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Flavor & high pT physics interplay in several ways  

• Complementary constraints on NP models from low 
energy precision observables vs. high pT searches 

• Nontrivial flavor structure modifies signatures at LHC  

• Anomalies in B/D/K physics motivate NP searches at 
high pT 

• goes also the other way (e.g., h→τμ) 

Outline



SM as EFT: 

Flavor bounds on NP vs. LHC reach
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Fig. 1. Result of the SM CKM fit projected onto the ⇥̄ � �̄ plane, as obtained by the UTFit
(left)1 and CKMfitter (right)2 collaborations. Shown shaded are the 95% C.L. regions selected by
the given observables.

In order to interpret results of experimental measurements involving hadronic
initial and final states, a final step needs to involve non-perturbative matching to an
e⇥ective description involving QCD bound states Le�

weak � Le�(�, N,K,D,B, . . .) ,
i.e. the computation of hadronic ⇥Qi⇤ matrix elements. It has predominantly been
due to the tremendous improvements in lattice QCD approaches to such calculations
that propelled the field into the era of precision flavor constraints (for discussion on
recent progress see Ref. 5).

Given the multitude of complementary experimental results over-constraining
the SM quark flavor sector, it has become possible to complete the above sketched
program even in presence of new sources of SM flavor symmetry breaking, i.e. flavor
changing transitions among SM quarks mediated by new heavy degrees of freedom
with masses mNP � v and described by a Lagrangian LBSM. At scales µ below
the new particle thresholds but above the EW breaking scale (v < µ < mNP ), any
such e⇥ects can be described in complete generality in terms of local operators (Qi)
involving only SM fields6 via the matching procedurea

LBSM � L�SM +
�

i,(d>4)

Q(d)
i

�d�4
, (4)

where d is the canonical operator dimension. Below the EW breaking scale, these
new contributions can lead to (a) shifts in the Wilson coe⇤cients corresponding to
Qi present in Le�

weak already within the SM; (b) the appearance of new e⇥ective local
operators. In both cases, the resulting e⇥ects on the measured flavor observables can
be computed systematically. Given the overall good agreement of SM predictions

aA simple generalization of such matching applies even in presence of weakly coupled new light
(neutral) particles with masses well below the weak scale.7
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In order to interpret results of experimental measurements involving hadronic
initial and final states, a final step needs to involve non-perturbative matching to an
e⇥ective description involving QCD bound states Le�

weak � Le�(�, N,K,D,B, . . .) ,
i.e. the computation of hadronic ⇥Qi⇤ matrix elements. It has predominantly been
due to the tremendous improvements in lattice QCD approaches to such calculations
that propelled the field into the era of precision flavor constraints (for discussion on
recent progress see Ref. 5).

Given the multitude of complementary experimental results over-constraining
the SM quark flavor sector, it has become possible to complete the above sketched
program even in presence of new sources of SM flavor symmetry breaking, i.e. flavor
changing transitions among SM quarks mediated by new heavy degrees of freedom
with masses mNP � v and described by a Lagrangian LBSM. At scales µ below
the new particle thresholds but above the EW breaking scale (v < µ < mNP ), any
such e⇥ects can be described in complete generality in terms of local operators (Qi)
involving only SM fields6 via the matching procedurea

LBSM � L�SM +
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, (4)

where d is the canonical operator dimension. Below the EW breaking scale, these
new contributions can lead to (a) shifts in the Wilson coe⇤cients corresponding to
Qi present in Le�

weak already within the SM; (b) the appearance of new e⇥ective local
operators. In both cases, the resulting e⇥ects on the measured flavor observables can
be computed systematically. Given the overall good agreement of SM predictions

aA simple generalization of such matching applies even in presence of weakly coupled new light
(neutral) particles with masses well below the weak scale.7
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In order to interpret results of experimental measurements involving hadronic
initial and final states, a final step needs to involve non-perturbative matching to an
e⇥ective description involving QCD bound states Le�

weak � Le�(�, N,K,D,B, . . .) ,
i.e. the computation of hadronic ⇥Qi⇤ matrix elements. It has predominantly been
due to the tremendous improvements in lattice QCD approaches to such calculations
that propelled the field into the era of precision flavor constraints (for discussion on
recent progress see Ref. 5).

Given the multitude of complementary experimental results over-constraining
the SM quark flavor sector, it has become possible to complete the above sketched
program even in presence of new sources of SM flavor symmetry breaking, i.e. flavor
changing transitions among SM quarks mediated by new heavy degrees of freedom
with masses mNP � v and described by a Lagrangian LBSM. At scales µ below
the new particle thresholds but above the EW breaking scale (v < µ < mNP ), any
such e⇥ects can be described in complete generality in terms of local operators (Qi)
involving only SM fields6 via the matching procedurea
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where d is the canonical operator dimension. Below the EW breaking scale, these
new contributions can lead to (a) shifts in the Wilson coe⇤cients corresponding to
Qi present in Le�

weak already within the SM; (b) the appearance of new e⇥ective local
operators. In both cases, the resulting e⇥ects on the measured flavor observables can
be computed systematically. Given the overall good agreement of SM predictions

aA simple generalization of such matching applies even in presence of weakly coupled new light
(neutral) particles with masses well below the weak scale.7
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NP thresholds 
beyond direct reach 

Flavor (& CPV) 
powerful probes of 
PeV sfermions 

LHC bad dream scenario: (mini)split SUSY
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FIG. 1: Summary of various low energy constraints (left of the lines are the excluded regions) in

the sfermion mass vs. tan� plane for the example of 3 TeV bino and wino and 10 TeV gluino,

while fixing the mass insertion parameters to be (�
A

)
ij

= 0.3 when using the super-CKM basis.

The dark (light) blue shaded band is the parameter space compatible with a Higgs mass of m
h

=

125.5±1 GeV within 1� (2�). The upper (lower) plot gives the reach of current (projected future)

experimental results collected in Tab. I.

electric dipole moments (EDMs). In this work we investigate the limits that these searches

place on flavor violation at the PeV scale. We will see that in many cases the diagrams

which constrain the split SUSY case are di↵erent than those which place constraints in the

well studied low scale SUSY case. Our results are summarized in Fig. 1 in which current

bounds and future sensitivity to the scalar masses is shown in a slice of parameter space

(see the next section for more details of assumptions made). Our conclusion is that the

0.1-1 PeV scale will be probed by a host of experiments in the near future. Constraints

from Kaon oscillations are already probing squark masses of a PeV. Bounds on neutron and

3

W. Altmannshofer et al. 
1308.3653

generic FV ~ O(1)
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electric dipole moments (EDMs). In this work we investigate the limits that these searches

place on flavor violation at the PeV scale. We will see that in many cases the diagrams

which constrain the split SUSY case are di↵erent than those which place constraints in the

well studied low scale SUSY case. Our results are summarized in Fig. 1 in which current

bounds and future sensitivity to the scalar masses is shown in a slice of parameter space

(see the next section for more details of assumptions made). Our conclusion is that the

0.1-1 PeV scale will be probed by a host of experiments in the near future. Constraints

from Kaon oscillations are already probing squark masses of a PeV. Bounds on neutron and

3
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h ⇠ m2

Z cos

2
2� +

3m2
t

4⇡2v2
log

m2
t̃

m2
t

we consider limits from neutron and electron EDM searches. We analyze separately the

large and small µ scenarios because di↵erent diagrams dominate in each of the two cases.

In Section IV we consider the limits from meson oscillations and in Section V the limits

from lepton flavor violating processes, including µ ! e�, µ ! e conversion, and µ ! 3e.

Section VI is devoted to models that explain the fermion mass hierarchy and the implications

of our bounds for these frameworks. We consider two broad classes of ideas — flavor textures

and generation of fermion masses by loops of superpartners. In section VII we conclude.

Appendix A is devoted to the large-log resummation, and Appendix B collects loop functions

entering the µ ! e� and µ ! e conversion predictions.

II. THE SETUP AND MAIN HIGHLIGHTS

We are interested in the supersymmetric spectra where the gauginos – bino, wino and

gluino – are all at O(TeV) scale, while sfermions – squarks and sleptons – are significantly

heavier, with masses of O(102 TeV) � O(103 TeV). Higgsinos could be as light as the

gauginos or as heavy as the sfermions and we will consider these two cases separately when

it makes a di↵erence. For concreteness, we assume the MSSM field content. The mini-

split SUSY spectrum means that it may be possible to observe gauginos at the LHC [12].

However, the squarks and sleptons can only be probed through their virtual corrections

to low energy processes. The sensitivity is due to the soft sfermion masses and trilinear

couplings that act as new sources of flavor and CP violation.

Note that for PeV sfermions the left-right sfermion mixing is suppressed by O(m
f

/m
f̃

)

compared to the diagonalm2
f̃

, and can be neglected. We do not make any assumptions about

the flavor structure of the sfermion mass matrices, and thus parametrize the soft masses of

squarks as

m2
Q

= m2
q̃

(11 + �L
q

), m2
U

= m2
ũ

(11 + �R
u

), m2
D

= m2
d̃

(11 + �R
d

), (1)

and soft masses of sleptons

m2
L

= m2
˜̀(11 + �L

`

), m2
E

= m2
ẽ

(11 + �R
`

), (2)

where �
A

are dimensionless matrices that encode the flavor breaking and mass splittings,

and whose elements are all allowed to be O(1). We do not expect a strong mass hierarchy

among the squark and slepton masses and set m2
q̃

= m2
ũ

= m2
d̃

and m2
˜̀ = m2

ẽ

, for simplicity.

5

(motivated by Higgs mass)
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=

125.5±1 GeV within 1� (2�). The upper (lower) plot gives the reach of current (projected future)
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electric dipole moments (EDMs). In this work we investigate the limits that these searches

place on flavor violation at the PeV scale. We will see that in many cases the diagrams

which constrain the split SUSY case are di↵erent than those which place constraints in the

well studied low scale SUSY case. Our results are summarized in Fig. 1 in which current

bounds and future sensitivity to the scalar masses is shown in a slice of parameter space

(see the next section for more details of assumptions made). Our conclusion is that the

0.1-1 PeV scale will be probed by a host of experiments in the near future. Constraints

from Kaon oscillations are already probing squark masses of a PeV. Bounds on neutron and

3

Now

~2025

(+generic FV)
MEG upgrade Mu3e Mu2e

LHCb 25fb-1

W. Altmannshofer et al. 
1308.3653



Flavor safe NP? Flavor already broken in SM (Higgs). 

Any (additional) scalar coupling to  SM fermions introduces 
additional breaking (can be aligned with Higgs) 
New (massive) vectors coupling to SM fermionic currents 
can preserve flavor 
⇒ FCNCs loop & GIM suppressed (as in SM) 

Flavor & high-pT as complementary NP probes

These spectra should be used by the experimentalists to derive bounds for each type of new invisible state.
For more details on these issues, including kinematics, matrix elements, current measurements or bounds,

and experimental prospects for the various modes, we refer to appendix A.1 (B.1) for K (B) decays.

Flavor-based classification of the dark operators

At the electroweak scale, once the whole NP particle spectrum but the X has been integrated out, the lowest
dimensional operators can be split into three types according to their quark and lepton field contents:

Heff = Hmat +Hint +H∆B,∆L . (2)

By definition, Hint contains only gauge and Higgs fields, while Hmat and H∆B,∆L contain at least one SM
fermionic field. The operators of H∆B,∆L have a non-zero charge under the baryon (B) or lepton (L) num-
ber U(1)s. As in Ref. [1, 2], all the operators are to be written as manifestly invariant under SU(3)C ⊗
SU(2)L ⊗ U(1)Y , i.e. in terms of the quark (lepton) doublets Q (L) and singlets U,D (E) of each flavor,
of the SU(3)C , SU(2)L, U(1)Y field strengths Ga

µν ,W
i
µν , Bµν , of the Higgs doublet H , as well as of covariant

derivatives acting on these fields, insofar as these cannot be reduced using the SM equations of motion (EOM).
Due to their different field contents, these three types of operators do not contribute equally to the quark

transitions s → dX , b → dX , and b → sX , so let us organize them differently, in terms of four classes of
scenarios, as shown in Table 2.

Consider first the operators of Hmat involving down-type quarks (those with leptons or up-type quarks are
obtained by substituting D,Q → E,L or D,H → U,H∗). Up to possible partial derivatives acting on the
quark or invisible fields, and omitting the Dirac structures, the quark currents are

Hmat =
cIJRL

Λn
H†D̄IQJ ×X +

cIJLR

Λn
HQ̄IDJ ×X +

cIJLL

Λn
Q̄IQJ ×X +

cIJRR

Λn
D̄IDJ ×X . (3)

Those operators have a flavor structure, and thus can in principle induce dI → dJX . Clearly, when analyzing
the physics reach of rare K and B decays in terms of the scale Λ, the assumptions made on the cI ̸=J are crucial.
There are two main scenarios:

I. The constraints derived from rare FCNC decays are the tightest when the NP flavor structure is generic,

cI ̸=J ∼ O(1) . (4)

As shown in Table 1, the bounds on the NP scale Λ are then often far above the electroweak scale.

II. Since Hmat results from integrating out the whole NP particle spectrum, the flavor-breaking character
of its operators could originate from dynamical effects not related to the dark sector. In that case, the
NP dynamics would also quite naturally correct the visible FCNC operators, on which there are many
tight experimental constraints from K and B physics [8]. This is typically the case in supersymmetric
settings, where the flavored soft-breaking terms cannot be fully generic. Phenomenologically, a simple
way to account for such a non-generic NP flavor structure is to impose the Minimal Flavor Violation
(MFV) ansatz [9], i.e. force the quark currents to have the forms

D̄I(YdY
†
uYu)

IJQJ , Q̄I(Y†
uYu)

IJQJ , D̄I(YdY
†
uYuY

†
d)

IJDJ . (5)

In the down-quark mass-eigenstate basis, the diagonal vYd =
√
2md tunes the chirality flips, while

vYu =
√
2muV parametrizes the flavor change (mu,d denotes the diagonal quark mass matrices, V the

CKM matrix, and v ≈ 246 GeV the Higgs vacuum expectation value). So, MFV rescales the Wilson
coefficients according to cIJRL = mI

dc
IJ
LL/v, c

IJ
LR = cIJLLm

J
d/v, c

IJ
RR = mI

dm
J
d c

IJ
LL/v

2, and

cI ̸=J
LL ∼ λ

IJ = Y†
uYu ≈ V ∗

tIVtJ →

⎧

⎨

⎩

λsd ≈ (−3.1 + i1.3)× 10−4 ,
λbd ≈ (7.8− i3.1)× 10−3 ,
λbs ≈ (−4.0− i0.07)× 10−2 .

(6)

Upon these rescalings, the accessible scales Λ are then much lower, especially for operators of low dimen-
sions, and for s→ d operators involving light right-handed quarks.

4

Heff (qI → qJX) =
cIJ

Λn
q̄IqJ ×X

Flavor-violating (cI ̸=J ̸= 0) Flavor-conserving (cI ̸=J = 0)

Heavy quark: q = (c), t Light quarks: q = u, d, s, (c)

Bounds on cIJ/Λn directly de-
rived from the dI → dJX pro-
cesses. When MFV holds, cIJ ∼
V ∗
tIVtJ times the appropriate chi-

rality flip factors mdI,J/v, see
Eq. (6).

Same local operator basis, but
with the coefficients rescaled as
cIJ → (g/(4π))2V ∗

tIVtJ ×c33 times
the appropriate chirality flip fac-
tors mdI,J/v, see Eq. (7).

Due to the small V ∗
ub, B decays are

not competitive. For K decays,
the q = u contributions are dom-
inant but non local, and require
controlling long-distance hadronic
effects.

Class I, II Class III Class IV

Table 2: Flavor-based classification of the operators involving dark particles, collectively denoted X . After the
electroweak symmetry breaking, the Hmat operators are directly matched onto Heff (qI → qJX) and split into
the four classes. The Hint operators collapse onto the Class III and/or IV flavor-blind operators once their
gauge/Higgs fields are attached to quarks. The H∆B,∆L operators have different signatures, and do not fit in
this classification. Note that the charm quark is considered heavy (light) for K (B) decays.

or some ∆L = 2 neutrino pairs νLνL. Since a neutrino field in an effective operator costs Λ−3/2, these are in
general significantly suppressed compared to the operators of Hmat and Hint. The only exceptions are those
contributing to dI → dJνLψ or dI → dJνLΨ. As will be discussed in the relevant sections, because νL is part
of the lepton doublet, these operators are always accompanied by the charge-current transitions dI → uJℓ−ψ
or dI → uJℓ−Ψ, which may offer better windows than the rare FCNC transitions.

2 Invisible spin-1/2 fermion

When the new invisible fermion is neutral under the SM gauge group and is produced in pairs, imposing the
SU(3)C ⊗ SU(2)L ⊗ U(1)Y gauge invariance reduces the basis to the usual ten chiral currents:

Hψ̄ψ
mat =

cVLL

Λ2
Q̄γµQ× ψ̄Lγ

µψL +
cVLR

Λ2
Q̄γµQ× ψ̄Rγ

µψR +
cVRL

Λ2
D̄γµD × ψ̄Lγ

µψL +
cVRR

Λ2
D̄γµD × ψ̄Rγ

µψR

+
cSLR

Λ3
H†D̄Q× ψ̄LψR +

cSLL

Λ3
H†D̄Q× ψ̄RψL +

cSRR

Λ3
HQ̄D × ψ̄LψR +

cSRL

Λ3
HQ̄D × ψ̄RψL

+
cTLL

Λ3
H†D̄σµνQ× ψ̄Rσ

µνψL +
cTRR

Λ3
HQ̄σµνD × ψ̄Lσ

µνψR , (8)

with the definition σµν ≡ i(γµγν + gµν), and where Q (D) stands for the left-handed quark doublet (right-
handed down-quark singlet). Similar operators can be written down for the up-quark right-handed singlet or
for leptonic transitions, and the generalization to a two Higgs-doublet model is straightforward.

The coefficients are not assumed real, and their flavor indices are understood. For example, written in full
for the s→ d, b→ s, and b→ d sectors which concern us here:

cVLL

Λ2
Q̄γµQ× ψ̄Lγ

µψL ≡
cV,sdLL

Λ2
s̄γµPLd× ψ̄Lγ

µψL+
cV,bsLL

Λ2
b̄γµPLs× ψ̄Lγ

µψL+
cV,bdLL

Λ2
b̄γµPLd× ψ̄Lγ

µψL+h.c. . (9)

6

Heff (qI → qJX) =
cIJ

Λn
q̄IqJ ×X

Flavor-violating (cI ̸=J ̸= 0) Flavor-conserving (cI ̸=J = 0)

Heavy quark: q = (c), t Light quarks: q = u, d, s, (c)

Bounds on cIJ/Λn directly de-
rived from the dI → dJX pro-
cesses. When MFV holds, cIJ ∼
V ∗
tIVtJ times the appropriate chi-

rality flip factors mdI,J/v, see
Eq. (6).

Same local operator basis, but
with the coefficients rescaled as
cIJ → (g/(4π))2V ∗

tIVtJ ×c33 times
the appropriate chirality flip fac-
tors mdI,J/v, see Eq. (7).

Due to the small V ∗
ub, B decays are

not competitive. For K decays,
the q = u contributions are dom-
inant but non local, and require
controlling long-distance hadronic
effects.

Class I, II Class III Class IV

Table 2: Flavor-based classification of the operators involving dark particles, collectively denoted X . After the
electroweak symmetry breaking, the Hmat operators are directly matched onto Heff (qI → qJX) and split into
the four classes. The Hint operators collapse onto the Class III and/or IV flavor-blind operators once their
gauge/Higgs fields are attached to quarks. The H∆B,∆L operators have different signatures, and do not fit in
this classification. Note that the charm quark is considered heavy (light) for K (B) decays.

or some ∆L = 2 neutrino pairs νLνL. Since a neutrino field in an effective operator costs Λ−3/2, these are in
general significantly suppressed compared to the operators of Hmat and Hint. The only exceptions are those
contributing to dI → dJνLψ or dI → dJνLΨ. As will be discussed in the relevant sections, because νL is part
of the lepton doublet, these operators are always accompanied by the charge-current transitions dI → uJℓ−ψ
or dI → uJℓ−Ψ, which may offer better windows than the rare FCNC transitions.

2 Invisible spin-1/2 fermion

When the new invisible fermion is neutral under the SM gauge group and is produced in pairs, imposing the
SU(3)C ⊗ SU(2)L ⊗ U(1)Y gauge invariance reduces the basis to the usual ten chiral currents:

Hψ̄ψ
mat =

cVLL

Λ2
Q̄γµQ× ψ̄Lγ

µψL +
cVLR

Λ2
Q̄γµQ× ψ̄Rγ

µψR +
cVRL

Λ2
D̄γµD × ψ̄Lγ

µψL +
cVRR

Λ2
D̄γµD × ψ̄Rγ

µψR

+
cSLR

Λ3
H†D̄Q× ψ̄LψR +

cSLL

Λ3
H†D̄Q× ψ̄RψL +

cSRR

Λ3
HQ̄D × ψ̄LψR +

cSRL

Λ3
HQ̄D × ψ̄RψL

+
cTLL

Λ3
H†D̄σµνQ× ψ̄Rσ

µνψL +
cTRR

Λ3
HQ̄σµνD × ψ̄Lσ

µνψR , (8)

with the definition σµν ≡ i(γµγν + gµν), and where Q (D) stands for the left-handed quark doublet (right-
handed down-quark singlet). Similar operators can be written down for the up-quark right-handed singlet or
for leptonic transitions, and the generalization to a two Higgs-doublet model is straightforward.

The coefficients are not assumed real, and their flavor indices are understood. For example, written in full
for the s→ d, b→ s, and b→ d sectors which concern us here:

cVLL

Λ2
Q̄γµQ× ψ̄Lγ

µψL ≡
cV,sdLL

Λ2
s̄γµPLd× ψ̄Lγ

µψL+
cV,bsLL

Λ2
b̄γµPLs× ψ̄Lγ

µψL+
cV,bdLL

Λ2
b̄γµPLd× ψ̄Lγ

µψL+h.c. . (9)
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arise from a light mediator inducing a Yukawa potential [48, 49, 53–55]. In addition,

for a light mediator DM self-interactions may be additionally enhanced at low velocities

by non-perturbative e↵ects corresponding to the (temporary) formation of DM bound

states [49, 55].

However, there are stringent constraints on new light states coupling to SM particles.

Of particular interest in this context are experimental searches for rare meson decays, be-

cause the presence of a new light pseudoscalar mediator A will in general lead to a large en-

hancement in the rates of flavour-changing processes such as K ! ⇡A or B ! KA [56, 57].

Flavour observables therefore provide a unique opportunity to constrain the interactions of

the dark sector with SM particles via a light mediator. While similar constraints have been

studied for light vector mediators [58, 59], many other cases remain relatively unexplored,

although there has been some interest in flavoured DM [60, 61].

The topic of this paper is to explore in detail various constraints on the SM couplings of

a new light pseudoscalar particle and infer the implications for the interactions between DM

and SM particles. We will show that flavour constraints completely rule out the possibility

to obtain an observable DM signal in direct detection experiments from scattering via the

exchange of light pseudoscalars. Similarly, indirect detection signals can only be sizeable if

the mediator mass is so large that it cannot be produced on-shell in the decay of B mesons.

In particular, it appears impossible to obtain both indirect detection signals and large DM

self-interactions from the same pseudoscalar mediator.

Our paper is structured as follows. Sec. 2 contains the general set-up for our study

and discusses the various ways in which flavour-changing processes can induce rare meson

decays. In Sec. 3 we use various experimental results to constrain a light pseudoscalar

coupling to the SM. The resulting bounds are presented in Sec. 4. The focus of Sec. 5 is

the connection to the dark sector and the resulting cosmology. Sec. 6 considers implications

for possible DM signals, in particular concerning the interpretation of the DAMA annual

modulation and the Galactic Centre excess. Various details of our calculations are provided

in Appendices A–D.

2 General set-up and conventions

We are interested in the interactions of a light real pseudoscalar A with the DM particle �,

which we take to be a Dirac fermion, and with SM fermions. Neglecting CP -violating

couplings, we write the DM-pseudoscalar coupling as

L
DM

= i g�A �̄�5� , (2.1)

where we introduce a factor of i so that the coupling g� is real. For the interactions between

A and SM particles we write in general

L
SM

=
X

f=q,`,⌫

i gf A f̄�5f , (2.2)

where gf is the e↵ective coupling and f refers to all SM quarks q = {u, d, s, c, b, t}, all
charged SM leptons ` = {e, µ, ⌧} and all SM neutrinos ⌫.
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In the following we will consider di↵erent cases for the coupling structure with the

charged SM fermions; unless explicitly stated otherwise, we assume that g⌫ ' 0.

• Yukawa-like couplings: Arguably the most natural case is the one where the couplings

to all charged SM fermions are proportional to the SM Yukawa couplings:

L(Y )

SM

= i gY
X

f=q,`

p
2mf

v
A f̄�5f , (2.3)

where mf is the fermion mass and v ' 246 GeV is the vacuum expectation value

(vev) of the SM Higgs field. In this case gf =
p
2 gY mf/v. This coupling structure

is expected for pseudoscalars arising from an extended Higgs sector, because the

couplings of the pseudoscalar to SM fermions arise from mixing with the SM Higgs

boson and are therefore automatically proportional to the SM Yukawa couplings.

Such extended Higgs sectors often contain additional CP -even and charged Higgs

particles as well. Our results should apply in such theories as long as the e↵ects of

these particles decouple.

• Quark Yukawa-like couplings: As we shall see many experimental constraints assume

that the pseudoscalar can decay into charged leptons. These constraints can be

significantly relaxed – or even removed altogether – if the pseudoscalar is assumed to

couple only to quarks i.e. gf =
p
2 gY q mf/v for f = q and gf = 0 otherwise. Such

a coupling structure can be expected for axion-like particles with a shift symmetry,

which would have a coupling proportional to e0f@
µa f̄�µ�

5f , where e0f is the charge of

the fermion under the new global U(1) symmetry. This coupling structure leads to

Yukawa-like couplings after integrating by parts and using the equations of motion. If

e0f = 0 for leptons, such a particle would couple only to quarks (like the QCD-axion).

• Quark universal couplings: The assumption of Yukawa-like couplings for the pseu-

doscalar is consistent with the hypothesis of minimal flavour violation (MFV) [62].

Consequently, one would expect other (non-MFV) coupling structures to lead to sig-

nificantly stronger experimental bounds. Nevertheless, it is interesting from the phe-

nomenological point of view to consider the case that the pseudoscalar has universal

couplings to all quarks and no couplings to leptons:

L(q)
SM

= i gq
X

q

A q̄�5q . (2.4)

Interactions of this type have been proposed as an explanation for both the Fermi

Galactic Centre excess and the DAMA signal simultaneously [13].

• Quark third generation couplings: Finally, we will also comment on the case where

the pseudoscalar couples only to the third family of quarks, assuming equal couplings

(gQ) to b and t.

Experimental searches (to be discussed in the following section) typically look for rare

decays of the form K ! ⇡ +X or B ! K +X where X is a set of (potentially invisible)

– 4 –
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Figure 3. Excluded parameter regions for a pseudoscalar A with Yukawa-like couplings to all
fermions (left) and Yukawa-like couplings only to quarks (right); the coupling gY was defined in
Eq. (2.3).

In particular, there are strong constraints from BaBar on new states A produced in the

radiative decay ⌥ ! A�, which apply for a wide range of di↵erent final states. For Yukawa-

like couplings the strongest bound comes from A ! µ+µ� for mA < 2m⌧ [95] and from

A ! ⌧+⌧� above the kinematic threshold [96]. For universal quark couplings, strong

bounds can still be obtained from hadronic decays of A by searching for a bump in the

momentum spectrum of the photon [97].

4 Excluded parameter regions

The parameter regions excluded by the various experimental results discussed above are

presented in Fig. 3 for the case of Yukawa-like couplings and Yukawa-like quark couplings,

and in Fig. 4 for the case of universal quark couplings and third generation quark couplings.

Let us briefly discuss the di↵erent cases in more detail.

4.1 Yukawa-like couplings

A straight-forward bound on gY can be obtained from Kµ2, which gives BR(K+ ! ⇡+A) <

10�6 for mA . 100 MeV independent of the decay modes of A. Substituting the value for

hSds from Eq. (2.11) into Eq. (A.2), we obtain the prediction BR(KL ! ⇡0A) ⇠ 0.06 g2Y in

this mass region. Consequently, the bound fromKµ2 implies gY . 0.005 formA ⇠ 100MeV.

As many other searches, this bound is significantly weakened for mA ⇠ m⇡.6

Most of the experimental constraints that we consider depend on the pseudoscalar

branching ratios and its decay length. For example, the bound BR(B ! K+inv) . 5 ·10�5

6Indeed, there appears to be an allowed region for mA ⇡ m⇡ and gY ⇠ 0.3. However, for mA so close

to the pion mass, the pseudoscalar mediator would significantly enhance the pion decay rate, disfavouring

such a set-up.
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Figure 4: 95% CL limits on the universal coupling
strengths |P | (upper panel) and |S | (lower panel). The
red, blue and black curves are obtained from our recast of the
measurement of ⌥(n) production at LHCb, while the green
curves stem from a resonance search in the dimuon channel
performed by CMS. The shaded regions correspond to dis-
favoured parameter space. See text for additional explana-
tions.

strongest constraints on |P,S | for mP,S 2 [5.5, 8.6]GeV
and mP,S 2 [11.5, 14]GeV (green curves). The recent
LHCb precision measurement of ⌥(n) production thus
enables one to close a gap in parameter space.

VI. DISCUSSION AND OUTLOOK

The generic bounds on new light spin-0 states pre-
sented in the previous section can be easily interpreted

Figure 5: 95% CL bound on tan� in the THDMII sce-
nario. The blue curve follows from ⌥(n) production by LHCb,
the green curve arises from a CMS dimuon resonance search,
whereas the yellow and orange curve derives from the BaBar
90% CL limit on radiative ⌥(1) decays in the dimuon and
ditau channel, respectively. The bound on tan� arising from
perturbativity is also shown (black dashed line). All shaded
regions correspond to excluded parameter space. For further
details see main text.

within ultraviolet complete new-physics models such as
THDM scenarios or the next-to-minimal supersymmet-
ric SM. As an example, we show in Fig. 5 the limits on
tan� in the decoupling limit of the THDMII for pseu-
doscalar masses mA close to 10GeV following from our
recast (blue curve), the CMS dimuon search [14] (green
curve) and the BaBar limit on radiative ⌥(1) ! �A

decays with A ! µ

+
µ

� [9] (yellow curve) or A !
⌧

+
⌧

� [10] (orange curve). For comparison, we also indi-
cate (black dashed line) the parameter space consistent
with perturbativity of the scalar potential (cf. [35] for a
recent discussion). The shown LHCb bound has been ob-
tained by incorporating the full mixing e↵ects described
in Sec. V and taking the interference pattern in the
A ! gg decay to be constructive for mA < m⌘b(n) [45].
From the figure, one observes that the existing analy-
ses of dimuon and ditau final states provide stringent
constraints on the THDMII in almost the entire low-mA

mass range, with our recast of the recent LHCb ⌥(n)
production measurement furnishing the dominant restric-
tion for mA 2 [8.6, 11]GeV. Only the masses mA 2
[11, 11.5]GeV remain unexplored, since mixing e↵ects
turn out to be particularly important in this region. We
finally recall that the LHCb data used in our fit corre-
spond to only 3% of all recorded dimuon events. Conse-
quently, a dedicated LHCb analysis of the full run I data
set is expected to improve the limits derived here con-
siderably, possibly allowing to surpass the existing CMS
constraints for mA > 11.5GeV.

g Y

mA [GeV]

for 
(also possible at LHCb)

pp ! A ! µ+µ�

mA ⇠ (10� 50)GeV

search

High-pT searches 
for mA & 50GeV

J.F.K. & U. Haisch
1601.05110

Figure 13. Resonance search constraints from the LHC results at a collision centre-of-mass energy
of 8 TeV on the simplified top-philic dark matter model presented in terms of the mediator mass
mY and the gt coupling. The di↵erent coloured areas are excluded by the diphoton [55] (orange),
tt̄ [56] (magenta) and tt̄tt̄ [57] (blue) searches. We include information on the mediator width to
mass ratios (green curves). We assume a negligible branching ratio to the invisible sector.

a rather hard /

ET distribution [37], especially for mono-Z production. The result implies

that an increase in the /

ET threshold requirement in future analyses could lead to a sig-

nificant improvement of the sensitivity, especially given the the fact that Standard Model

backgrounds rapidly fall o↵ with the increase in missing energy.

4.2 Constraints from searches without missing transverse energy

Dijet and diphoton resonances

Dijet and diphoton resonance search results could (in principle) be used to constrain

the simplified top-philic dark matter model. Due to double-loop suppressions, mediator-

induced contributions to dijet and diphoton production are only relevant in the parameter

space regions where mY < 2mX , 2mt (i.e. where the mediator cannot decay into top quarks

and/or dark matter particles). The partial mediator decay rate into gluons is then always

dominant (as mentioned in section 2) since

�(Y0 ! ��)

�(Y0 ! gg)
⇠ 8

9

↵

2
e

↵

2
s
⇡ 10�3

. (4.2)

All LHC dijet resonance searches focus on the dijet high invariant-mass region, leading

to no useful constraints on the top-philic dark matter model. The lowest mediator mass

that is probed is ⇠ 500 GeV, with a visible cross section restricted to be smaller than

10 pb [72].

Although the branching ratio of the mediator into a photon pair is very small, the

background associated with a diphoton signal is low so that one expects to be able to obtain
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FIG. 5. Summary of current constraints on the Higgs cou-
plings to fermions including the new bounds on the charm
Yukawa.

In Fig. 5 we show the 95% CL regions for the Higgs
couplings to fermions as a function of their masses based
on the global analysis and we have added the bounds
obtained above regarding the charm Yukawa coupling.

An improvement of the bound on the charm sig-
nal strength can be achieved by adopting the charm-
tagging [34]. We estimate the sensitivity from current
data as follows. We rescale the expected number of sig-
nal and background events of the 8 TeV ATLAS analysis
(Table 8 of Ref. [4]) according to the e�ciencies of the
charm-tagging [33],

✏b = 13% , ✏c = 19% , ✏l = 0.5% , (24)

where ✏l is e�ciency to tag light jets. Here, we assume
that medium b-tagging in Table I (✏l = 1.25%) is used in
the analysis and that the decomposition of W (Z)+heavy-
flavor quarks background is 35(20)% W (Z) + cc̄ and
65(80)% W (Z) + bb̄. We combine the rescaled ATLAS
analysis with the CMS results (c)-(f) in Table II and ob-
tain an uncertainty of

�µc ' 50 (107) , (25)

at 68.3 (95)% CL. We see that even with the same lumi-
nosity the error is significantly reduced with respect to
the one in Eq. (8).

Future LHC prospects: Finally, we estimate the fu-
ture sensitivity at the LHC. We utilize results of Tables 6-
9 in Ref. [72] where ATLAS performed a dedicated Monte
Carlo study of V h(bb̄) in the 1- and 2-lepton final states
for LHC run II with 300 fb�1 and LHC high-luminosity
upgrade (HL-LHC) with 3000 fb�1 at 14 TeV. From the
given working point of medium b-tagging, we rescale the
signal and background of 1-lepton final state to those in
charm-tagging. We leave the 2-lepton analysis as origi-
nal because, as discussed, we need at least two working
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LHC run II and HL-LHC Prospects
1 leptonHcharm–taggingL and 2 leptonHMediumL

3000fb-1+3000fb-1
300fb-1+300fb-1

95%
68.3%

95%68.3%

FIG. 6. Expected reach for the signal-strength measurement
of h ! bb̄ and h ! cc̄ at LHC run II and HL-LHC: The black-
thick (purple-thin) curves correspond to the reach with 3000
(300) fb�1. The solid (dashed) ones correspond to 68.3 (95)
% CL. The SM expectation is µb,c = 1 .

points to extract µb and µc independently. We then also
assume that the same analysis can be performed by CMS.

The future sensitivity reach for µc is shown as ellipses
in the µc–µb plane in Fig. 6. Here, we take into account
only the statistical error. The expected uncertainty with
profiled µb reads

�µc =

(
23 (45) with 2 ⇥ 300 fb�1

6.5 (13) with 2 ⇥ 3000 fb�1

(26)

at 68.3 (95)% CL. Compared to the result of LHC run I,
the uncertainty is improved by roughly an order of magni-
tude with 3000 fb�1 thanks to charm-tagging. In the fu-
ture, one may hope that the charm-tagging performance
will be further optimized. As an example for such a
case, we have considered the following improved charm-
tagging point ✏b = 20 %, ✏c = 40 % and ✏l = 1.25 %. As
a consequence the bounds will be further strengthened,
�µc ' 20 (6.5) at 95 % CL with integrated luminosity of
2 ⇥ 300 (2 ⇥ 3000) fb�1.
Conclusions: We have performed four di↵erent anal-

yses to constrain the charm Yukawa and obtained the
following bounds

yc

ySM

c

. 234, 120 (140), 220, 6.2, (27)

that correspond to: a recast of the h ! bb̄ searches, the
direct bound on the Higgs total width at CMS (ATLAS),
the exclusive decay of h ! J/ �, and the global analysis,
respectively. Together with the tt̄h analyses of ATLAS
and CMS we conclude that the Higgs coupling to the top
and charm quarks is not universal. We further point out
two new production mechanisms, related to V h and VBF
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FIG. 2. Comparison of the CMS implied range of h⌧µ couplings (green band) and the theoretical constraint

imposed by the hierarchy of tau and muon masses (orange top-right region). See text for details.

of freedom generating the observed h ! ⌧µ excess should be within the kinematic reach of the

second LHC run.

Since � and �0 contribute to both ✏ as well as m the observed hierarchical structure of the

charged lepton masses can be used to define the natural ranges of ✏ij . In particular, without delicate

cancellations between the various contributions in Eq. (9), the observed hierarchy between the

muon and tau lepton masses implies [18, 19]
q

|y⌧µyµ⌧ | <⇠
p
mµm⌧

v
= 0.0018 . (11)

This constraint is compared to the CMS preferred range for |y⌧µ| and |yµ⌧ | from Eq. (4) in Fig. 2.

We observe that the two indications are not in sharp conflict and thus the observation of B(h ! ⌧µ)

at the percent level can in principle be explained by natural NP although a mild hierarchy between

y⌧µ and yµ⌧ is preferred in this case.

Another class of model-independent constraints comes from the fact that the dimension six

operators contained in LY`
in Eq. (6) will in general mix with other operators contained in the

effective SM. In particular, restricting the discussion to a single Higgs setup with H ⌘ H
1

,

�0 will mix under charged lepton Yukawa renormalization into (H†H)

3 affecting, for example,

Higgs boson pair production at the LHC. However, as shown in Refs. [20, 21], such mixing is

suppressed by three powers of the charged lepton Yukawa matrix and is thus (baring fine-tuned

cancellations) completely negligible in practice. More phenomenologically relevant are the UV

finite one- and two-loop contributions to the operators ¯LH(� · B)E and ¯L⌧aH(� ·W a
)E, where
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I. INTRODUCTION

The discovery of the Higgs boson at the LHC [1, 2] imbues the standard model (SM) of par-

ticle physics with completeness and self-consistency. Nonetheless, its failure to account for non-

vanishing neutrino masses is one of the main motivations for considering physics beyond the

SM. Incidentally, the accidental SM symmetries that prevent neutrinos from acquiring mass also

completely suppress lepton flavor violating (LFV) processes. The observation of the former thus

provides ample motivation for a rich experimental program to search for the latter. The CMS

collaboration has recently reported a slight excess with a significance of 2.4 � in the search for

LFV decay h ! ⌧µ [3]. The best fit for the branching ratio of the Higgs boson to ⌧µ final state

(summed over ⌧�µ+ and ⌧+µ�), assuming SM Higgs production, is found to be

B(h ! ⌧µ) =
�
0.84+0.39

�0.37

�
% . (1)

This recent hint has expectedly received significant amount of attention in the literature [4–10].

It is thus an imperative to either confirm or reject validity of this tantalizing hint with more data

by both ATLAS and CMS experiments. At the same time, it is instructive to revisit expectations

for this observable within various new physics (NP) scenarios and in particular re-evaluate the

feasibility of obtaining such a large signal in light of severe indirect constraints on LFV Higgs

interactions coming from low energy probes.

Without loss of generality, one can parameterize the mass terms and Higgs boson couplings of

charged leptons after electroweak symmetry breaking (EWSB) as

Le↵.
Y`

= �mi�ij ¯`
i
L`

j
R � yij

�
¯`iL`

j
R

�
h+ . . .+ h.c. , (2)

where the ellipsis denotes non-renormalizable interactions involving more than one Higgs boson

and `i = e, µ, ⌧ . In the SM, the Higgs couplings are diagonal and given by yij = (mi/v)�ij ,

where v = 246GeV . On the other hand, non-zero y⌧µ and/or yµ⌧ induce h ! ⌧µ decays with a

branching ratio of

B(h ! ⌧µ) =
mh

8⇡�h

�|y⌧µ|2 + |yµ⌧ |2
�
. (3)

Assuming that the total Higgs boson decay width (�h) is given by its SM value enlarged only

by the contribution from h ! ⌧µ itself, i.e., �h = �

SM

h /[1 � B(h ! ⌧µ)], where �

SM

h (mh =

125GeV) = 4.07MeV [11], the measurement in Eq. (1) can be interpreted as a two-sided bound

on the |y⌧µ|2+ |yµ⌧ |2 combination of couplings. These limits read (see also the left-hand side panel

2
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A discovery of the flavor violating decay h ! ⌧µ at the LHC would require extra sources of
electroweak symmetry breaking (EWSB) beyond the Higgs in order to reconcile it with the bounds
from ⌧ ! µ�, barring fine-tuned cancellations. In fact, an h ! ⌧µ decay rate at a level indicated
by the CMS measurement is easily realized if the muon and electron masses are due to a new source
of EWSB, while the tau mass is due to the Higgs. We illustrate this with two examples: a two
Higgs doublet model, and a model in which the Higgs is partially composite, with EWSB triggered
by a technicolor sector. The 1st and 2nd generation quark masses and CKM mixing can also be
assigned to the new EWSB source. Large deviations in the flavor diagonal lepton and quark Higgs
Yukawa couplings are generic. If mµ is due to a rank 1 mass matrix contribution, a novel Yukawa
coupling sum rule holds, providing a precision test of our framework. Flavor violating quark and
lepton (pseudo)scalar couplings combine to yield a sizable Bs ! ⌧µ decay rate, which could be
O(100) times larger than the SM Bs ! µµ decay rate.

Measurements of Higgs production and decay [1, 2]
have revealed that most of the electroweak symmetry
breaking (EWSB) is due to the vacuum expectation value
(vev) of the Higgs field. In the Standard Model (SM)
the Higgs vev also sources the charged fermion masses.
Testing this assumption directly is possible for the third
generation fermions by measuring the Higgs decays to
b�quarks and tau leptons, and by measuring the tt̄h cross
section at the LHC. Present measurements indicate that
the Higgs is at least partially responsible for the masses
of the 3rd generation fermions. Much less is known about
the origin of mass for the first two generations. There is
experimental confirmation that the Higgs has a smaller
Yukawa coupling to the muon than to the tau [3, 4], as
expected in the SM. The SM also predicts that the Higgs
should not have tree level flavor changing decays, e.g.,
h ! bs or h ! ⌧µ. The discovery of such decays would
mean that there must be new physics (NP) near the elec-
troweak scale [5–21]. In this Letter we point out that
flavor violating Higgs decays can also be understood as
a test of fermion mass generation, and we devise a sum
rule that can be checked experimentally.

Intriguingly, the CMS collaboration has obtained the
first bounds on Br(h ! ⌧µ) < 1.51% at 95% C.L., with a
hint of a nonzero signal [22]. The best fit branching frac-
tion is Br(h ! ⌧µ) = (0.84+0.39

�0.37)%. We will show that
the strength of this signal is naturally understood if a sec-
ond source of EWSB is responsible for the muon mass.
This means that there is a whole family of NP models
that can lead to large flavor violating Higgs decays. We
also extend this possibility to the quark sector.

Let us first discuss h ! ⌧µ in models in which the
Higgs is the only source of EWSB. In an e↵ective field
theory, in which the NP particles are integrated out, the
Higgs-lepton couplings are [8, 18]

� LY = �ij(¯̀
i
LejR)H +

�0

ij

⇤2
(¯̀iLejR)H(H†H) + h.c., (1)

a)

�i �j �i �j

b)

�i �j

Figure 1: Contributions to the lepton mass matrix and
Yukawa interactions (a) and the electromagnetic dipole (b).

a)

⇥ ⇥
�i �jE L

⇥ ⇥
�i �jE L E L

b)

⇥ ⇥
�i �jE L E L

Figure 2: A realization of Fig. 1 with vectorlike leptons.

where ⇤ is the NP scale, and we have kept the two leading
terms. In Fig. 1 a) the two operators are denoted with
a blob corresponding to the exchange of NP states. For
example, the latter could be vectorlike leptons of mass
⇤ which mix with the SM leptons, see Fig. 2 a) (Note
that if the only NP states are scalars, then (1) implies
the presence of additional EWSB vevs [23].).
A misalignment of �ij and �0

ij in flavor space leads to
o↵-diagonal Higgs Yukawa couplings in the mass basis.
Using the normalization in [10], we find

Y⌧µ =
v2Wp
2⇤2

h⌧L|�0|µRi, (2)

and similarly for Yµ⌧ , with the Higgs vev vW = 246 GeV.
The CMS measurement [22] gives

q
|Y⌧µ|2 + |Yµ⌧ |2 = (2.6 ± 0.6) · 10�3 . (3)

In the blobs of Fig. 1 at least one NP particle needs to
carry electromagnetic charge. Thus, the electromagnetic
dipole operators,

Le↵ = cL,R m⌧
e

8⇡2

�
µ̄R,L�µ⌫⌧L,R

�
Fµ⌫ , (4)
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lepton (pseudo)scalar couplings combine to yield a sizable Bs ! ⌧µ decay rate, which could be
O(100) times larger than the SM Bs ! µµ decay rate.

Measurements of Higgs production and decay [1, 2]
have revealed that most of the electroweak symmetry
breaking (EWSB) is due to the vacuum expectation value
(vev) of the Higgs field. In the Standard Model (SM)
the Higgs vev also sources the charged fermion masses.
Testing this assumption directly is possible for the third
generation fermions by measuring the Higgs decays to
b�quarks and tau leptons, and by measuring the tt̄h cross
section at the LHC. Present measurements indicate that
the Higgs is at least partially responsible for the masses
of the 3rd generation fermions. Much less is known about
the origin of mass for the first two generations. There is
experimental confirmation that the Higgs has a smaller
Yukawa coupling to the muon than to the tau [3, 4], as
expected in the SM. The SM also predicts that the Higgs
should not have tree level flavor changing decays, e.g.,
h ! bs or h ! ⌧µ. The discovery of such decays would
mean that there must be new physics (NP) near the elec-
troweak scale [5–21]. In this Letter we point out that
flavor violating Higgs decays can also be understood as
a test of fermion mass generation, and we devise a sum
rule that can be checked experimentally.

Intriguingly, the CMS collaboration has obtained the
first bounds on Br(h ! ⌧µ) < 1.51% at 95% C.L., with a
hint of a nonzero signal [22]. The best fit branching frac-
tion is Br(h ! ⌧µ) = (0.84+0.39

�0.37)%. We will show that
the strength of this signal is naturally understood if a sec-
ond source of EWSB is responsible for the muon mass.
This means that there is a whole family of NP models
that can lead to large flavor violating Higgs decays. We
also extend this possibility to the quark sector.

Let us first discuss h ! ⌧µ in models in which the
Higgs is the only source of EWSB. In an e↵ective field
theory, in which the NP particles are integrated out, the
Higgs-lepton couplings are [8, 18]
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where ⇤ is the NP scale, and we have kept the two leading
terms. In Fig. 1 a) the two operators are denoted with
a blob corresponding to the exchange of NP states. For
example, the latter could be vectorlike leptons of mass
⇤ which mix with the SM leptons, see Fig. 2 a) (Note
that if the only NP states are scalars, then (1) implies
the presence of additional EWSB vevs [23].).
A misalignment of �ij and �0

ij in flavor space leads to
o↵-diagonal Higgs Yukawa couplings in the mass basis.
Using the normalization in [10], we find

Y⌧µ =
v2Wp
2⇤2

h⌧L|�0|µRi, (2)

and similarly for Yµ⌧ , with the Higgs vev vW = 246 GeV.
The CMS measurement [22] gives

q
|Y⌧µ|2 + |Yµ⌧ |2 = (2.6 ± 0.6) · 10�3 . (3)

In the blobs of Fig. 1 at least one NP particle needs to
carry electromagnetic charge. Thus, the electromagnetic
dipole operators,
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FIG. 3. Correlation between B(h ! ⌧µ) and B(⌧ ! µ�) in various NP scenarios. The present experimental

result for B(h ! ⌧µ) is shown in horizontal blue band [3]. Current and future projections for B(⌧ ! µ�)

experimental sensitivity are represented with vertical light [24] and dark [25] gray bands, respectively.

Superimposed are the predictions within the EFT approach (diagonal dashed orange line), in the type-III

THDM (green and black bands), in models with vector-like leptons (diagonal dotted purple line) and in

models with scalar leptoquarks (diagonal red and orange shaded band). See text for details.

G` ⌘ SU(3)L ⇥ SU(3)E 2 GF . In the SM (without neutrino masses), the charged lepton Yukawa

matrix � ⇠ (3, ¯3) is the only source of G` breaking. Consequently all lepton interactions are

flavor conserving in the charged lepton mass basis. Conversely, as also demonstrated explicitly

in Eq. (8), the generation of lepton flavor violating Higgs interactions requires at least two non-

aligned sources of lepton flavor symmetry breaking. At the tree level, there are only two possi-

bilities: (1) one can enlarge the SM scalar sector, such that more than one Higgs doublet couples

to the leptons (corresponding to the first term in Eq. (8)); (2) one can extend the leptonic sector

by vector-like fermions, whose Dirac masses and mixing terms with SM chiral fields can pro-

vide additional sources of G` breaking. This leads to the appearance of the �0 contributions after

integrating out the new heavy fermionic states. Both possibilities are explored in the following

sections. Example of an enlarged Higgs sector is given in Sec. III whereas the vector-like fermion

case is discussed in Sec. IV.
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electroweak symmetry breaking (EWSB) beyond the Higgs in order to reconcile it with the bounds
from ⌧ ! µ�, barring fine-tuned cancellations. In fact, an h ! ⌧µ decay rate at a level indicated
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breaking (EWSB) is due to the vacuum expectation value
(vev) of the Higgs field. In the Standard Model (SM)
the Higgs vev also sources the charged fermion masses.
Testing this assumption directly is possible for the third
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where ⇤ is the NP scale, and we have kept the two leading
terms. In Fig. 1 a) the two operators are denoted with
a blob corresponding to the exchange of NP states. For
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that if the only NP states are scalars, then (1) implies
the presence of additional EWSB vevs [23].).
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electroweak symmetry breaking (EWSB) beyond the Higgs in order to reconcile it with the bounds
from ⌧ ! µ�, barring fine-tuned cancellations. In fact, an h ! ⌧µ decay rate at a level indicated
by the CMS measurement is easily realized if the muon and electron masses are due to a new source
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by a technicolor sector. The 1st and 2nd generation quark masses and CKM mixing can also be
assigned to the new EWSB source. Large deviations in the flavor diagonal lepton and quark Higgs
Yukawa couplings are generic. If mµ is due to a rank 1 mass matrix contribution, a novel Yukawa
coupling sum rule holds, providing a precision test of our framework. Flavor violating quark and
lepton (pseudo)scalar couplings combine to yield a sizable Bs ! ⌧µ decay rate, which could be
O(100) times larger than the SM Bs ! µµ decay rate.

Measurements of Higgs production and decay [1, 2]
have revealed that most of the electroweak symmetry
breaking (EWSB) is due to the vacuum expectation value
(vev) of the Higgs field. In the Standard Model (SM)
the Higgs vev also sources the charged fermion masses.
Testing this assumption directly is possible for the third
generation fermions by measuring the Higgs decays to
b�quarks and tau leptons, and by measuring the tt̄h cross
section at the LHC. Present measurements indicate that
the Higgs is at least partially responsible for the masses
of the 3rd generation fermions. Much less is known about
the origin of mass for the first two generations. There is
experimental confirmation that the Higgs has a smaller
Yukawa coupling to the muon than to the tau [3, 4], as
expected in the SM. The SM also predicts that the Higgs
should not have tree level flavor changing decays, e.g.,
h ! bs or h ! ⌧µ. The discovery of such decays would
mean that there must be new physics (NP) near the elec-
troweak scale [5–21]. In this Letter we point out that
flavor violating Higgs decays can also be understood as
a test of fermion mass generation, and we devise a sum
rule that can be checked experimentally.

Intriguingly, the CMS collaboration has obtained the
first bounds on Br(h ! ⌧µ) < 1.51% at 95% C.L., with a
hint of a nonzero signal [22]. The best fit branching frac-
tion is Br(h ! ⌧µ) = (0.84+0.39

�0.37)%. We will show that
the strength of this signal is naturally understood if a sec-
ond source of EWSB is responsible for the muon mass.
This means that there is a whole family of NP models
that can lead to large flavor violating Higgs decays. We
also extend this possibility to the quark sector.

Let us first discuss h ! ⌧µ in models in which the
Higgs is the only source of EWSB. In an e↵ective field
theory, in which the NP particles are integrated out, the
Higgs-lepton couplings are [8, 18]

� LY = �ij(¯̀
i
LejR)H +

�0

ij

⇤2
(¯̀iLejR)H(H†H) + h.c., (1)

a)

�i �j �i �j

b)

�i �j

Figure 1: Contributions to the lepton mass matrix and
Yukawa interactions (a) and the electromagnetic dipole (b).

a)

⇥ ⇥
�i �jE L

⇥ ⇥
�i �jE L E L

b)

⇥ ⇥
�i �jE L E L

Figure 2: A realization of Fig. 1 with vectorlike leptons.

where ⇤ is the NP scale, and we have kept the two leading
terms. In Fig. 1 a) the two operators are denoted with
a blob corresponding to the exchange of NP states. For
example, the latter could be vectorlike leptons of mass
⇤ which mix with the SM leptons, see Fig. 2 a) (Note
that if the only NP states are scalars, then (1) implies
the presence of additional EWSB vevs [23].).
A misalignment of �ij and �0

ij in flavor space leads to
o↵-diagonal Higgs Yukawa couplings in the mass basis.
Using the normalization in [10], we find

Y⌧µ =
v2Wp
2⇤2

h⌧L|�0|µRi, (2)

and similarly for Yµ⌧ , with the Higgs vev vW = 246 GeV.
The CMS measurement [22] gives

q
|Y⌧µ|2 + |Yµ⌧ |2 = (2.6 ± 0.6) · 10�3 . (3)

In the blobs of Fig. 1 at least one NP particle needs to
carry electromagnetic charge. Thus, the electromagnetic
dipole operators,

Le↵ = cL,R m⌧
e

8⇡2

�
µ̄R,L�µ⌫⌧L,R

�
Fµ⌫ , (4)
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Solution: decouple fermion mass generation from τ→μγ  
• possible if new source of EWSB (strong dynamics, 

multi-Higgs doublet models) 

  

Lepton Flavor violating Higgs decays?

bounds with the central value for the h ! ⌧µ branching fraction in Eq. (1) leads to an upper

bound B(h ! ⌧e) < 0.26 . This is above the current indirect constraint coming from searches

for ⌧ ! e� [24] which reads B(h ! ⌧e) < 0.19 . In the near future the experimental sensitivity

FIG. 4. Allowed region in the B(h ! ⌧e)–B(h ! ⌧µ) plane when experimental upper bounds on µ ! e�

and µ � e conversion rates are taken into account. Pink region is permitted in the effective theory setting

while the dashed line indicates how much the region will shrink if Mu2e and MEG II experiments see no

signal events. Green region is allowed within type-III THDM model with mA = 0.5 TeV and tan� = 10.

Rulers indicate how much the region shrinks with increasing tan� or mA, while dashed lines correspond

to improved experimental upper bounds on µ ! e� and µ � e as described in the text. Independently, an

upper bound from B(⌧ ! e�) applies on the B(h ! ⌧e) in the effective theory.

to both µ ! e� and especially µ � e conversion in nuclei is expected to improve significantly.

In particular the DeeMe [31] experiment aims at a sensitivity of the order of 10

�14 while the

Mu2e [32] experiment could improve existing SINDRUM II bounds by four orders of magnitude.

Given B(h ! ⌧µ) at the percent level, such a measurement will indirectly probe B(h ! ⌧e) at

the order of magnitude 10

�5.

11

W. Altmannshofer et al. 1507.07927
see also A. Crivellin et al. 1611.02703

Generic implications:  
• LFV tau decays close 

to present bounds 
• New d.o.f.s within 

LHC energy reach 
• h→τe constrained by 

μ→e conversions 
I. Dorsner, J.F.K. et al.
1502.07784



Nontrivial flavor structure can have important implications 
also for on-shell searches 
Example: THDM accommodating h→τμ 

⇒ Both neutral and charged 
heavy scalars can dominantly 
decay to leptons 

⇒ By SU(2) invariance:  

Flavor structure affecting high-pT searches
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scalar sector,

R
H+/A
XY Z ⌘ �(H+ ! XY )

�(A ! XZ)
. (51)

Clearly, SU(2) invariance relates between the decays of
the charged Higgs to those of the pseudoscalar, such that

R
H+/A
hW+Z ' R

H+/A

t¯b¯t
= R

H+/A
⌧+⌫µ� +R

H+/A
µ+⌫⌧� = 1 (52)

The hW± signature is complex, and we are not aware
of an experimental analysis searching for a tWh final
state. The decay into tb was searched for mH+ <
600 GeV [45], reaching a sensitivity of 200 fb for this
mass. An improvement of an order of magnitude would
be needed to probe some of the parameter space in this
channel at 750 GeV.

As concerns the leptonic modes, the current bound
reads, at 95% C.L. [46, 47],

X

+�
�
13

(pp ! tH±)⇥ BR(H± ! ⌧±⌫) . 25 fb , (53)

which implies

(2m2

t,b/v
2)|⌘̂t,b|2BR(H+ ! ⌧+⌫) . 0.05 . (54)

The various branching ratios of the charged Higgs are
shown in Fig. 3. Fig. 4 shows the expected signals for the

ℓν
tb

hW

0.001 0.010 0.100 1
0.01

0.05

0.10

0.50

1

sinαvh

B
R

Figure 3: H± branching ratios as a function of sin↵vh, with
⌘̂t = 1 (solid lines) and ⌘̂t = 0.1 (dashed lines). The leptonic
channels are sumed over ⌧±⌫ and µ±⌫. The corresponding
values for ⌘̂b can be deduced by replacing ⌘̂t ! ⌘̂bmb/mt.

various decay modes of the charged Higgs. The contours
for 10, 1 and 0.1 fb signals are plotted in solid, dashed
and dotted lines, respectively. The `⌫ mode is summed
over the ⌧⌫ and µ⌫ decays. We stress that the µ⌫ final
state would be a clean signature of the H± decay in the
presence of ⌘µ⌧ .

VII. CONCLUSIONS

If there is a second Higgs doublet, it is plausible that
the Yukawa couplings of the light Higgs at 125 GeV

Figure 4: The expected signal at 13 TeV of the associated
H+t̄ production in the various decay modes. Contours are
shown for 10, 1 and 0.1 fb signals in solid, dashed and dotted
lines, respectively. The leptonic channels are sumed over ⌧+⌫
and µ+⌫. The corresponding values for ⌘̂b can be deduced by
replacing ⌘̂t ! ⌘̂bmb/mt.

are not purely diagonal and, in particular, the h ! ⌧µ
decay at observable rate is allowed. We analyzed the
lessons from present data that follow from assuming that
BR(h ! ⌧µ) ⇠ 0.01 and interpreting it within the
2HDM.
Our main conclusions are the following:

• The rate of S ! ⌧µ could be large enough to be ob-
servable. In fact, in regions of the parameter space
where h is very close to the direction of the VEV
(sin↵vh ⇠ 0.002), S ! ⌧µ can be the dominant
decay mode.

• S should also be searched for in various di-boson
final states: V V , Zh and hh. In regions where
h is not very close to the direction of the VEV
(sin↵vh ⇠ 0.2), S ! Zh can be the dominant decay
mode.

• The charged Higgs H± should be not far in mass
from mS . It should be searched for, in addition to
the tb and ⌧⌫ modes, in the Wh and µ⌫ modes.
The balance between the ⌧⌫ and µ⌫ branching ra-
tios can provide a unique window into the chirality
structure of lepton flavor violating decays.
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Charged-current decays B → D(∗)lν:  
• with l = e, μ used to measure CKM element Vcb 
• B → D(∗)τν precisely predicted in SM if normalized to      

l = e, μ modes  - R(D(∗)). 
  

  

Flavor anomalies motivate high-pT searches

Anomalies in B decays? NP in radiative B decays

Violation of μ-τ universality?

R(D)
0.2 0.3 0.4 0.5 0.6

R
(D

*)

0.2

0.25

0.3

0.35

0.4

0.45

0.5
BaBar, PRL109,101802(2012)
Belle, PRD92,072014(2015)

LHCb, PRL115,111803(2015)

Belle, PRD94,072007(2016)

Belle, arXiv:1608.06391

Average

SM Predictions

= 1.0 contours2�⇥

R(D)=0.300(8) HPQCD (2015)
R(D)=0.299(11) FNAL/MILC (2015)
R(D*)=0.252(3) S. Fajfer et al. (2012)

) = 70%2�P(

HFAG
Summer 2016

! 3.9σ combined
tension with SM
(HFAG)

! Note that SM (FF)
uncertainties are
insignificant for the
tension

David Straub (Universe Cluster) .
.
.

.

.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.

.

.
.
.

.

.
.
.

.
19

Intriguing exp. situation: 
⇒ 3.9σ combined 
tension with SM (HFAG)  
⇒ SM (FF) uncertainties 
insignificant at this point



Size of effect calls for tree-level NP, needs to be EM 
charged. 
⇒ Mass bounds from LEP M > 100 GeV 
FCNC & LFU constraints require flavor alignement with the 
3rd generation  
⇒ effects in top quark decays 

LHC measurements starting to constrain mV<mt region. 

Flavor anomalies motivate high-pT searches
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In order to relate departures from LFU of weak charged
current interactions in the bottom and top quark sectors
one also needs to specify the quark flavor structure of NP.
In light of severe constraints on new sources of quark
and lepton flavor violation coming from FCNC observ-
ables and CKM unitarity tests (c.f. []), it is prudent to
assume CKM-like hierarchies between the strengths of
the various b $ q flavor conversions, where q = u, c, t .
In particular we employ Cc

i /C
t
i = Vcb/Vtb, where Vqb are

the relevant CKM elements. Relaxing this assumption
leads to a straightforward rescaling of our results relating
top and B physics observables which we briefly discuss in
the final section. Translating the B physics benchmarks
to top decays we obtain the expected deviations in the
t ! b⌧⌫ decay branching fraction (�B⌧ ⌘ B⌧/BSM

⌧ � 1)
as

(a) �B⌧ = 1.1⇥ 10�5C̄t
V L

⇥
1 + 1.7C̄t

V L

⇤
, (3a)

(b) �B⌧ =?? , (3b)

(c) �B⌧ =?? . (3c)

While a strict EFT power counting would require to trun-
cate the expansion of the above expressions at leading or-
der in C̄t

i , keeping also (C̄
t
i )

2 terms simplifies matching to
dynamical NP models defined below. Inserting the val-
ues of the Wilson coe�cients preferred by B decay data
we observe that the expected e↵ects are tiny and will be
extremely challenging to probe. We also note that terms
quadratic in C̄t

i still dominate over linear (interference)
e↵ects for the currently preferred parameter values. The
smallness of the linear terms can be simply understood
by considering the partially integrated decay width as a
function of the leptonic invariant mass squared d�/dm2

⌧⌫ ,
where m2

⌧⌫ = (p⌧ + p⌫)2. In the SM the overwhelming
contribution to the width comes from the W pole near
m2

⌧⌫ = m2
W . The NP EFT contributions on the other

hand are analytic in m2
⌧⌫ . The interference terms then

pick up a phase rotation of ⇡ when integrating close the
W pole. Since numerically the W mass is roughly half
the top mass, the interference contributions to d�/dm2

⌧⌫
of opposite signs when integrated above and below the
W mass squared are comparable in size and cancel to a
large extent.

III. SIMPLIFIED MODELS OF LFU
VIOLATION IN TOP DECAYS

The above EFT description fails at the mass scale of
NP (⇤) where it should be matched onto a dynamical
model involving new degrees of freedom. At the tree
level, such matching implies the presence of new EM
charged particles. Existing LEP bounds [] then imply
at least ⇤ & 100 GeV. While this confirms the EFT
treatment of B decays as adequate, the same is not nec-
essarily true for top decays. We thus introduce three
simplified models (containing few BSM fields, not nec-
cessarily renormalizable) which can be matched onto the

EFT benchmarks relevant for B physics. In particular
Model (a) consists of a massive charged spin-1 fields(⇢�)
with the relevant Lagrangian given by

L(a) = LSM +
1

4
R+

µ⌫R
�µ⌫ �m2

⇢⇢
+
µ ⇢

�µ

+ [gb
X

q

Vqbq̄/⇢
+PLb+ g⌧ ⌧̄/⇢

�PL⌫⌧ + h.c.] , (4)

where ⇢+ ⌘ (⇢�)† and R±
µ⌫ ⌘ @µ⇢±⌫ � @⌫⇢±µ . The EFT

tree level matching conditions are then simply Cq
V L/⇤

2 =
g⌧gbVqb/m2

⇢ with all other Cq
i = 0 . A similar model has

been considered recently in Ref. []. Model (b) instead
consists of a charged scalar (��)

L(b) = LSM + @µ�
+@µ�� �m2

��
+��

+ [
X

q

Vqb�
+(yL� q̄PLb+ yR� q̄PRb) + y⌧��

�⌧̄PL⌫⌧ + h.c.] ,

(5)

where now �+ ⌘ (��)† and the tree-level matching
conditions read Cq

SL/⇤
2 = yL� y

⌧
�Vqb/m2

�, Cq
RL/⇤

2 =

yR� y
⌧
�Vqb/m2

� with all other Cq
i = 0 . Such dynamics typ-

ically appears in two Higgs doublet models and has been
studied extensively []. Finally, benchmark point (c) can
be matched onto models of leptoquarks, recently consid-
ered in Ref. []. These being colored particles they can
be e�ciently pair produced at hadron colliders if within
kinematical reach leading in turn to existing bounds on
their masses much above the top quark mass []. Conse-
quently we do not consider a dynamical model for (c) but
work within the EFT as defined in the previous section
even when discussing top decays.

IV. BOUNDS ON TOP LFU VIOLATION FROM
CURRENT MEASUREMENTS

While no dedicated experimental tests of LFU have
yet been performed using the Tevatron or especially the
large existing LHC top quark datasets, the branching
fractions of top decays to final states involving di↵erent
lepton flavors have already been measured individually [].
The currently most precise determination yields []

Be = 13.3(4)(4)% , Bµ = 13.4(3)(5)% , B⌧h = 7.0(3)(5)% ,
(6)

where B` ⌘ B(t ! b`Emiss) and Emiss denotes missing
energy carried away by neutrinos. The values in the first
(second) brackets refer to statistical (systematic) uncer-
tainties. The modes with light leptons include contribu-
tions also from intermediate leptonic tau decays, while
the ⌧h mode only accounts for taus identified from their
hadronic decays. All three modes are in agreement with
SM LFU expectations at the one sigma level. Solving
the coupled system we can conclude that currently LFU
in top decays is tested at the 5 � 10% uncertainty level

J.F.K., A. Katz & D. Stolarski
in preparation



Anomalies in B decays? NP in radiative B decays

Direct constraints
! Strong constraints from bb̄→ τ+τ− searches at ATLAS/CMS

Greljo et al. 1506.01705, Faroughy et al. 1609.07138

! both Z′ (s-channel) and LQ (t-channel)
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Vector LQ exclusion

! U1 LQ on the verge of being excluded
! W′/Z′ only allowed if light (M < 500 GeV) or broad (Γ/M > 30%)
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In addition SU(2) invariance predict significant tau 
production at LHC 
Strong constraints from existing pp → τ+τ− searches at 
ATLAS/CMS 

W′/Z′ explanation only allowed if light (M < 500 GeV) or 
broad (Γ/M > 30%) 

Flavor anomalies motivate high-pT searches

D. A. Faroughy, A. Greljo & J.F.K.
1609.07138



Flavor is powerful guide to high-pT searches at LHC: 

• to ensure no stone is left unturned (and that the most 
interesting stones are turned first) 

• in case of significant signals of NP in flavor observables 
can identify prospective LHC experimental targets

Conclusions



In case new phenomena are discovered at LHC, flavor 
physics will allow to disentangle different possible 
interpretations and discriminate between different proposals 
and scenarios 

Examples: 125GeV Higgs & now defunct 750GeV di-
photon resonance 

In case no new d.o.f.s are seen at LHC, precision tests of 
flavor, CP, B & L possibly best probes forward 
⇒ their sensitivity in many cases already (far) exceeds 
energies/scales attainable in present and planned collider 
& cosmic ray experiments. 

Conclusions



Additional material



Top partners - direct test of EW naturalness  

Flavor structure affecting high-pT searches

• stop in SUSY, custodians in 
composite Higgs 

• large flavor breaking can 
modify exp. searches  

⇒ reduction of fine-tuning  
• example: large t̃R-c̃R mixing 

in MSSM  

⇒ new signature t+c-jet+MET 
x=0.7

x=0.8
x=0.9

x=1.0c=0.7

c=0.8

c=0.9
c=1.0

450 500 550 600 650
400

450

500

550

600

m1
m
2

95% CL mass exclusion

Figure 2. Exclusions at 95% CL for m1 and m2 (the masses of the mostly-top and mostly-charm

squarks, respectively) from tt̄ + /ET and from jets + /ET in the conservative approach, fixing c ⌘
cos ✓ctR = 0.7, 0.8, 0.9, 1.0 (from darker to lighter shades, as indicated). Contours of constant tuning

parameter ⇠, obtained for c = 0.7, are displayed by the dashed lines.

In order to quantify the improvement obtained for the fine-tuning in the Higgs mass

parameter �m2
Hu

, we define the tuning parameter

⇠ =
c2m2

1 + s2m2
2

m2
0

, (4)

where m0 = 585 GeV is the experimental bound on the right-handed stop mass without

mixing [30]. In Fig. 2 contours of constant ⇠ are overlaid, in this case always setting c = 0.7

for simplicity. We see that values below ⇠ = 0.8 are allowed for large mixing, so that a

marginal improvement is possible.

Let us now fix the squark masses to m1 = 500GeV and m2 = 550GeV and study the

e↵ect of flavour mixing in more detail. To this end we show in Fig. 3 the confidence level of

exclusion and the tuning parameter ⇠ as functions of the mixing parameter c. We observe

that, for this choice of masses, a large range of mixing angles (c <⇠ 0.5 and c >⇠ 0.8) is

excluded, but there still exists an interval around maximal mixing (c ⇡ 0.7) where the

confidence level drops below 95% CL and such low masses are allowed. In this window the

fine-tuning parameter ⇠ is around 0.8.

9
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Figure 9. 95% CL exclusion regions in the mt̃1– m�̃0
1

plane for two representative t̃R – c̃R mix-
ing scenarios. The left (right) panel employs the parameters (Mũ)22 = 1.5 TeV and �uRR = 0.7
�

(Mũ)22 = 1.5 TeV and �uRR = 0.02
�

. For comparison also the exclusion limits at 95% CL fol-
lowing from the 1 lepton + 4 jets + 1 b-tag + ET,miss search [19] (green dotted curves) and the
2 c-tags + ET,miss search [31] (blue dotted curves) are overlaid.

green and blue dotted curves. Focusing our attention on the kinematic region R1, we see

that for the choice �uRR = 0.7 the limits on m
˜t1 are about 50 GeV weaker than the bounds

obtained in [19], which assumes no stop-scharm mixing. On the other hand, for �uRR = 0.02

our exclusion coincides with the limit of the 1 lepton + 4 jets + 1 b-tag + ET,miss

search.

These features are expected because in the first case one has Br
�

t̃
1

! t�̃0

1

�

2 [70, 80]%

in the parameter space of interest, while Br
�

t̃
1

! t�̃0

1

�

' 100% in the second case. In

the kinematic region R2, one observes instead that for large t̃R – c̃R mixing our bound

resembles that of the analysis [31], while for small mixing the region in the m
˜t1– m�̃0

1

plane around m
˜t1 = 300GeV and m�̃0

1
= 200GeV remains allowed. These properties can

be understood by realising that in the first case the lightest stop decays to almost 100%

via t̃
1

! c�̃0

1

, while in the second case the decay mode t̃
1

! Wb�̃0

1

is dominant, in particular

for values of the stop and LSP mass close to the kinematic boundary m
˜t1 � m�̃0

1
= mt.

One furthermore notices, that in region R3 our exclusions match the 95% CL bound from

the c̃
1

! c�̃0

1

analysis [31], since both our choices of �uRR lead to Br
�

t̃
1

! c�̃0

1

�

= 100%.

The two scenarios of t̃R – c̃R mixing that we have considered nicely illustrate our general

finding that by combining various ET,miss

search strategies, large regions in the m
˜t1– m�̃0

1

plane can be excluded for arbitrary mass insertion parameters �uRR.

Notice that quark flavour observables leave the mass insertion parameter �uRR essen-

tially unconstrained. Although t̃R – c̃R mixing will induce flavour-changing top-quark de-

cays like t ! cZ and t ! ch at the one-loop level, the existing LHC Run I constraints

on the relevant processes [49] are too loose to lead to any restriction. The mass inser-

tion parameter �uRR also modifies B-meson decays via chargino loops. However, the wino

couples only to left-handed squarks and the Higgsino coupling to right-handed squarks

is proportional to the corresponding Yukawa coupling, which is small in the case of the

– 13 –
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Figure 2. Exclusions at 95% CL for m1 and m2 (the masses of the mostly-top and mostly-charm

squarks, respectively) from tt̄ + /ET and from jets + /ET in the conservative approach, fixing c ⌘
cos ✓ctR = 0.7, 0.8, 0.9, 1.0 (from darker to lighter shades, as indicated). Contours of constant tuning

parameter ⇠, obtained for c = 0.7, are displayed by the dashed lines.

In order to quantify the improvement obtained for the fine-tuning in the Higgs mass

parameter �m2
Hu

, we define the tuning parameter

⇠ =
c2m2

1 + s2m2
2

m2
0

, (4)

where m0 = 585 GeV is the experimental bound on the right-handed stop mass without

mixing [30]. In Fig. 2 contours of constant ⇠ are overlaid, in this case always setting c = 0.7

for simplicity. We see that values below ⇠ = 0.8 are allowed for large mixing, so that a

marginal improvement is possible.

Let us now fix the squark masses to m1 = 500GeV and m2 = 550GeV and study the

e↵ect of flavour mixing in more detail. To this end we show in Fig. 3 the confidence level of

exclusion and the tuning parameter ⇠ as functions of the mixing parameter c. We observe

that, for this choice of masses, a large range of mixing angles (c <⇠ 0.5 and c >⇠ 0.8) is

excluded, but there still exists an interval around maximal mixing (c ⇡ 0.7) where the

confidence level drops below 95% CL and such low masses are allowed. In this window the

fine-tuning parameter ⇠ is around 0.8.

9

1302.7232
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Further examples: modified tbW, ttZ, ttγ, ttg, ttH couplings 

Flavor & high-pT as complementary NP probes
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Figure 7. Allowed regions at 68% and 95% confidence level (CL) for the Wtb anomalous couplings
gL and gR. In the Standard Model, the anomalous couplings vanish at tree level [59].

Re (VR) ∈ [−0.20, 0.23] →
Re (C33

φφ)

Λ2
∈ [−6.7, 7.8] TeV−2 ,

Re (gL) ∈ [−0.14, 0.11] →
Re (C33

dW )

Λ2
∈ [−1.6, 1.2] TeV−2 ,

Re (gR) ∈ [−0.08, 0.04] →
Re (C33

uW )

Λ2
∈ [−1.0, 0.5] TeV−2 .

The considered W boson helicity observables also allow a second region for gR when the

remaining anomalous couplings vanish: Re (gR) ∈ [0.75, 0.80] at 95% confidence level.

It should be noticed, however, that such large coupling values would imply a single top

production cross-section value disfavored by the Tevatron measurements [17, 57, 58]. Using

a Bayesian approach [60], the measurement of the W boson helicity fractions with FR

fixed at zero, was translated into a 95% probability interval on Re (C33
uW )/Λ2, as proposed

in Ref.[13]. This interval was found to be [−0.9, 2.3] TeV−2.

It can be seen that the limits on C33
dW (mediating the production of right-handed b-

quarks in the top decay) are of the same order of magnitude as the limits on C33
uW (involving

left-handed quarks). This reflects a good sensitivity to the effective operator corresponding

to C33
dW , even if its contribution is suppressed by 1/Λ2 instead of 1/Λ [61].

These limits are more stringent than those obtained by the DØ Collaboration [58,

62]4. Indirect, model-dependent limits on the anomalous couplings have been inferred from

measurements of radiative B-meson decays, measurements of BB̄-mixing and electroweak

4The limits from the DØ Collaboration were derived assuming a massless b-quark.
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Figure 2: The preferred regions at 68% and 95% CL from our combined fit to EWPO and rare
decays are shown as the dark-gray and light-gray ellipses, respectively. The colored bands show
the 68% CL constraints from the individual observables. The star denotes the SM value.

and Br(Bs ! µ

+

µ

�). In addition, we show the region compatible with the measurements
in Table 1 at 68% and 95% CL.

We find that the branching ratio of Bs ! µ

+

µ

� and the T parameter currently lead to
the most stringent constraints. In particular, the combination of the two leads to a strong
bound on both Wilson coe�cients C

(1)

�q,33

log(µW /⇤) v

2

/⇤2 and C�u,33

log(µW /⇤) v

2

/⇤2, of
the order of a few percent. We note that t-channel single-top production leads to the bound
�0.032 < v

2

C

(1)

�q,33

/⇤2

< 0.044 (cf. Eq. (3.3)). This is weaker than the indirect bounds and
leaves C�u,33

completely unconstrained.
In the future, we expect improvements in the measurement of Br(Bs ! µ

+

µ

�), with
a final uncertainty of ⇠ 5% [55]. In addition, various experiments plan to measure the
branching ratios of the rare K decays with high precision. The NA62 experiment at CERN
aims at a final precision of ⇠10% for the charged mode, which could be improved to ⇠3%
by an experiment at Fermilab [56]. The KOTO experiment aims at a similar precision for
the neutral mode. On the other hand, the bounds from EWPO are mainly obtained from
fits to LEP data and we do not expect any significant improvement within the next few
years. In the right panel of Fig. 2 we show our future projections. As an illustration we
assume a branching ratio measurement of all three rare decay modes with the SM central
values and a precision of 5%. We keep the current constraints from the EWPO, but note
that these bounds could be improved at future e

+

e

� colliders [57].
The indirect constraints on the anomalous tt̄Z couplings are much stronger than the

constraints from direct searches, i.e. from tt̄ + Z production, even after a high-luminosity
upgrade of the LHC. For instance, the authors of Ref. [3] give the bounds �0.04 <
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Figure 6: Same as Fig. 4, showing the 90% C.L. allowed regions in the v2cWb � v2c̃Wb (left
panel) and v2cg � v2c̃g (center panel) and v2cY � v2c̃Y (right panel) planes, but now assuming
central values for the relevant nuclear and hadronic matrix elements. Both the allowed regions
in the single coupling case (solid lines) and marginalized case (dashed lines) are shown.

indirect observables, and to test the robustness of the strong EDM bounds discussed in Section
9.1.

The large theoretical uncertainties of the hadronic and nuclear matrix elements entering the
mercury EDM cause the bound from dHg to e↵ectively disappear in the R-fit approach, reducing
the number of CP-odd observables to four (electron and neutron EDMs, ACP in b ! s�, and
the phase �� in top decays). As we investigate five anomalous couplings, this gives rise to
free directions for the imaginary parts leading to unbound c̃↵ for all ↵ apart from c̃Wt which
remains constrained by the W helicity fractions discussed in Section 4.1.4. This situation is
certainly unrealistic and requires an unmotivated cancellation between various couplings and
matrix elements. Furthermore, the free directions can be removed by including less sensitive
observables which we have neglected so far, or by including dimension-eight e↵ects such as
contributions of c̃↵ to CPC total cross sections and decay rates, which become relevant for
v2c̃↵ ⇠ O(1) (of course, this does not protect us from further cancellations against possible
dimension-eight BSM operators). The latter possibility is, however, at the limit of validity of
our assumption that the leading e↵ects of BSM physics are captured by non-renormalizable
operators of lowest canonical dimension. Finally, future EDM measurements on systems such
as the proton, deuteron, or radium can also remove unconstrained directions [48].

In the rest of this Section we study one case in which the C↵ can be bound, that is if we neglect
theoretical uncertainties in the hadronic and nuclear matrix elements entering dn, dHg and ACP .
Although this might seem rather wishful at the moment, relatively modest improvements from
both lattice QCD and nuclear many-body theory regarding various matrix elements (see the
discussion in Ref. [48]) would be su�cient to make this a realistic scenario.

9.2.1 Global analysis: central values of the hadronic matrix elements

Figs. 5 - 6 show the marginalized constraints as well as those resulting from the single-coupling
analysis (at 90% C.L.), using the central procedure in both cases. We immediately notice
that the limits on c̃↵ weaken considerably because the imaginary parts of the couplings are
strongly correlated. The bounds on v2c̃� and v2c̃Wt deteriorate from the few permil level to
about 40%. This can be understood from the fact that the electron EDM, which provides the
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Figure 2. Left: Present constraints on t and ̃t from the electron EDM (blue), the neutron
EDM (red), the mercury EDM (brown), and Higgs physics (gray). Right: Projected future con-
straints on t and ̃t, see text for details.

The right panel in Fig. 2 shows the prospects of the constraints. In order to obtain
the plot we have assumed that |de/e| < 10�30 cm [39], a factor of 90 improvement over
the current best limit (2.5), and that |dn/e| < 10�28 cm [39], a factor of 300 improvement
with respect to the present bound (2.14). Our forecast for the future sensitivity of the
Higgs production constraints is based on the results of the CMS study with a projection
of errors to 3000 fb�1, which assumed 1/

pL scaling of the experimental uncertainties with
luminosity L, and also anticipates that the theory errors will be halved by then [4]. In
Fig. 2 we therefore take g = 1.00 ± 0.03 and � = 1.00 ± 0.02 as the possible future fit
inputs (centered around the SM predictions).

Since the EDMs depend linearly on ̃t, the projected order-of-magnitude improve-
ments of the EDM constraints directly translate to order-of-magnitude improvements of
the bounds on ̃t. For instance, the electron EDM is projected to be sensitive to values of
̃t = O(10�4) which implies that one can probe scales up to ⇤ = O(25TeV) for models
(such as theories with top compositeness) where ̃t ⇠ v2/⇤2.

Note that the above EDM constraints rely heavily on the assumption that the Higgs
couples to electrons, up, and down quarks. For illustration we assumed that these couplings
are the same as in the SM. The possibility that the Higgs only couples to the third-generation
fermions cannot be ruled out from current Higgs data. In this case there is no constraint
from the electron EDM which is proportional to e̃t. The neutron and mercury EDM
are similarly dominated by the quark EDMs and CEDMs which scale as u,d ̃t. However,
setting u,d = 0 the constraints due to dn and dHg do not vanish, because there is also a
small contribution from the Weinberg operator which scales as t̃t. In Fig. 3 we show
the constraints for the limiting case where the Higgs only couples to the third-generation
fermions. We see that at present O(1) values of ̃t are allowed by the constraint from the
neutron EDM. Assuming that only the Higgs-top couplings are modified, the Higgs data are
then more constraining than the neutron EDM. This situation might change dramatically
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