiQji =

1

8⇡2
C̃

cc
S2hQ̃S2i , (4)

which we use to determine the Wilson coe�cient C̃

cc
S2,

defined implicitly in (10) below. Here, angle brack-
ets denote operator matrix elements between s- and d-
quark external states. Writing hQ̃S2i = rS2hQ̃S2i(0) and
hQiQji = m

2
c/(8⇡

2)dijhQ̃S2i(0), and expanding all quan-
tities in powers of ↵s/(4⇡), we find the following con-
tributions to the matching (a sum over i, j = +,� is
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The strong coupling constant ↵s is defined in the three-
quark theory throughout this Letter, and superscripts in
brackets denote the order of the expansion in ↵s. Fur-
thermore, we expand the charm-quark mass defined at
the scale µc, viz. mc(µc), about mc(mc), as in Ref. [14].

In order to evaluate the Eqs. (5), we compute the fi-
nite parts of one-, two-, and three-loop Feynman dia-
grams of the type shown in Fig. 1; the evanescent op-
erators in the |�S| = 2 sector have been chosen as
in [12]. Our NLO result confirms the calculation by
Herrlich and Nierste [16] for the first time. The three-
loop matching calculation yields (we use the notation
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where we defined lc = log(µ2
c/m

2
c(µc)), ⇣n denotes Rie-

mann’s zeta function of n, and the remaining constants
are defined in [17]. This result is new.
Since the calculation of the NNLO contributions to ⌘cc

is quite complex, we checked our results in several ways.
First of all the calculation of the O(10 000) Feynman di-
agrams, the renormalisation, and the matching calcula-
tion, has been performed independently by the two of us,
using a completely di↵erent set of computer programs,
leading to identical results. On the one hand we use

Brod & Gorbahn, 1108.2036
Brod, Gorbahn & Stamou,  1009.0947

N2LO cc̄ in

✏K , �mK

NLO EW in

K+ ! ⇡+⌫⌫̄



(Over)constraining the SM flavor sector
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(Over)constraining the SM flavor sector (and NP)
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Buchmüller and D. Wyler, 
Nucl. Phys. B 268 (1986) 621

Grzadkowski et al., 1008.4884

J.F.K. & Smith, 1111.6402
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Canonical example: NP in ΔF=2 processes

• Most constraints now limited by 
theory uncertainties 

  (both SM & NP)

• Crucial non-pert. QCD input

(Over)constraining the SM flavor sector (and NP)

c.f. Buras & Girrbach, 1201.1302
Mescia & Virto, 1208.0534

Q(6)
AB ⇠ zij [q̄i�

Aqj ]⌦ [q̄i�
Bqj ]

UTFit, 0707.0636
Isidori, Nir & Perez, 1002.0900

Lenz et al., 1203.0238
ETMC, 1207.1287

Λ [TeV]

CPC

CPV

K0 � K̄0D0 � D̄0 B0 � B̄0 Bs � B̄s

see talk by Sachrajda

Large NP mass gap / flavor symmetry-structure  

Need NLO QCD matching

zij ⇠ exp(i�NP )

11

see also talk by Buras



Is flavor trivial NP safe from flavor constraints?

Λ > 5.5 TeV

Figure 5. Summary of recent lattice results with Nf = 2 and Nf = 2+1 dynamical flavours. Where appli-
cable the smaller errorbar corresponds to the statistical error only.

suggested by the f2-term as one moves away from the SU(3)-symmetric limit. We varied the value
of the decay constant entering f2 in order to quantify the induced systematic uncertainty. The
result was 0.9599(34)(+31

�43)(14). The central value is fully compatible with the same fit applied to
the enlarged data set, fit C .

The first applications of our result are predicting the CKM-matrix element |Vus| and testing the
unitarity of the CKM-matrix which is a crucial Standard Model test. In [2] the experimental data
for K ! p semileptonic decays was analysed. Their result |Vus f Kp

+ (0)|= 0.2163(5) combined with
our result for f Kp

+ (0) gives
|Vus|= 0.2237(+13

� 8) . (6.2)

Together with the result |Vud | = 0.97425(22) [1] from super-allowed nuclear b -decay and |Vub| =
4.15(49) ·10�3 [33] we then confirm CKM-unitarity at the sub per mille level,

|Vud |2 + |Vus|2 + |Vub|2 �1 =�0.0008(+7
�6) . (6.3)

7 Discussion and Summary

This work constitutes a comprehensive study of the kaon semileptonic decay form factor in three-
flavour lattice QCD. Simulations in large lattice volumes with three values of the lattice spacing
and pion masses in the range from as low as 171MeV up towards the SU(3)-symmetric point allow
for the detailed study of systematic effects. We have analysed the data using various ansätze for the
remaining extrapolation to the physical point and we have identified a preferred functional form.
After the extrapolation to the physical point we obtain the form factor with a statistical precision
of 2 per mille and estimated +2

�5 per mille systematic errors. The prediction for the form factor,
f Kp
+ (0) = 0.9670(20)(+18

�46) has an overall uncertainty of +0.3
�0.5%, where statistical and systematic

– 12 –

RBC/UKQCD Collaboration, 1305.7217

zij = �ij G(sl)
F = G(µ)

F


1 +

v2

⇤2

�

Competitive EW precision constraints

Q(6) ⇠ zijQ̄i
L⌧

a�µQj
L�

†⌧a
 !
D µ�

:

(Over)constraining the SM flavor sector (and NP)

�Q

G(sl)
F = G(µ)

F


1 +

v2

2⇤2

�
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Flavor probes of EW and Higgs sectors



Theoretically very clean (virtually no long-distance contributions)

Important effect due to ΔΓs ≠ 0

Dominant parametric uncertainties

In good agreement with experiment

Mt

tBs

FBs

»Vtb
*Vts»

1.5%

0.7%

2.7%

4.0%

Mt

tBs
DMs

B
`

Bs

0.8%

0.7%
0.3%

4.5%

Figure 1: Error budgets for the two branching ratio calculations of Bs ! µ+µ� in the
Standard Model given in (30) (left) and (33) (right).

The most recent world averages for FBs [3] and ⌧Bs [4] are

FBs = (225 ± 3) MeV, ⌧Bs = 1.503(10) ps (31)

to be compared with FBs = (227 ± 8) MeV and ⌧Bs = 1.466(30) ps used in Ref. [2].
While the change in ⌧Bs is an experimental improvement, confirmation of the impressive
accuracy on FBs is eagerly awaited. In Ref. [2] a more conservative approach has been
used, but here we follow Ref. [3], updating also ⌧Bs . With unchanged input on Mt and Vts

with respect to Ref. [2] we arrive at (1) and consequently, after including the correction
from ��s, at (4).

Now as stressed and analysed in [2, 25] additional modifications could come from
complete NLO electroweak corrections, which have just been completed (M. Gorbahn,
private communication) and a↵ect the overall factor in (30) by roughly 3%. The leftover
uncertainties due to unknown NNLO corrections are therefore fully negligible. Taking
at face value the present error on FBs , the current error budget for the branching ratio
is as follows:

Mt : 1.5%, FBs : 2.7%, ⌧Bs : 0.7%, |V ⇤
tbVts| : 4%, (32)

It is also depicted in the left panel of Figure 1. Evidently, after completion of NLO
electroweak e↵ects and improved values of FBs , the error on |V ⇤

tbVts| is now the largest
uncertainty but this assumes that the error on FBs is indeed as small as obtained in
Ref. [3].

While the small error on FBs is expected to be consolidated soon, the decrease of the
error in |Vts| appears to be much harder. In this context it should be recalled that the
branching ratio in question can also be calculated by using the mass di↵erence �Ms [26].
The updated parametric formula (13) of the latter paper reads

BR(Bs ! µ+µ�)SM = 3.38 ⇥ 10�9

✓
Mt

173.2 GeV

◆1.6 ✓
⌧Bs

1.500ps

◆✓
1.33

B̂Bs

◆✓
�Ms

17.72/ps

◆
.

(33)

7

Bs,d → μ+μ-

Buras et al., 1208.0934, 1303.3820

LHCb,1307.5024
CMS, 1307.5025 

Bs,SM = (3.56± 0.18)⇥ 10�9

a correction to the rate that vanishes at least quadratically with the photon energy
cut. From a naive dimensional analysis, the relative direct-emission contamination,
for a given Emax cut, is

�DE  2b

✓
2Emax

mBs

◆2

⇥

2

4↵

⇡

B(Bs ! µ+µ��)DE

B(0)
s,SM

3

5
1/2

, (24)

where B(Bs ! µ+µ��)DE represents the genuine direct-emission branching fraction.
According to the estimates in the literature (see Ref. [46] and references therein)
the latter is O(few ⇥ 10�8). Then, if we assume B(Bs ! µ+µ��)DE < 10�7 as a
conservative estimate, we find that this relative correction is below 1% for Emax <
100 MeV.

3.2 Connecting the experimental with the theoretical branching ratio

In order to obtain a theoretical prediction for the decay rate accessible in experiments, the
last point we need to take into account is the e↵ect of the non-vanishing width di↵erence
��s, that has been measured recently rather precisely [47]. Following Ref. [14], we assume
that what is presently measured by the LHC experiments is the flavor-averaged time-
integrated distribution,

hB(Bs ! f)i[t] =
1

2

Z t

0
dt0

⇥
�(Bs(t

0) ! f) + �(B̄s(t
0) ! f)

⇤
, (25)

where �(Bs(t0) ! f) denotes the decay distribution, as a function of the proper time (t0),
of a Bs flavor eigenstate at initial time (and correspondingly for B̄s). Furthermore one
defines

�s =
1

⌧Bs

=
1

2

�
�H
s + �L

s

�
, ys =

�L
s � �H

s

2�s
= 0.088± 0.014 , (26)

with �H,L
s the total decay widths of the two mass eigenstates. As discussed in Ref. [14],

the time-integrated distribution is related to the flavor-averaged rate at t = 0 by

hB(Bs ! f)i[t] = f (t, ys)hB(Bs ! f)i[t=0] ⌘ f (t, ys)
�(Bs ! f) + �(B̄s ! f)

2�s
, (27)

where f (t, ys) is a model- and channel-dependent correction factor.
For the µ+µ� final state (inclusive of bremsstrahlung radiation) the SM expression of

the f (t, ys) factor is [15]

µµSM(t, ys) =
1

1� ys


1� e�t/⌧Bs sinh

✓
yst

⌧Bs

◆
� e�t/⌧Bs cosh

✓
yst

⌧Bs

◆�
t � ⌧Bs�! 1

1� ys
,

(28)
while the flavor-averaged branching ratio at t = 0 is the quantity evaluated in the previous
two sections. Putting all the ingredients together we then arrive at the following expression

hB(Bs ! µ+µ�(�))iSM[t,E
max

] = µµSM(t, ys)⇥ !(Emax)⇥ B(0)
s,SM , (29)

for the quantity accessible in experiments.
A few comments are in order:
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Bs
(exp)

= (2.9+0.8
�0.6)⇥ 10�9Bd

(exp)

= (3.6+1.9
�1.2)⇥ 10�10

Bd,SM = (1.07± 0.10)⇥ 10�10

de Bruyn et al., 1204.1735



Particularly sensitive to FCNC scalar currents and FCNC Z 
penguins

Bs,d → μ+μ-

Example: MFV MSSM with large tanβ12

The SM loop function Y
0

depends on the top mass and
is approximately Y

0

' 0.96. Note that the MSSM con-
tributions to Bs ! µ+µ� do not decouple with the scale
of the SUSY particles, but with the masses of the heavy
scalar and pseudoscalar Higgs bosons M2

H ' M2

A. Due to
the strong enhancement by tan3 �, the large tan� regime
of the MSSM is highly constrained by the current exper-
imental results on BR(Bs ! µ+µ�). We remark, how-
ever, that ✏

FC

in the numerator of (45) is a sum of several
terms (see (23)) each of which depend strongly on several
MSSM parameters. In addition, cancellations among the
di↵erent terms can occur in certain regions of parameter
space, rendering the Bs ! µ+µ� constraint very model
dependent, even in the restrictive framework of MFV.
Additional contributions to Bs ! µ+µ� can arise from
charged Higgs loops [187]. They interfere destructively
with the SM contribution and scale as (tan�)2/M2

H± .
Typically, their e↵ect is considerably smaller compared
to the SUSY contribution in (45).

We stress that there is a simple mathematical lower
bound of RBsµµ = 1/2 in (44) that is saturated for
A = 1/2. In this case, the SUSY contribution partially
cancels the SM amplitude, but simultaneously generates
a non-interfering piece that cannot be canceled. This
lower limit provides a significant threshold for experi-
ments searching for BR(Bs ! µ+µ�): not only is the
SM branching fraction a meaningful value to test experi-
mentally, but the potential observation of the branching
fraction below one half of the SM value would strongly
indicate NP and imply departure from the MSSM with
MFV. Note that the current 2� lower bound from LHCb
on the branching ratio is below 1/2 of the SM value and
therefore does not lead to constraints in our framework,
yet.

In Fig. 5, we show the constraints from Bs ! µ+µ� in
the MA–tan� plane. The red solid, dotted and dashed
contours correspond to scenarios (a), (b), and (c) of
Tab. I. The dash-dotted contour corresponds to scenario
(d), with all MSSM parameters as for the solid con-
tour, but with a negative sign for the trilinear coupling.
For comparison, the constraints from direct searches are
again shown in gray. As expected, we observe a very
strong dependence of the Bs ! µ+µ� bounds on the
choices of the remaining MSSM parameters, particularly
the sign of µAt. Note that in the considered scenarios,
we assume degenerate squarks such that the only term
entering ✏

FC

is from the irreducible Higgsino loop contri-
bution, ✏

˜H
b , whose sign is dictated by µAt. For positive

(negative) µAt the NP contribution interferes destruc-
tively (constructively) with the SM amplitude. Since the
lower bound on BR(Bs ! µ+µ�) from LHCb is still be-
low half of the SM value, destructively interfering NP is
much less constrained than constructively interfering NP.

The plots of Fig. 6 show in red the constraints from
Bs ! µ+µ� in the plane of the third generation squark
masses and the Higgsino mass parameter µ. The gray
horizontal band corresponds to the constraint from di-
rect searches of charginos at LEP that exclude |µ| .
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FIG. 5. Constraints in the MA–tan� plane from the Bs !
µ+µ� decay. The red solid, dotted, dashed and dash-dotted
contours correspond to scenarios (a), (b), (c) and (d), as de-
scribed in the text. The gray region is excluded by direct
searches of MSSM Higgs bosons in the H/A ! ⌧+⌧� chan-
nel.

100 GeV [184, 185]. In these plots, we fixMA = 800 GeV,
tan� = 45 (fully compatible with the B ! ⌧⌫ constraint
and not yet constrained by direct searches), and gaugino
masses with 6M

1

= 3M
2

= M
3

= 1.5 TeV. As in all the
other plots, we vary the trilinear couplings At = Ab = A⌧

throughout the plot such that the lightest Higgs mass is
Mh = 125 GeV. The values for At are indicated in the
plots by the vertical dotted contours. The two plots cor-
respond to positive and negative values of the A-terms.
In the gray region in the lower left corners of the plots, the
sbottom loop corrections to the lightest Higgs mass be-
come so large that the lightest Higgs mass is always below
Mh < 125 GeV for any value of At, taking into account
a 3 GeV theory uncertainty. We checked that varying
the light Higgs mass between 122 GeV < Mh < 128 GeV
can change the values of At by around 25% in each di-
rection and therefore can a↵ect the constraints derived
from Bs ! µ+µ� at a quantitative level. However, the
qualitative picture of the constraints and the interplay
of the SUSY contributions to Bs ! µ+µ�, as discussed
below, are una↵ected by this variation.

The solid contours are obtained under the assumption
that the masses of the first two generation squarks are
equal to the third generation, while for the dashed and
dotted contours we assume the first two generations to
be heavier by 50%. For the dashed contours, we as-
sume the splitting for the left-handed squarks to be fully
aligned in the up-sector, such that gaugino-squark loops
also contribute to ✏

FC

with ⇣ = 1 (see (23) and (25)).
We set ⇣ = 0.5 for the dotted contours, such that only
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tion and decay rates for a SM-like Higgs in the MSSM
can be found in [39, 58]. Possible correlations with flavor
observables have very recently been studied in [75].

While it is very interesting to investigate deviations
from SM expectations in Higgs data that would point to-
wards new SUSY particles within the reach of the LHC,
we take a di↵erent approach in this work by assuming
a Higgs boson with approximately SM-like properties.
We concentrate on possible signatures of new physics
that may appear in B physics observables, direct non-SM
Higgs searches and dark matter direct detection searches
within the MSSM with MFV, while fulfilling the require-
ment of a 125 GeV SM-like Higgs. In this way, we show
indirect e↵ects from SUSY particles in flavor and Higgs
physics in regions of parameter space beyond the present
reach of the LHC.

B. Searches for Heavy Scalars and Pseudoscalars

Searches for the heavy neutral Higgs bosons of the
MSSM have been performed in the H/A ! bb and
H/A ! ⌧+⌧� channels both at the Tevatron [111–114]
and the LHC [77–79, 115, 116].

Searches also exist for light charged Higgs bosons in
top decays at both the Tevatron [117, 118] and the
LHC [119–121]. For the MSSM scenarios considered in
this work, however, the corresponding bounds are not
competitive with the bounds from searches of the neu-
tral Higgs bosons.

In the large tan� regime, the cross sections for the
heavy scalar and pseudoscalar Higgses rescale according
to

�bb!H ' �bb!A ' �SM

bb!h ⇥ t2�
(1 + ✏bt�)2

, (27)

�gg!H ' �gg!A ' �tt, SM

gg!h ⇥
✓

1

t�
� ✏t

◆
2

+ �tb, SM

gg!h ⇥ 1� ✏tt�
1 + ✏bt�

+ �bb, SM

gg!h ⇥ t2�
(1 + ✏bt�)2

,(28)

evaluated at a common mass for all Higgs bosons. For
large tan�, the �bb!H/A production cross sections can
dominate over gluon fusion. We use HIGLU [122] and
bbh@nnlo [123] to compute the respective SM cross sec-
tions �i, SM

gg!h and �SM

bb!h at the LHC.
The most important decay modes of the heavy Higgs

bosons are H,A ! bb and H,A ! ⌧+⌧�. The corre-
sponding partial widths can be written as

�Hbb ' �Abb ' �SM

hbb ⇥
t2�

(1 + ✏bt�)2
, (29)

�H⌧⌧ ' �A⌧⌧ ' �SM

h⌧⌧ ⇥ t2�
(1 + ✏⌧ t�)2

, (30)

where �SM

hff are the corresponding decay widths of a Higgs
boson with the same mass as H and A and with SM-like
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FIG. 1. Constraints in the MA–tan� plane from direct
searches of the neutral MSSM Higgs bosons at CMS and AT-
LAS. The solid, dotted and dashed lines correspond to sce-
narios (a), (b), and (c) as defined in Tab. I. The blue (green)
regions are excluded by searches in the ⌧+⌧� (bb) channel.

Scenario (a) (b) (c) (d) (e)

µ [TeV] 1 4 -1.5 1 -1.5

sign(At) + + + - -

TABLE I. Illustrative MSSM scenarios discussed in the text.
All sfermion masses are set to a common value 2 TeV, the
gaugino masses to 6M

1

= 3M
2

= M
3

= 1.5 TeV. The trilinear
couplings At = Ab = A⌧ are set such that the lightest Higgs
mass is Mh = 125 GeV.

couplings to bb and ⌧+⌧�. In our numerical analysis, we
compute �SM

hff using HDECAY [124].
Note that the main dependence of the production cross

sections and branching ratios is on tan� and the heavy
Higgs masses. Dependence on other MSSM parameters
enters only at the loop level through the tan� resumma-
tion factors ✏i.
In our framework, the most important constraints

come from the CMS bounds in the ⌧+⌧� channel [77],
which are available up to masses of MA = 800 GeV
and the bb̄ channel [78, 79] which cover heavy Higgs
masses up to MA < 350 GeV. Our estimates for the
excluded regions from the H/A ! bb̄ searches are shown
in Fig. 1 in yellow-green and labeled with bb. We set
all sfermion masses to 2 TeV and the gaugino masses to
6M

1

= 3M
2

= M
3

= 1.5 TeV. The solid, dotted and
dashed contours correspond to a Higgsino mass parame-
ter µ = 1 TeV (scenario a), 4 TeV (scenario b) and �1.5
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and the LHC [77–79, 115, 116].

Searches also exist for light charged Higgs bosons in
top decays at both the Tevatron [117, 118] and the
LHC [119–121]. For the MSSM scenarios considered in
this work, however, the corresponding bounds are not
competitive with the bounds from searches of the neu-
tral Higgs bosons.

In the large tan� regime, the cross sections for the
heavy scalar and pseudoscalar Higgses rescale according
to

�bb!H ' �bb!A ' �SM

bb!h ⇥ t2�
(1 + ✏bt�)2

, (27)

�gg!H ' �gg!A ' �tt, SM

gg!h ⇥
✓

1

t�
� ✏t

◆
2

+ �tb, SM

gg!h ⇥ 1� ✏tt�
1 + ✏bt�

+ �bb, SM

gg!h ⇥ t2�
(1 + ✏bt�)2

,(28)

evaluated at a common mass for all Higgs bosons. For
large tan�, the �bb!H/A production cross sections can
dominate over gluon fusion. We use HIGLU [122] and
bbh@nnlo [123] to compute the respective SM cross sec-
tions �i, SM

gg!h and �SM

bb!h at the LHC.
The most important decay modes of the heavy Higgs

bosons are H,A ! bb and H,A ! ⌧+⌧�. The corre-
sponding partial widths can be written as

�Hbb ' �Abb ' �SM

hbb ⇥
t2�

(1 + ✏bt�)2
, (29)

�H⌧⌧ ' �A⌧⌧ ' �SM

h⌧⌧ ⇥ t2�
(1 + ✏⌧ t�)2

, (30)

where �SM

hff are the corresponding decay widths of a Higgs
boson with the same mass as H and A and with SM-like

tt

bbHbL

bbHaL

bbHcL

200 400 600 800 1000 1200

10

20

30

40

50

60

MA HGeVL

ta
nb

FIG. 1. Constraints in the MA–tan� plane from direct
searches of the neutral MSSM Higgs bosons at CMS and AT-
LAS. The solid, dotted and dashed lines correspond to sce-
narios (a), (b), and (c) as defined in Tab. I. The blue (green)
regions are excluded by searches in the ⌧+⌧� (bb) channel.

Scenario (a) (b) (c) (d) (e)

µ [TeV] 1 4 -1.5 1 -1.5

sign(At) + + + - -

TABLE I. Illustrative MSSM scenarios discussed in the text.
All sfermion masses are set to a common value 2 TeV, the
gaugino masses to 6M

1

= 3M
2

= M
3

= 1.5 TeV. The trilinear
couplings At = Ab = A⌧ are set such that the lightest Higgs
mass is Mh = 125 GeV.

couplings to bb and ⌧+⌧�. In our numerical analysis, we
compute �SM

hff using HDECAY [124].
Note that the main dependence of the production cross

sections and branching ratios is on tan� and the heavy
Higgs masses. Dependence on other MSSM parameters
enters only at the loop level through the tan� resumma-
tion factors ✏i.
In our framework, the most important constraints

come from the CMS bounds in the ⌧+⌧� channel [77],
which are available up to masses of MA = 800 GeV
and the bb̄ channel [78, 79] which cover heavy Higgs
masses up to MA < 350 GeV. Our estimates for the
excluded regions from the H/A ! bb̄ searches are shown
in Fig. 1 in yellow-green and labeled with bb. We set
all sfermion masses to 2 TeV and the gaugino masses to
6M

1

= 3M
2

= M
3

= 1.5 TeV. The solid, dotted and
dashed contours correspond to a Higgsino mass parame-
ter µ = 1 TeV (scenario a), 4 TeV (scenario b) and �1.5

mq̃ = 2TeV

At fixed by mh

12

The SM loop function Y
0

depends on the top mass and
is approximately Y

0

' 0.96. Note that the MSSM con-
tributions to Bs ! µ+µ� do not decouple with the scale
of the SUSY particles, but with the masses of the heavy
scalar and pseudoscalar Higgs bosons M2

H ' M2

A. Due to
the strong enhancement by tan3 �, the large tan� regime
of the MSSM is highly constrained by the current exper-
imental results on BR(Bs ! µ+µ�). We remark, how-
ever, that ✏

FC

in the numerator of (45) is a sum of several
terms (see (23)) each of which depend strongly on several
MSSM parameters. In addition, cancellations among the
di↵erent terms can occur in certain regions of parameter
space, rendering the Bs ! µ+µ� constraint very model
dependent, even in the restrictive framework of MFV.
Additional contributions to Bs ! µ+µ� can arise from
charged Higgs loops [187]. They interfere destructively
with the SM contribution and scale as (tan�)2/M2

H± .
Typically, their e↵ect is considerably smaller compared
to the SUSY contribution in (45).

We stress that there is a simple mathematical lower
bound of RBsµµ = 1/2 in (44) that is saturated for
A = 1/2. In this case, the SUSY contribution partially
cancels the SM amplitude, but simultaneously generates
a non-interfering piece that cannot be canceled. This
lower limit provides a significant threshold for experi-
ments searching for BR(Bs ! µ+µ�): not only is the
SM branching fraction a meaningful value to test experi-
mentally, but the potential observation of the branching
fraction below one half of the SM value would strongly
indicate NP and imply departure from the MSSM with
MFV. Note that the current 2� lower bound from LHCb
on the branching ratio is below 1/2 of the SM value and
therefore does not lead to constraints in our framework,
yet.

In Fig. 5, we show the constraints from Bs ! µ+µ� in
the MA–tan� plane. The red solid, dotted and dashed
contours correspond to scenarios (a), (b), and (c) of
Tab. I. The dash-dotted contour corresponds to scenario
(d), with all MSSM parameters as for the solid con-
tour, but with a negative sign for the trilinear coupling.
For comparison, the constraints from direct searches are
again shown in gray. As expected, we observe a very
strong dependence of the Bs ! µ+µ� bounds on the
choices of the remaining MSSM parameters, particularly
the sign of µAt. Note that in the considered scenarios,
we assume degenerate squarks such that the only term
entering ✏

FC

is from the irreducible Higgsino loop contri-
bution, ✏

˜H
b , whose sign is dictated by µAt. For positive

(negative) µAt the NP contribution interferes destruc-
tively (constructively) with the SM amplitude. Since the
lower bound on BR(Bs ! µ+µ�) from LHCb is still be-
low half of the SM value, destructively interfering NP is
much less constrained than constructively interfering NP.

The plots of Fig. 6 show in red the constraints from
Bs ! µ+µ� in the plane of the third generation squark
masses and the Higgsino mass parameter µ. The gray
horizontal band corresponds to the constraint from di-
rect searches of charginos at LEP that exclude |µ| .
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FIG. 5. Constraints in the MA–tan� plane from the Bs !
µ+µ� decay. The red solid, dotted, dashed and dash-dotted
contours correspond to scenarios (a), (b), (c) and (d), as de-
scribed in the text. The gray region is excluded by direct
searches of MSSM Higgs bosons in the H/A ! ⌧+⌧� chan-
nel.

100 GeV [184, 185]. In these plots, we fixMA = 800 GeV,
tan� = 45 (fully compatible with the B ! ⌧⌫ constraint
and not yet constrained by direct searches), and gaugino
masses with 6M

1

= 3M
2

= M
3

= 1.5 TeV. As in all the
other plots, we vary the trilinear couplings At = Ab = A⌧

throughout the plot such that the lightest Higgs mass is
Mh = 125 GeV. The values for At are indicated in the
plots by the vertical dotted contours. The two plots cor-
respond to positive and negative values of the A-terms.
In the gray region in the lower left corners of the plots, the
sbottom loop corrections to the lightest Higgs mass be-
come so large that the lightest Higgs mass is always below
Mh < 125 GeV for any value of At, taking into account
a 3 GeV theory uncertainty. We checked that varying
the light Higgs mass between 122 GeV < Mh < 128 GeV
can change the values of At by around 25% in each di-
rection and therefore can a↵ect the constraints derived
from Bs ! µ+µ� at a quantitative level. However, the
qualitative picture of the constraints and the interplay
of the SUSY contributions to Bs ! µ+µ�, as discussed
below, are una↵ected by this variation.

The solid contours are obtained under the assumption
that the masses of the first two generation squarks are
equal to the third generation, while for the dashed and
dotted contours we assume the first two generations to
be heavier by 50%. For the dashed contours, we as-
sume the splitting for the left-handed squarks to be fully
aligned in the up-sector, such that gaugino-squark loops
also contribute to ✏

FC

with ⇣ = 1 (see (23) and (25)).
We set ⇣ = 0.5 for the dotted contours, such that only
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Figure 2: Correlation between the branching ratios of Bs ! µ

+
µ

� and Bd ! µ

+
µ

�

in MFV, the SM4 and four SUSY flavour 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 decays Bs ! µ

+
µ

� and Bd ! µ

+
µ

� is an example of a
“vertical” 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 = C

bq
S � C

0bq
S , P = C

bq
P � C

0bq
P + 2xµ(C

bq
10 � C

0bq
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 to C

bq
S from neutral Higgs exchange scales as tan �2,

where tan � is the ratio of the two Higgs VEVs. In the MSSM, the non-holomorphic
corrections to the Yukawa couplings even enhance this contribution to tan�3.

Figure 2 shows the correlation between BR(Bs ! µ

+
µ

�) and BR(Bd ! µ

+
µ

�)
in MFV, the SM4 and four SUSY flavour models¶ analyzed in detail in [10]. The
MFV line, shown in orange, is obtained from the flavour independence of the Wil-
son coe�cients, cf. eq. (3). The largest e↵ects are obtained in the SUSY flavour
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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2 E↵ective couplings of the Z boson to down-type quarks

As pointed out in Refs. [4, 6], there exists a wide class of models where the only relevant
deviations from the SM in B(Bs ! µ+µ�) and Z ! bb̄ can be described in terms of
modified Z-boson couplings at zero momentum transfer, defined by the following e↵ective
Lagrangian

L Z
e↵

=
g

cW
Zµd

i
�µ

h
(gijL + �gijL )PL + (gijR + �gijR )PR

i
dj . (3)

Here g is the SU(2)L gauge coupling, cW = cos ✓W (sW = sin ✓W ), and gijL,R denote the
e↵ective SM couplings. In the following we employ state-of-the-art expressions to estimate
the SM contributions to B(Bs ! µ+µ�) and Z ! bb̄, and use L Z

e↵

at the tree level only

to estimate the non-standard e↵ects parameterized by �gijL,R.

For later convenience we recall the leading structure of the gijL,R. The tree-level SM
couplings are

(giiL)tree = �1

2
+

1

3
s2W , (giiR)tree =

1

3
s2W , (gi 6=j

L,R)tree = 0 . (4)

At the one-loop level the giiL,R are gauge dependent, but they assume the following simple
and gauge-independent form in the limit mt � mW (or g ! 0):

(gijL )
(g=0)

1�loop

=
m2

t

16⇡2v2
V ⇤
tiVtj , (gijR )

(g=0)

1�loop

= 0 , (5)

where Vij denote the elements of the CKM matrix and v ⇡ 246 GeV.

The new-physics contributions, parameterized by �gijL,R, can be related to the couplings
of a manifestly gauge-invariant Lagrangian,

L NP

e↵

= �1

2

X

n,A

X

i,j

cijnA
⇤2

Oij
nA , (6)

with the following set of dimension-six operators:

Oij
1L = i

⇣
Q

i
L�

µQj
L

⌘
H†$DµH , Oij

1R = i
⇣
D

i
R�

µDj
R

⌘
H†$DµH ,

Oij
2L = i

⇣
Q

i
L⌧

a�µQj
L

⌘
H†⌧a

$
DµH . (7)

Defining the flavor indices {i, j} in the mass-eigenstate basis of down-type quarks we find

�gijL =
v2

4⇤2

✓
cij
1L +

1

4
cij
2L

◆
, �gijR =

v2

4⇤2

cij
1R . (8)

The set of operators in Eq. (7) is not the complete set of gauge-invariant dimension-
six operators contributing to Bs ! µ+µ� and Z ! bb̄ at the tree level. In principle,
we can consider also four-fermion (two-quarks/two-leptons) operators, terms of the type
J⌫ ⇥DµFµ⌫ , or terms of the type H†Jµ⌫ ⇥Fµ⌫ , where J⌫ and Jµ⌫ are quark bilinears, and
Fµ⌫ generically denotes the field-strength tensor of U(1) or SU(2)L gauge fields. However,
the e↵ects of these operators cannot be described by means of L Z

e↵

and we lose the natural
correlation between these two observables.1 For this reason in the following we concentrate
only on the set of operators in Eq. (7).

1 The four-fermion operators do not contribute to L Z
e↵ at the tree level, hence they have a negligible impact on Z ! bb̄

compared to Bs ! µ+µ�. Conversely, operators with the field-strength tensor generate amplitudes suppressed by
at least one power of p/v, with p the external momentum, that therefore have negligible impact on Bs ! µ+µ�

compared to Z ! bb̄.
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Example: MFV
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†
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i
d (YuY

†
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ijY j
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Much more information available: 

Impact of existing LHCb data 

Can define theoretically clean complementary 
observables, sensitive to NP 

• Angular observables (Pi  (AT(i), HT(i)), ...) in
• Time dependent decay observables in  
• CPV asymmetries in  
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Figure 2: Individual 2� constraints on pairs of Wilson coe�cients from B ! K⇤µ+µ�

at low q2 (blue) and high q2 (green), B ! Xs`
+`� (brown), BR(B ! Xs�)

(yellow), B ! K⇤� (purple) and combined 1 and 2� constraints (red).
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K⇤µ+µ� (green), B ! Kµ+µ� (blue) and Bs ! µ+µ� (gray) as well as combined 1
and 2� constraints (red).
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Figure 2: Individual 2� constraints on the primed Wilson coe�cients as well as combined 1
and 2� constraints. Same colour coding as in figure 1.
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Example: NP in dipole operators

2011 2012

1206.0273

1111.1257
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B ! Xs`
+`�
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B ! Xs�

Impact of AFB in
               ACP in

B ! K⇤`+`�

for latest fits
see talks by van Dyk, Matias
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Signs of NP? 
(1)                      anomalyB ! K⇤`+`�



                    anomalyB ! K⇤`+`�

Fit of angular observables (AFB, Pi ) binned in low q2 region
• Mostly sensitive to

• In ~4σ tension with SM estimates (dominated by P5’, also AFB, P2)

• Can be reconciled by ~40% reduction of

A sign of NP? Recheck SM theory estimates
• Based on QCD factorization at large hadronic recoil

• Form factor reduction - broken by αs (computed), 1/mb (estimated) corrections

• Underestimated LD contributions?        

Q7 ⇠ C7 mb[s̄�µ⌫(1 + �5)b]eF
µ⌫

Q9 ⇠ C9 [s̄�µ(1� �5)b][¯̀�
µ`]

hQ9i Descotes-Genon, Matias & Virto, 1307.5683

First-principles QCD estimate possible?

for the matrix element of Q
8g

. The operator Q
8g

still provides a chiral projector,
and the fermion line entering jK⇤ in Fig. 3 is still “hard-collinear”, such that
the first four factors in (70) are unchanged, even if the electromagnetic current
insertion occurs on that line (if the strange quark mass is neglected). The result is
again that the long-distance (soft) contribution h

+

|
Q8g,LD is suppressed by ⇤/m

b

or m
s

/m
b

relative to h�|Q8g,LD. As the latter is already suppressed by a power
of ⇤/m

b

relative to the leading-power amplitude H�
V

, the impact on Q
8g

on h
+

should be negligible. (Note also that the e↵ect of the “soft” Q
8g

contributions in
B ! K`+`� was found to be well below 1 % of the total hadronic contribution
in [94]. It is di�cult to see how a much larger contribution could occur in the
present case, even for the non-helicity-suppressed amplitude h�.)

3.2.3 Light quarks and resonance structure

The remaining contributions of the hadronic weak Hamiltonian to the decay
amplitude coming from the QCD penguin operators and the double Cabibbo-
suppressed current-current operators involving up quarks,

ahad, lq
µ

=

Z

d4x e�iq·xhK̄⇤|T{jem
µ

(x), Hhad, lq

e↵

(0)}|B̄i, (72)

and are either doubly Cabibbo-suppressed or weighted by the small Wilson co-
e�cients C

3�6

. Again, a systematic description exists within QCDF [23], with a
vanishing contribution to h

+

at leading power and a breakdown of factorization at
subleading powers. Because of the multiple suppression factors, the contributions
to H+

V

arising in this fashion are negligible.
However, long-distance non-perturbative e↵ects may manifest themselves partly

as resonances or poles in the complex-q2 plane, implying a resonance structure
which we do not expect to be accounted for at any order in ⇤/m

b

. Therefore
we employ a hadronic description to estimate both power corrections and the
possibility of large “duality-violating” e↵ects in B ! K⇤`+`� observables. In
order to do this, let us consider instead the object

ãhad, lq
µ

=

Z

d4x e�iq·xhK̄⇤|T{jem,lq

µ

(x), Hhad

e↵

(0)}|B̄i, (73)

where we only keep the light-quark part of the electromagnetic current, relevant
for resonance structure in the low-q2 region (but revert to the full weak Hamil-
tonian). Ideally, we would like to compute ãhad, lq

µ

taking into account the fact
that pions and other light hadrons are the relevant degrees of freedom of QCD
in this domain, in a systematic fashion as, for example, using chiral perturbation
theory (�PT) [95, 96], together with any of the methods that extend its range
of applicability up to the region of the light resonances [97–100]. In fact, this
program is attainable for kaon decays in which the energies and masses are all
small compared with the chiral symmetry breaking scale ⇤

�SB

⇠ 1 GeV [101]. In
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Jager & Camalich, 1212.2263

(+chirally flipped ops.)

see talk by Serra

Khodjamirian et al., 1006.4945



                    anomalyB ! K⇤`+`�

Possible experimental tests:
• More inclusive observables (integrated over q2 = [1, 6] GeV2)

- less sensitive to non-local (resonance) contributions

- fine binning could enhance sensitivity to QCD effects

• Consider high q2 (low hadronic recoil) region
- different theory systematics (HQET OPE)

• Complementary observables in other modes 

        i.e. expect reduced rates compared to SM estimates

- if due to QCD, don’t necessarily expect identical effects

(Bs ! �`+`�, B ! K`+`�, B ! Xs`
+`�, . . .)
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Figure 7: Di↵erential branching fraction, F
L

and the “clean” observables P (0)
i

around the low-q2 end-point. We show in black the experimental results for the
two first observables in the bins [0.05, 2] GeV2 and [2, 4.3] GeV2 [6]. The color
code is as in Fig. 6.

power corrections, subsequently. Factorizable corrections are estimated using
Eq. (56), and the charm-loop uncertainty are modelled according to Eqs. (77).

The main source of uncertainties in the I
i

’s stem from the soft form factors
and, in some cases, from the charm-loop. In particular, for the coe�cients pro-
portional to H+

V,A

, I
3

and I
9

, the latter source is, by far, the most important. On
the other hand, it is remarkable that the uncertainties in the coe�cients arising
from the unknown factorizable power corrections are negligible at low q2. This
e↵ect is due to the constraints imposed by the exact relations (44). Finally, notice
that the vector-meson resonances alter significantly the line shape of most of the
I
i

’s, except for those / H+

V,A

due to the suppression of the corresponding helicity
amplitude in the B̄ ! K̄⇤V decays (see Sec. 3).
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                    anomalyB ! K⇤`+`�

If NP, should couple universally to both lepton chiralities                       

• Cannot be due to anomalous Zbs coupling

      - but known Z‘ model examples could be compatible        

• Effect in B → (K,K*,Xs)νν? 

      - No non-local QCD contributions (but need precise form factor estimates)        

      - Expect (~50%) reduction compared to SM predicted rates 
• If chiral cancelation not perfect, also Bs → μ+μ-

QL+R ⇠ zijQ̄
i�µQ

j(L̄�µL+ eR�
µeR)Q9

ΛNP > ΛEW 

Buras, De Fazio & Girrbach, 1211.1896 

Descotes-Genon, Matias & Virto, 1307.5683



Signs of NP? 
(2) CP violation in charm decays



CP violation in charm decays

Direct CPV

Experiment (WA):

Larger than naive SM estimates: 

af ⌘ �(D0 ! f)� �(D̄0 ! f)

�(D0 ! f) + �(D̄0 ! f)
�aCP ⌘ aK+K� � a⇡+⇡�

�aCP = (�0.329± 0.121)%

|�aCP | =
����Im

✓
�s

�d

◆����
↵s

⇡
⌧ 0.1%

�q ⌘ V ⇤
cqVuq

D0

D0π+

π-

π+

π-

c.f. Grossman et al., hep-ph/0609178

HFAG, March 2013
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CP violation in charm decays

Revisiting SM prediction:

ΔRSM > 1 is not what we expect for mc >> ΛQCD, but is not 
impossible treating charm quark as light: 
• possible connection with the ΔI=1/2 rule in K→ππ

• could also address apparent sizable light flavor SU(3) 
violation in D decay rates

�aCP ⇡ (0.13%)Im(�RSM)

CKM 
suppression

matrix element ratio:
“disconnected”

“connected”

Brod, Kagan & Zupan 1111.5000
Feldmann, Nandi & Soni, 1202.3795 

Brod, Grossman, Kagan & Zupan 1203.6659
Franco, Mishima & Silverstrini, 1203.3131

Hiller, Jung & Schacht, 1211.3734
... 

Golden & Grinstein Phys. Lett. B 222 (1989)

27
see talks by Schacht, Soni



CP violation in charm decays

Could it be NP?
• typical scales probed for
• important constraints from D oscillations, CPV in K decays, 

EDMs, ...
• needs to involve new SU(3)U flavor breaking
• can be generated in well-motivated models                  

(SUSY, warped extra-dim. / composite Higgs,....)

Q(6) , [zuc ⇠ exp(i�NP )] : ⇤ ⇠ 15TeV

Isidori, J.F.K, Ligeti & Perez 
1111.4987

Gedalia, J.F.K, Ligeti & Perez 
1202.5038

Giudice, Isidori & Paradisi,1201.6204
Chang et al., 1201.2565

Hiller, Hochberg & Nir, 1201.6204
Keren-Zur et al., 1205.5803

Delaunay, J.F.K., Perez & Randall, 1207.0474
...

(δu12)LR
Y5 Y5

H

28

Q(6) ⇠ [c̄�Au]⌦ [q̄ �Bq]

MSSM RS



CP violation in charm decays

Key question: how to distinguish NP vs. SM explanations?

In NP models: search for other signatures (collider, EDMs,...)

Using charm data: 
• isospin sum rules violated if NP (aCP(D+→π+π0)=0,...)
• CPV in radiative D decays (D→(P+P-)V γ; also D→(P+P-)V l+l-)

• CPV in other non-leptonic D decays

Isidori & J.F.K., 1205.3164
Lyon & Zwicky, 1210.6546

Fajfer & Kosnik, 1208.0759
Cappiello, Cata & D’Ambrosio, 1209.4235

Grossman, Kagan & Zupan, 1204.3557

Bhattacharya, Gronau & Rosner, 1201.2351
...

see talks by Rok Ko,
Bevan, Soni

Hochberg & Nir, 1112.5268
Altmannshofer et al., 1202.2866

Da Rold et al., 1208.1499 
...
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Signs of NP? 
(3) CP violation in semileptonic b decays



CP violation in semileptonic b decays

Given good consistency of global CKM fits, CPV in Bs 
mixing predicted precisely in SMAnother unitarity triangle

s`

a

a

_ _

dm6

K¡

K¡

sm6 & dm6

ubV

`sin 2

s
`

excluded at CL > 0.95

Bs
l

-0.10 -0.05 0.00 0.05 0.10

B
s

d

-0.10

-0.05

0.00

0.05

0.10
excluded area has CL > 0.95

Winter 12

CKM
f i t t e r

⇢̄Bs + i ⌘̄Bs = arg

⇣
�VubV⇤

us
VcbV⇤

cs

⌘

SM mechanism for
CP-violation encoded
in CKM matrix
describes efficiently Bd
and Bs systems ?

Not exactly:
sin(2�) vs B ! ⌧⌫

ASL

(�s,��s) (?)
discrepancies which
could be related to
meson mixing

S. Descotes-Genon (LPT-Orsay) CPV, SM and NP 11/06/12 9

So far, no signs of deviations 
from the SM...

Given this situation, it is particularly interesting to see what happens in the b→s 
ΔF=2 amplitude (CPV in Bs mixing), where the SM prediction is more precise.

So far, no signs of deviations from the SM...

Bs                         ψ φ(f0)
  

                
B

s  

_

Sψφ   = -sin(ϕs ) 

  = 0.041 ± 0.01  

SM

G. Isidori –  Flavor Physics Theory       HCP 2012, Kyoto Nov. 2012

⇢̄Bs + i⌘̄Bs = �(VubV
⇤
us)/(VcbV

⇤
cs)

Given this situation, it is particularly interesting to see what happens in the b→s 
ΔF=2 amplitude (CPV in Bs mixing), where the SM prediction is more precise.

So far, no signs of deviations from the SM...

Bs                         ψ φ(f0)
  

                
B

s  

_

Sψφ   = -sin(ϕs ) 

  = 0.041 ± 0.01  

SM

G. Isidori –  Flavor Physics Theory       HCP 2012, Kyoto Nov. 2012

�SM
s = arg [�(VubV

⇤
us)/(VcbV

⇤
cs)] 31see talk by Wandernoth



...except persistent Asl anomaly

dimuon charge asymmetry by D0

If due to CPV in Bs,d mixing 

SM prediction:

asymmetries as:

aS =
P

q=b,c,SLM[(P+
q + P̄+

q )� (P�
q + P̄�

q )]
P

q=b,c,SLM [(P+
q + P̄+

q ) + (P�
q + P̄�

q )]
, (7)

and

AS =
P

q=b,c,SLM[(P+
q · P̄+

q )� (P�
q · P̄�

q )]
P

q=b,c,SLM [(P+
q · P̄+

q ) + (P�
q · P̄�

q )]
. (8)

Let us finally mention that another observable is introduced in Ref. [3] by considering A0
S restricted

to a sample of dimuons with a large enough muon impact parameter. We refrain from studying
in detail this observable because of our lack of knowledge concerning the experimental inputs and
correlations required, but we highlight that it could be analyzed along the same lines as what we
present here for A0

S .

3 The role of the semileptonic CP asymmetries

In the absence of CP violation in semileptonic b and c quark decays, aS and AS can be directly
expressed in terms of Ab

sl, a linear combination of the wrong-sign semileptonic flavor specific asym-
metries of the Bd,s mesons measuring CP -violation in their respective mixings 2:

Ab
sl = fda

d
sl + fsa

s
sl , aq

sl =
�(B̄q ! µ+X)� �(Bq ! µ�X)
�(B̄q ! µ+X) + �(Bq ! µ�X)

, (9)

with fd and fs the fractions of Bd and Bs mesons contributing to the asymmetry, which depend on
the experimental setting. The values used by the DØ collaboration are either taken from averages
at Tevatron [2], or at LEP [3].

In the presence of CP violation in inclusive semileptonic b or c decays, one must define two
additional asymmetries Ab

dir and Ac
dir:

Ab
dir =

�(b! µ�X)� �(b̄! µ+X)
�(b! µ�X) + �(b̄! µ+X)

, Ac
dir =

�(c̄! µ�X)� �(c! µ+X)
�(c̄! µ�X) + �(c! µ+X)

. (10)

Then the most general expressions for the probabilities P±q , P̄±q read

P+
b / w1b(1 + Ab

sl �Ab
dir) + w2a(1�Ac

dir) + (w3 + w5)(1�Ac
dir)/2 + w4a/2 , (11a)

P�
b / w1a(1 + Ab

dir) + w2b(1 + Ab
sl + Ac

dir) + (w3 + w5)(1 + Ac
dir)/2 + w4a/2 , (11b)

P̄+
b / w1a(1�Ab

dir) + w2b(1�Ab
sl �Ac

dir) + (w3 + w5)(1�Ac
dir)/2 + w4a/2 , (11c)

P̄�
b / w1b(1�Ab

sl + Ab
dir) + w2a(1 + Ac

dir) + (w3 + w5)(1 + Ac
dir)/2 + w4a/2 , (11d)

P+
c / w6(1�Ac

dir) + w4b/2 , (11e)
P̄�

c / w6(1 + Ac
dir) + w4b/2 . (11f)

Furthermore, since semileptonic charm decay contributions to wrong-sign muons P�
c and P̄+

c are
suppressed by the small D0 mixing probability, we have simply

P�
c = P̄+

c / w4b/2 , (12)

whereas the short-lived meson decays provide

P±SLM = P̄±SLM / w4c/2 . (13)
2
As mentioned in the Introduction, possible contributions due to CP violation in D0

mixing are extremely suppressed

by the small mixing probability of D0
mesons as measured experimentally.
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We reconsider the recent observation by the DØ experiment of a sizable like-sign dimuon charge
asymmetry, highlighting that it could be a↵ected by CP-violating New Physics contributions not only
in Bd- and Bs-meson mixings, but also in semileptonic decays of b and c quarks producing muons.
The DØ measurement could be reconciled with the Standard Model expectations for neutral-meson
mixings, provided that the CP asymmetry in semileptonic b (c) decays reaches 0.3 % (1%). Such
e↵ects, which lie within the available (rather loose) experimental bounds, would be clear indications
of New Physics and should be investigated experimentally.

1 Introduction

The recent observation by the DØ experiment of a sizable like-sign dimuon charge asymmetry [1–3]
has attracted tremendous theoretical interest. If interpreted as originating from mixing-induced CP
violation in semileptonic b quark decays, the observed value of Ref. [3]

Ab
sl = (�0.787 ± 0.172 ± 0.093)% , (1)

is significantly larger than expected within the standard model (SM) Ab
sl

SM = (�3.96+0.15
�0.04) · 10�4 [4]

(see also Refs. [5]). On the other hand, recent measurements of CP violation in wrong sign semilep-
tonic Bs decays from the LHCb and DØ collaborations [6, 7]

as
sl = (�1.08 ± 0.72 ± 0.17)% [DØ] , as

sl = (�0.24 ± 0.54 ± 0.33)% [LHCb] , (2)

are in agreement with SM expectations. Furthermore, recent precise determinations of the CP asym-
metry in the Bs ! J/ � decay [8], which are consistent with SM predictions, already severely
constrain a possible interpretation of the value in Eq. (1) in terms of non-standard CP-violating con-
tributions to Bs mixing [4]. While the large observed Ab

sl could still originate from new CP-violating
e↵ects in Bd mixing, this would nonetheless require sizable correlated non-standard contributions
also to the absorptive mixing amplitude [4] (see also Ref. [9]).

In view of this intriguing situation, it is important to revisit theoretical assumptions underlying
the interpretation of the DØ measurement. Since the DØ result indicates a significant discrepancy
with the SM concerning a tiny CP asymmetry, one should reconsider other possible New Physics
(NP) sources which could contribute the observed CP violation, but are generally assumed to be
negligible within the SM. Indeed one can imagine other sources of CP violation contributing to
the dimuon charge asymmetry. Given the sizable charm contributions in both the inclusive muon
and same-sign dimuon data samples, an attractive possibility is represented by CP violation in D0

mixing. However, the D0 oscillation probability has been measured and its smallness renders any
such contribution negligible.

On the other hand the DØ analysis also assumes that the semileptonic b and c quark decays
conserve CP. In this letter we explore the consequences of relaxing this assumption. Direct CP
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violation in semileptonic decays of b or c quarks is presently only poorly constrained experimentally.
The related inclusive semileptonic CP asymmetries are expected to be tiny in the SM and so o↵er
interesting venues for contributions of NP. This motivates us to investigate whether the observed
dimuon asymmetry in Eq. (1) could originate from CP violation in semileptonic b and c quark
decays.

Previously, a study of the potential impact of CP-violation in semileptonic b decays has been
performed in ref. [10], finding that the impact on Ab

sl was very small in the SM, as well as in a large
class of NP models where the main e↵ect comes from the interference between SM tree and NP loop
contributions (leading to a generic bound of a few 10�6). We consider the problem from a di↵erent
angle, by studying the main ingredients and assumptions behind the DØ analysis carefully, including
also possible CP -violating contributions from semileptonic c decays. We furthermore re-estimate
the size of possible SM e↵ects as well as presently experimentally allowed NP contributions to CP
asymmetries in semileptonic b and c decays.

The rest of the paper is structured as follows: in Sec. 2 we recall the basic elements of the DØ
analysis needed for the extraction of the CP asymmetries from their inclusive muon and same-sign
dimuon data samples. Sec. 3 is devoted to the derivation of the relevant observables in presence of
CP violation in semileptonic b and c quark decays and the reinterpretation of the DØ measurement
in terms of the related CP asymmetries. In Sec. 4 we discuss other existing bounds on CP violation
in these decays, and we give their expectations within the SM in Sec. 5. Finally, we conclude in
Sec. 6.

2 Elements of the experimental analysis

We recall the basic ingredients in the determination of Ab
sl from the measurement of the dimuon

charge asymmetry according to Ref. [2] and applicable to the most recent update [3] (we will use the
values quoted in the latter reference for our numerical analysis). Experimentally, both the like-sign
dimuon charge asymmetry A and the inclusive muon charge asymmetry a are measured by counting

A =
N++ �N��

N++ + N�� , a =
n+ � n�

n+ + n�
, (3)

where N++,�� (n+,�) denote the number of events with two muons (one muon) with a given charge
passing the kinematic selections.

There are various detector and material-related processes contributing to these asymmetries. The
reconstructed muons are classified into two categories: “short” (or S) including muons from weak
decays of b, c, ⌧ and from electromagnetic decays of short-lived mesons (�, !, ⌘, ⇢0), and “long” (or
L) coming from decays of charged kaons and pions as well as from particle misidentification. One
can separate the contribution from short muons aS to the inclusive muon charge asymmetry

a = fS(aS + �) + fKaK + f⇡a⇡ + fpap , (4)

where � is the charged asymmetry related to muon detection and identification, and for the back-
ground L processes, fK (f⇡, fp) the fraction of muons from charged kaon decays (charged pion
decays, misidentifications), and aK (a⇡, ap) the corresponding charge asymmetry. These quantities
are directly measured from experiment.

One has also a similar expression for the dimuon charge asymmetry

A = FSSAS + (Fbkg � 2FLL)aS + (2� Fbkg)� + FKAK + F⇡A⇡ + FpAp , (5)

where � is the detection asymmetry, FK,⇡,p and AK,⇡,p are the fractions and asymmetries related to
the various background L processes.

2

asymmetries as:

aS =
P

q=b,c,SLM[(P+
q + P̄+

q )� (P�
q + P̄�

q )]
P

q=b,c,SLM [(P+
q + P̄+

q ) + (P�
q + P̄�

q )]
, (7)

and

AS =
P

q=b,c,SLM[(P+
q · P̄+

q )� (P�
q · P̄�

q )]
P

q=b,c,SLM [(P+
q · P̄+

q ) + (P�
q · P̄�

q )]
. (8)

Let us finally mention that another observable is introduced in Ref. [3] by considering A0
S restricted

to a sample of dimuons with a large enough muon impact parameter. We refrain from studying
in detail this observable because of our lack of knowledge concerning the experimental inputs and
correlations required, but we highlight that it could be analyzed along the same lines as what we
present here for A0

S .

3 The role of the semileptonic CP asymmetries

In the absence of CP violation in semileptonic b and c quark decays, aS and AS can be directly
expressed in terms of Ab

sl, a linear combination of the wrong-sign semileptonic flavor specific asym-
metries of the Bd,s mesons measuring CP -violation in their respective mixings 2:

Ab
sl = fda

d
sl + fsa

s
sl , aq

sl =
�(B̄q ! µ+X)� �(Bq ! µ�X)
�(B̄q ! µ+X) + �(Bq ! µ�X)

, (9)

with fd and fs the fractions of Bd and Bs mesons contributing to the asymmetry, which depend on
the experimental setting. The values used by the DØ collaboration are either taken from averages
at Tevatron [2], or at LEP [3].

In the presence of CP violation in inclusive semileptonic b or c decays, one must define two
additional asymmetries Ab

dir and Ac
dir:

Ab
dir =

�(b! µ�X)� �(b̄! µ+X)
�(b! µ�X) + �(b̄! µ+X)

, Ac
dir =

�(c̄! µ�X)� �(c! µ+X)
�(c̄! µ�X) + �(c! µ+X)

. (10)

Then the most general expressions for the probabilities P±q , P̄±q read

P+
b / w1b(1 + Ab

sl �Ab
dir) + w2a(1�Ac

dir) + (w3 + w5)(1�Ac
dir)/2 + w4a/2 , (11a)

P�
b / w1a(1 + Ab

dir) + w2b(1 + Ab
sl + Ac

dir) + (w3 + w5)(1 + Ac
dir)/2 + w4a/2 , (11b)

P̄+
b / w1a(1�Ab

dir) + w2b(1�Ab
sl �Ac

dir) + (w3 + w5)(1�Ac
dir)/2 + w4a/2 , (11c)

P̄�
b / w1b(1�Ab

sl + Ab
dir) + w2a(1 + Ac

dir) + (w3 + w5)(1 + Ac
dir)/2 + w4a/2 , (11d)

P+
c / w6(1�Ac

dir) + w4b/2 , (11e)
P̄�

c / w6(1 + Ac
dir) + w4b/2 . (11f)

Furthermore, since semileptonic charm decay contributions to wrong-sign muons P�
c and P̄+

c are
suppressed by the small D0 mixing probability, we have simply

P�
c = P̄+

c / w4b/2 , (12)

whereas the short-lived meson decays provide

P±SLM = P̄±SLM / w4c/2 . (13)
2
As mentioned in the Introduction, possible contributions due to CP violation in D0

mixing are extremely suppressed

by the small mixing probability of D0
mesons as measured experimentally.
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�s

Bobeth & Haisch, 1109.1826

Computing neutral mixing in SM at NLO
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[Beneke et al 1996-03, Ciuchini et al. 03]
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and expanded in 1/mb and ↵s series of local operators
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Rq̄�

L b↵
R
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If A would be due to NP phase in Bs 
mixing: in conflict with measured
(similarly for Bd mixing)
 
Additional possibilities:
1. NP in absorptive amplitudes

• in Bs system conflict with ΔΓs, Δms

• in Bd system severe constraints  from 
ΔF=1, possibility remains

c.f. Lenz et al.,1203.0238
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If A would be due to NP phase in Bs 
mixing: in conflict with measured
(similarly for Bd mixing)
 
Additional possibilities:
2. NP in direct CP asymmetries             
(in semileptonic b or c decays) 

• Need O(0.1%) asym. in Bq decays, O(1%) asym. in Dq decays
• Negligible in SM
• Difficult to obtain in NP models
• Could be tested at LHC using b’s from t decays

�SM
s ⌘ 2�s

�s

Gedalia et al., 1212.4611

Descotes-Genon & J.F.K., 1207.4483

CP violation in semileptonic b decays

Bar Shalom, Gronau & Rosner, 1008.4354

c.f. Lenz et al.,1203.0238
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Signs of NP? 
(4) Lepton flavor universality in B decays



LFU in (semi)leptonic B decays

In SM weak charged current interactions are lepton flavor 
universal

• Tested directly at colliders via W decays ~1%

Additional charged (scalar) interactions could induce LFU 
violation in processes at low energies

Can be predicted accurately even in hadronic processes, 
since most QCD uncertainties cancel in ratios

• Pion, kaon, D processes well consistent with LFU 
expectations ~(0.1-1)%

c.f. HFAG, 1010.1589
talk by Fantechi
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LFU in (semi)leptonic B decays

Apparent tension in global 
CKM unitarity fits

Discrepancy between |Vub| 
determinations

Most pronounced for taunic B 
decay

Somewhat reduced with recent 
Belle result Belle, 1208.4678

c.f. Ligeti @ CKM2012, Cincinnati
talk by Sibidanov
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LFU in (semi)leptonic B decays

However, maybe not CKM issue at all

Can eliminate |Vub| in ratio

Similarly in semitauonic decays

Implications of lepton flavor universality violations in B decays

Svjetlana Fajfer,1, 2, ⇤ Jernej F. Kamenik,1, 2, † Ivan Nǐsandžić,1, ‡ and Jure Zupan3, §

1Jožef Stefan Institute, Jamova 39, 1000 Ljubljana, Slovenia
2Faculty of Mathematics and Physics, University of Ljubljana, Jadranska 19, 1000 Ljubljana, Slovenia

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

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

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

R⇤

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

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

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

⌧/` and

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

⌧/` = 0.252(3) andRSM

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

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

R⇡
⌧/` ⌘

⌧(B0)

⌧(B�)

B(B� ! ⌧�⌫̄)

B(B̄0 ! ⇡+`�⌫̄)
= 1.07± 0.20 . (3)

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

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

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

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

⌧/` = 3.45 ± 0.93,

Rexp

⌧/`/RSM

⌧/` = 1.49±0.26 andR⇤,exp
⌧/` /R⇤,SM

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

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

study NP e↵ects in R(⇤)

⌧/` and R⇡
⌧/` using EFT. The

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

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

L = L
SM

+
X

a

za
⇤da�4

Qi + h.c. , (4)

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

R
(⇤)

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

QL = (q̄
3

�µ⌧
aq

3

)J µ
3,a , (5)

Qi
R = (ūR,i�µbR)(H

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

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

R⇤

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

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

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

⌧/` and

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

⌧/` = 0.252(3) andRSM

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

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

R⇡
⌧/` ⌘

⌧(B0)

⌧(B�)

B(B� ! ⌧�⌫̄)

B(B̄0 ! ⇡+`�⌫̄)
= 1.07± 0.20 . (3)

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

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

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

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

⌧/` = 3.45 ± 0.93,

Rexp

⌧/`/RSM

⌧/` = 1.49±0.26 andR⇤,exp
⌧/` /R⇤,SM

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

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

study NP e↵ects in R(⇤)

⌧/` and R⇡
⌧/` using EFT. The

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

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

L = L
SM

+
X

a

za
⇤da�4

Qi + h.c. , (4)

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

R
(⇤)

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

QL = (q̄
3

�µ⌧
aq

3

)J µ
3,a , (5)

Qi
R = (ūR,i�µbR)(H

†⌧aH̃)J µ
3,a , (6)
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= 5.17± 1.01
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Can it be NP? Need to satisfy severe constraints:
• no tree-level down quark / charged lepton FCNCs
• no LFU violations in pion, kaon sectors

Points towards low NP scale:

A number of possibilities suggested: 
general THDM, leptoquarks, 3rd gen. compositeness...

Can be disentangled using                  differential rate information

Generic high-pT predictions:
39
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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. At the same time, if 
present can significantly affect NP searches high pT

However, there are sectors of the theory that are just 
starting to be tested
• Measurements of Bs,d → μ+μ- (and semileptonic b → s modes) 

probe the Yukawa sector at loop level
• Higgs discovery offers new direct probes of flavor dynamics

40

see talk by Grojean



Conclusions

Implications of open experimental flavor puzzles
• Angular fit of                   exhibits deviations from SM estimates      

- important to understand the origin of the C9 shift (QCD or NP)                                      
• If due to NP, observed ΔaCP points towards new flavor sources 

in uR sector                                                                               
- important to verify in other charm decay modes                     

• D0 Asl value inconsistent with measured CPV in Bs,d mixing                                                                                       
- implications for (direct) semileptonic B (and D) asymmetries

• If confirmed, observed LFU violations in B decays point 
towards new charged current interactions of 3rd gen. matter 
fields                                                                                         
- interesting top, tau physics at LHC
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Global flavor symmetry of SM broken by Yukawas: 
GF = SU(3)Q ⇥ SU(3)U ⇥ SU(3)D
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We show that new physics that breaks the left-handed SU(3)Q quark flavor symmetry induces
contributions to CP violation in �F = 1 processes which are approximately universal, in that
they are not a↵ected by flavor rotations between the up and the down mass bases. Therefore,
such flavor 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 ✏

0
/✏ 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 flavor-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 flavor structure with one of the quark Yukawa matrices. However, new flavor breaking
sources involving only the SU(2)L doublet quarks Qi (i.e., breaking only the SU(3)Q quark flavor 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 flavor alignment, processes involving both up and down type
quark transitions need to be measured. Consequently, one would näıvely conclude that robust constraints on the
corresponding microscopic flavor structures come from the weaker of the bounds in the up and the down sectors.

Below we argue, however, that in a large class of models, contrary to flavor 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 flavor 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 ✏0/✏ constraint on new
CP violating �s = 1 operators, we exclude sizable contributions of SU(3)Q breaking NP operators to the direct CP
asymmetries in singly-Cabibbo-suppressed D 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 semileptonic D 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 of SU(3)U,D flavor symmetry breaking.

Finally, an additional implication of our result is that in viable flavor alignment models the universal flavor and CP
violating phases are naturally small. Applying this insight to supersymmetric (SUSY) alignment models leads to the
conclusion that the first 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 flavor symmetry. In the
quark sector, the corresponding flavor 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, 3̄, 1) and (3, 1, 3̄) under GF , respectively. From these, one can
construct two independent sources of SU(3)Q breaking,

Au ⌘ (YuY
†
u )/tr , Ad ⌘ (YdY

†
d )/tr , (1)
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We show that new physics that breaks the left-handed SU(3)Q quark flavor symmetry induces
contributions to CP violation in �F = 1 processes which are approximately universal, in that
they are not a↵ected by flavor rotations between the up and the down mass bases. Therefore,
such flavor 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 ✏

0
/✏ 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 flavor-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 flavor structure with one of the quark Yukawa matrices. However, new flavor breaking
sources involving only the SU(2)L doublet quarks Qi (i.e., breaking only the SU(3)Q quark flavor 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 flavor alignment, processes involving both up and down type
quark transitions need to be measured. Consequently, one would näıvely conclude that robust constraints on the
corresponding microscopic flavor structures come from the weaker of the bounds in the up and the down sectors.

Below we argue, however, that in a large class of models, contrary to flavor 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 flavor 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 ✏0/✏ constraint on new
CP violating �s = 1 operators, we exclude sizable contributions of SU(3)Q breaking NP operators to the direct CP
asymmetries in singly-Cabibbo-suppressed D 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 semileptonic D 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 of SU(3)U,D flavor symmetry breaking.

Finally, an additional implication of our result is that in viable flavor alignment models the universal flavor and CP
violating phases are naturally small. Applying this insight to supersymmetric (SUSY) alignment models leads to the
conclusion that the first 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 flavor symmetry. In the
quark sector, the corresponding flavor 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, 3̄, 1) and (3, 1, 3̄) under GF , respectively. From these, one can
construct two independent sources of SU(3)Q breaking,

Au ⌘ (YuY
†
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†
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Global flavor symmetry of SM broken by Yukawas: 

Formally, NP flavor cannot be completely trivial
GF = SU(3)Q ⇥ SU(3)U ⇥ SU(3)D
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We show that new physics that breaks the left-handed SU(3)Q quark flavor symmetry induces
contributions to CP violation in �F = 1 processes which are approximately universal, in that
they are not a↵ected by flavor rotations between the up and the down mass bases. Therefore,
such flavor 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 ✏

0
/✏ 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 flavor-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 flavor structure with one of the quark Yukawa matrices. However, new flavor breaking
sources involving only the SU(2)L doublet quarks Qi (i.e., breaking only the SU(3)Q quark flavor 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 flavor alignment, processes involving both up and down type
quark transitions need to be measured. Consequently, one would näıvely conclude that robust constraints on the
corresponding microscopic flavor structures come from the weaker of the bounds in the up and the down sectors.

Below we argue, however, that in a large class of models, contrary to flavor 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 flavor 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 ✏0/✏ constraint on new
CP violating �s = 1 operators, we exclude sizable contributions of SU(3)Q breaking NP operators to the direct CP
asymmetries in singly-Cabibbo-suppressed D 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 semileptonic D 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 of SU(3)U,D flavor symmetry breaking.

Finally, an additional implication of our result is that in viable flavor alignment models the universal flavor and CP
violating phases are naturally small. Applying this insight to supersymmetric (SUSY) alignment models leads to the
conclusion that the first 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 flavor symmetry. In the
quark sector, the corresponding flavor 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, 3̄, 1) and (3, 1, 3̄) under GF , respectively. From these, one can
construct two independent sources of SU(3)Q breaking,

Au ⌘ (YuY
†
u )/tr , Ad ⌘ (YdY

†
d )/tr , (1)
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We show that new physics that breaks the left-handed SU(3)Q quark flavor symmetry induces
contributions to CP violation in �F = 1 processes which are approximately universal, in that
they are not a↵ected by flavor rotations between the up and the down mass bases. Therefore,
such flavor 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 ✏

0
/✏ 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 flavor-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 flavor structure with one of the quark Yukawa matrices. However, new flavor breaking
sources involving only the SU(2)L doublet quarks Qi (i.e., breaking only the SU(3)Q quark flavor 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 flavor alignment, processes involving both up and down type
quark transitions need to be measured. Consequently, one would näıvely conclude that robust constraints on the
corresponding microscopic flavor structures come from the weaker of the bounds in the up and the down sectors.

Below we argue, however, that in a large class of models, contrary to flavor 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 flavor 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 ✏0/✏ constraint on new
CP violating �s = 1 operators, we exclude sizable contributions of SU(3)Q breaking NP operators to the direct CP
asymmetries in singly-Cabibbo-suppressed D 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 semileptonic D 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 of SU(3)U,D flavor symmetry breaking.

Finally, an additional implication of our result is that in viable flavor alignment models the universal flavor and CP
violating phases are naturally small. Applying this insight to supersymmetric (SUSY) alignment models leads to the
conclusion that the first 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 flavor symmetry. In the
quark sector, the corresponding flavor 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, 3̄, 1) and (3, 1, 3̄) under GF , respectively. From these, one can
construct two independent sources of SU(3)Q breaking,
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Global flavor symmetry of SM broken by Yukawas: 

Formally, NP flavor cannot be completely trivial
GF = SU(3)Q ⇥ SU(3)U ⇥ SU(3)D

“Minimal Flavor Violation”ai>2 . a1,2
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102
103
104
105
106
Λ [TeV]

K0 � K̄0D0 � D̄0 B0 � B̄0 Bs � B̄s

Q(6) ⇠ [Aij
u (Q̄i�µQj)]

2

z = 1+ a1Au + a2Ad + . . .

NP in loops 
⇓

probe EW scale masses

Reclaiming flavorful NP at EW scale

d’Ambrosio et al., hep-ph/0207036
Colangelo et al., 0807.0801
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Flavor triviality imposes degeneracy in NP spectra - 
problematic for naturalness@LHC 

Reclaiming flavorful NP at EW scale
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Flavor triviality imposes degeneracy in NP spectra - 
problematic for naturalness@LHC 

Reclaiming flavorful NP at EW scale
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In SM, top Yukawa imposes largest 
fine-tuning in Higgs potential ⇒ 

prefer light top partners ( mT < 1TeV )
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Flavor triviality imposes degeneracy in NP spectra - 
problematic for naturalness@LHC 

Reclaiming flavorful NP at EW scale

t

In SM, top Yukawa imposes largest 
fine-tuning in Higgs potential ⇒ 

prefer light top partners ( mT < 1TeV )

avoiding flavor bounds though triviality 
⇒ presence of u,d,... partners (mU~mT)
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Figure 6: Exclusion limits for a simplified phenomenological MSSM scenario with only strong produc-
tion of gluinos and first- 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�̃0

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 1� experimental and background-theory uncertainties on the m�̃0

1
= 0 limit. Observed limits are

indicated by solid curves. The dotted lines represent the m�̃0
1
= 0 observed limits obtained by varying the

signal cross-section by the theoretical scale and PDF uncertainties. Previous results for m�̃0
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 simplified model in which only direct production of
(a) gluino pairs, (b) light-flavour squarks and gluinos or (c) light-flavour squark pairs is kinematically
possible, with all other superpartners, except for the neutralino LSP, decoupled. This forces each light-
flavour squark or gluino to decay directly to jets and an LSP. Cross-sections are evaluated assuming
decoupled light-flavour 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-flavour 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 �̃±1 to two
quarks, a W boson and a �̃0

1, and pair produced light squarks each decaying via an intermediate �̃±1 to
a quark, a W boson and a �̃0

1. Results are presented for models in which either the �̃0
1 mass is fixed to

60 GeV, or the mass splitting between the �̃±1 and the �̃0
1, relative to that between the squark or gluino

and the �̃0
1, is fixed 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 tan � = 10, µ > 0, m2

H2
= 0, and A0 chosen to maximize the

mass of the lightest Higgs boson. The two remaining free parameters of the model m1/2 and m2
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 simplified 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 �̃0

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) see talk by  Hoecker

see talk by  Han

ATLAS-CONF-2013-047
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Reclaiming flavorful NP at EW scale
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Flavor triviality imposes degeneracy in NP spectra - 
problematic for naturalness@LHC 
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Dominant SM flavor breaking characterized by SU(3)/SU(2)
NP respecting such pattern can avoid stringent FCNC 
constraints in K and D sectors - GMFV, horizontal U(2)3

• new (CPV) effects still possible in B (D) processes
• examples in MSSM, partial compositeness                      
⇒ allow for lighter 3rd generation partners
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Can use abelian flavor charges

CPV in light quark FCNCs 
automatically suppressed

Allows split NP spectrum

Reclaiming flavorful NP at EW scale
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Nir & Seiberg, hep-ph/9304307

[z,Ad] ⇠ 0

Flavor triviality imposes degeneracy in NP spectra - 
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Alternatively, align SM & NP flavor breaking
Can use abelian flavor charges

CPV in light quark FCNCs 
automatically suppressed

Allows split NP spectrum

Example: MSSM with 2nd (& 3rd) gen. squarks below TeV

Reclaiming flavorful NP at EW scale

Gedalia et al., 1202.5038

Nir & Seiberg, hep-ph/9304307

Mahbubani et al., 1212.3328
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FIG. 3: Squark mass limits in three phenomenologically interesting scenarios with non-degenerate first- and second-generation
squarks. The left panel contains the least constrained scenario, with a single second-generation squark flavor split from all others;
the middle panel corresponds to an alignment-type scenario with first-generation squarks split from the second-generation. The
shaded blue region is excluded by flavor and CP violation constraints which apply to electroweak doublet squarks only, while
the singlet spectrum remains completely unconstrained; the right panel corresponds to an MFV-type scenario with split up-type
and down-type singlets, and doublets formally decoupled. The red dashed (dotted) lines represent the exclusion contour if the
LO mixed up-down squark production cross section is multiplied by a K-factor of 1.5 (2.0).

plot include the full dependence on the squark masses,
crucial when the splitting is large [29]. Although the sin-
glet squarks are kept degenerate with the corresponding
doublets for simplicity, their splittings are unconstrained
by flavor, and they could also be decoupled, resulting
in weaker LHC bounds (corresponding to the contour
�/�lim ⇠ 2), with unchanged flavor bounds. The right-
hand panel contains the limits in an MFV-type scenario,
with split up-type and down-type singlets, and doublets
formally decoupled. The red dashed (dotted) lines rep-
resent the exclusion contour if the LO mixed up-down
squark production cross section is multiplied by a K-
factor of 1.5 (2.0).

The surprisingly weak limits, in particular for squarks
of the second generation, demonstrate how ine↵ective
current searches are for light squarks. Re-optimizing
the ATLAS 2-6 jets plus MET search using only the
me↵ cut is not e↵ective: while the background grows
like m6

e↵ , the signal grows much more slowly, ensuring
that decreasing the me↵ cut makes things worse. It is
possible that the limits would improve on performing ei-
ther a full re-optimization including all cut variables, or
a shape analysis; such a study, however, is beyond the
scope of this paper. Instead, in Fig. 4, we compare the
limits for squark cross sections from various 7 TeV AT-
LAS and CMS jets plus MET searches (which have limits
for degenerate squarks that are competetive with those
of recent 8 TeV searches [33, 34]). We find indeed that
the most stringent bounds come from the more complex
shape-based analyses, such as the CMS razor search.

Conclusion: We have argued that a combination of
reduced e�ciencies and suppression due to PDFs leads
to constraints on non-degenerate squark masses (for the
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10-2

10-1

1

101

mqé @GeVD

s
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8 squarks

1 squarkCMS razor
CMS aT
CMS jets +MET
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L ª 5 fb-1

FIG. 4: Comparison between upper limits on squark pair-
production cross sections with a decoupled gluino and mass-
less neutralino, from 7TeV 5 fb�1 ATLAS and CMS jets plus
MET searches [15, 30–32]. We use the o�cial experimental
limits, except for the ATLAS search where we use our esti-
mate of the limit, simulating the search with ATOM (solid)
and PGS (dotted).

first two generations) that are significantly weaker than
those assuming eightfold degeneracy. For instance, an
O(400GeV) squark belonging to the second generation
can be buried in the LHC jets plus MET data. In the
above analysis we have neglected for simplicity the e↵ects
of squark mixing, which could be sizable in alignment
models. In addition, our reinterpreted limits, while as-
suming the bino is the lightest SUSY particle (LSP), are
still applicable for singlino or gravitino LSPs, or when ad-
ditional electroweak (e.g. higgsinos) and leptonic states
are present, but do not drastically alter the light squark
branching ratios. In spite of the dramatic increase of

7TeV
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Flavor triviality imposes degeneracy in NP spectra - 
problematic for naturalness@LHC 

Reclaiming flavorful NP at EW scale

RH mixing angle 
c=cos!R

53

Blanke et al., 1302.7232

• Large flavor breaking can modify exp. searches
• Some reduction of fine-tuning

Example: large           mixing in MSSM
new signature
traditional           and jets+        searches not optimized
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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 q̃1 is always stop-like. We see that reductions in ⇠ up to about 40% (20%) are

possible in the aggressive (conservative) analysis. Overall the minimal value of the fine-
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Higgs as probe of flavor



BSM modifications of Yukawa sector

In EW vacuum:

Stability of fermionic mass hierarchies: 

New neutral currents
• flavor diagonal (LHC)
• flavor violating (flavor factories, LHC)
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Testing flavor through Higgs observables
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Currently LHC most constraining in 
τ-µ, τ-e  sectors (recast of h→ τ τ)

Target benchmark flavor model 
predictions

In quark sector, Ytc, Yqq (q≠b,t) still 
poorly constrained                       

Testing flavor through Higgs observables

Table 1: Predictions for Rτ+τ− , Xµ+µ− , Xµ±τ∓

Model
(

σ(pp→h)SM

σ(pp→h)
Γtot

ΓSM
tot

)

Rτ+τ− Xµ+µ−/(m2
µ/m

2
τ ) Xµτ

SM 1 1 0
NFC (V ∗

h#v/v#)
2 1 0

MSSM (sinα/ cosβ)2 1 0
MFV 1 + 2av2/Λ2 1− 4bm2

τ/Λ
2 0

FN 1 +O(v2/Λ2) 1 +O(v2/Λ2) O(|U23|2v4/Λ4)
GL 9 25/9 O(Xµ+µ−)

3.1 Indirect constraints

In this subsection we describe the constraints on the leptonic Yukawa couplings from various loop processes:
charged lepton radiative decays and decays into three charged leptons, and the electric and magnetic
moments of the electron and the muon. Ref. [13] obtains upper bounds on the off-diagonal Yij assuming
that the diagonal ones assume their SM values. We restore the dependence of these constraints on the
diagonal couplings, and present the upper bounds on the various couplings in Table 2. All experimental
bounds are taken from Ref. [18]. Note that our couplings convention differs from that of [13], (Yij)HKZ =
Yij/

√
2.

In the µ → eγ, τ → eγ and τ → µγ processes, we have included both the one- and the two-loop
contributions. We define the following ratios, related to the respective contributions:

r# ≡
(

mτ

m#

) 12
(

−0.082 Yt√
2
+ 0.11

)

(

−4 + 3 log
m2

h

m2
!

)

m2
h

(125GeV)2
, % = τ, µ , (22)

and

rij ≡
Yi

Y ∗
j +

√
2rj

, αij ≡
−4 + 3 log m2

h

m2
i

−4 + 3 log
m2

h

m2
j

, i, j = e, µ, τ . (23)

Using Yt = (Yt)SM =
√
2m̄t/v ≈ 0.95 (with m̄t = 164 GeV the top mass in the MS renormalization

scheme), one obtains rµ ≈ 0.27 and rτ ≈ 0.03. Numerically, αµτ ≈ 1.76, αeτ ≈ 3.3, αeµ ≈ 1.9, and in the
SM rSMµτ ≈ 0.01, rSMeτ ≈ 5× 10−5, and rSMeµ ≈ 1× 10−4. The following bounds hold:

τ → µγ : |Yτ +
√
2rτ |

√

(|Yτµ|2 + |Yµτ |2)(1 + |αµτ |2|rµτ |2) + 4αµτRe[rµτY ∗
τµY

∗
µτ ] < 1.2× 10−3

τ → eγ : |Yτ +
√
2rτ |

√

(|Yτe|2 + |Yeτ |2)(1 + |αeτ |2|reτ |2) + 4αeτRe[reτY ∗
τeY

∗
eτ ] < 1.1× 10−3

µ → eγ : |Yµ +
√
2rµ|

√

(|Yµe|2 + |Yeµ|2)(1 + |αeµ|2|reµ|2) + 4αeµRe[reµY ∗
µeY ∗

eµ] < 1.9× 10−6 .

(24)

In the SM, the |αij |2|rij |2 term is at most O(10−4) and completely negligible. The αijrij term is of order
∼ 0.1 for τ → µγ and less than a permil for τ → eγ and µ → eγ, and thus subdominant. In contrast, the
two-loop effect, manifested in the presence of rµ and rτ , dominates over the one loop effect in τ → µγ and
µ → eγ, and in τ → eγ both one- and two-loop effects give comparable contributions. In Table 2 we keep
simplified expressions, obtained in the rij → 0 limit. The processes µ → 3e, τ → 3µ and τ → 3e or eµµ

4

Ȳµ⌧

1 Introduction

A Higgs-like boson h has been discovered by the ATLAS and CMS experiments at the LHC [1, 2]. The
fact that for the f = γγ and f = ZZ∗ final states, the experiments measure

Rf ≡
σ(pp → h)BR(h → f)

[σ(pp → h)BR(h → f)]SM
, (1)

of order one (see e.g. [3]),

RZZ∗ = 1.0± 0.4, (2)

Rγγ = 1.6± 0.3, (3)

is suggestive that the h-production via gluon-gluon fusion proceeds at a rate similar to the Standard Model
(SM) prediction. ATLAS finds the ratio of the gluon-gluon coupling to the higgs-like particle normalized
to the SM value to be 1.1+1.4

−0.2 [4]. This gives a strong indication that Yt, the htt̄ Yukawa coupling, is of
order one. This first determination of Yt signifies a new arena for the exploration of flavor physics.

In the future, measurements of Rbb̄ and Rτ+τ− will allow us to extract additional flavor parameters:
Yb, the hbb̄ Yukawa coupling, and Yτ , the hτ+τ− Yukawa coupling. For the latter, the current allowed
range, obtained from combining the ATLAS [5] and CMS [6] results, is already quite restrictive:

Rτ+τ− = 0.7± 0.4. (4)

It may well be that the values of Yb and/or Yτ will deviate from their SM values. The most likely
explanation of such deviations will be that there are more than one Higgs doublets, and that the doublet(s)
that couple to the down and charged lepton sectors are not the same as the one that couples to the up
sector.

A more significant test of our understanding of flavor physics, which might provide a window into new
flavor physics, will come further in the future, when Rµ+µ− is measured. The ratio

Xµ+µ− ≡
BR(h → µ+µ−)

BR(h → τ+τ−)
, (5)

is predicted within the SM with impressive theoretical cleanliness. To leading order, it is given byXµ+µ− =
m2

µ/m
2
τ , and the corrections of order αW and of order m2

µ/m
2
τ to this leading result are known (see Eq.

(14) below). The main question that we analyze in this work is what can be learned from a test of this
relation.

It is also possible to search for the SM-forbidden decay modes, h → µ±τ∓, see e.g. [7, 8, 9, 10, 11, 12,
13, 14, 15, 16]. A measurement of, or an upper bound on

Xµτ ≡
BR(h → µ+τ−) + BR(h → µ−τ+)

BR(h → τ+τ−)
, (6)

would provide additional information relevant to flavor physics. Thus, a broader goal of this work is to
understand the implications for flavor physics of measurements of Rτ+τ− , Xµ+µ− and Xµτ .

The plan of this paper is as follows. In Section 2 we review the SM prediction for Xµ+µ− . The
experimental constraints on the leptonic Yukawa couplings are presented in Section 3, first from indirect
(loop) measurements (subsection 3.1), and then from collider searches (subsection 3.2). To demonstrate
the power of measuring Rτ+τ− , Xµ+µ− , and Xτµ in probing flavor models, we obtain the predictions
of four different models of new physics for these observables: multi-Higgs doublet models with natural
flavor conservation (Section 4), a single-Higgs model with non-renormalizable terms that are subject to
the principle of minimal flavor violation (Section 5) or to selection rules from a Froggatt-Nielsen symmetry
(Section 6), and a model where the hierarchy in the Yukawa couplings comes from their Higgs dependence
(Section 7). We conclude in Section 8.

1

R⌧+⌧� ⌘ BR(h ! ⌧+⌧�)

BR(h ! ⌧+⌧�)SM

Dery et al., 1302.3229
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Figure 6: Constraints on the flavor violating Yukawa couplings |Ye⌧ |, |Y⌧e| (upper left panel), |Yeµ|,
|Yµe| (upper right panel) and |Yµ⌧ |, |Y⌧µ| (lower panel) of a 125 GeV Higgs boson. The diagonal

Yukawa couplings are approximated by their SM values. Thin blue dashed lines are contours of

constant BR for h ! ⌧e, h ! µe and h ! ⌧µ, respectively, whereas thick blue lines are the

LHC limits derived in Sec. VA. (These limits could be greatly improved with dedicated searches

on existing LHC data, see Sec. VC.) Shaded regions show the constraints discussed in Sec. III

as indicated in the plots. Note that g � 2 [EDM] searches (diagonal black dotted lines) are only

sensitive to parameter combinations of the form Re(Y↵�Y�↵) [Im(Y↵�Y�↵)]. We also show limits

from a combination of g � 2 and EDM searches with marginalization over the complex phases

of the Yukawa couplings (green shaded regions). Note that (g � 2)µ provides upper and lower

limits (as indicated by the double-sided arrows in the lower panel) if the discrepancy between the

measurement and the SM prediction [38, 43] is taken into account. The thin red dotted lines show

rough naturalness limits YijYji . mimj/v2 (see Sec. II).
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