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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 affects collider signatures & 
reach  

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

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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initial and final states, a final step needs to involve non-perturbative matching to an
e⇥ective description involving QCD bound states Le�
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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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The dark (light) blue shaded band is the parameter space compatible with a Higgs mass of m
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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

m2
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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Significant 
improvements 
expected in next 
decade

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
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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)
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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

see e.g. J.F.K. & C. Smith 1111.6402

‘MFV’
D’Ambrosio et al. hep-ph/0207036



Example: simplified DM models with (pseudo)scalar 
mediators 

• Direct DM detection suppressed 
• SM Yukawa-like couplings:  
• No missing ET signals for

Flavor & high-pT as complementary NP probes

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 –

m� > mA/2
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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.

– 15 –
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see also
Dobrich et al., 
1810.11336
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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
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

– 27 –
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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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Semileptonic B anomalies: LFU in charged currents 
  

Intriguing exp. situation: O(3σ) combined tension with SM 
~20% (upwards) deviation! 

Flavor anomalies motivate high-pT searches

*R(Bc ! J/ )

LHCb, 1711.05623

28

Extraction of Vcb consistent with e/μ LFU  

Consider  

Phase space effects significant, additional mτ/mB 
suppressed f.f. contributions cannot be neglected 

Combination of HQEFT, lattice QCD, data* 

allows to control th. uncertainties at few % level. 

LFU tests in semi-leptonic B decaysThe R(D(⇤)) Anomaly

Test of lepton flavour universality in semi-leptonic B decays

R(D(⇤)) =
BR(B ! D(⇤)⌧⌫)

BR(B ! D(⇤)`⌫)
(` = e, µ)

theoretically clean, as hadronic
uncertainties largely cancel in ratio

measurements by BaBar, Belle,
and LHCb (so far R(D⇤) only)

3.8� tension between HFLAV fit
and SM value

(qualitatively) supported by
measurement of R(J/ ) (LHCb)

2 M.Blanke New Physics in b ! c⌧⌫

*again fit model dependence
Bernlochner et al., 1703.05330

Bigi et al., 1707.09509
Grinstein & Kobach, 1703.08170  

Belle, 1809.03290 

see talks by Tilley, Hara

see also talk by Kitahara



Flavor anomalies motivate high-pT searches

Semileptonic B anomalies: neutral currents

at O(2.5σ), 20% (downwards) deviation!

1406.6482

1705.05802
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In SM, (lepton flavor universality) ratios 

only differ by phase-space  

- hadronic uncertainties predominantly cancel 

- important EM radiative effects 

Away from threshold,  

Beyond hadronic uncertainties: LFU

T. Blake

Lepton universality tests
• In the SM, ratios 

!

!

only differ from unity by phase space — the dominant SM processes 
couple equally to the different lepton flavours. 

• Theoretically clean since hadronic uncertainties cancel in the ratio.  

• Experimentally challenging due to differences in muon/electron 
reconstruction (in particular Bremsstrahlung from the electrons). 

➡ Take double ratios with B→J/!K(*)  decays to cancel possible 
sources of systematic uncertainty. 

➡ Correct for migration of events in q2 due to FSR/Bremsstrahlung 
using MC (with PHOTOS).

14

RK =

R
d�[B+ ! K+µ+µ�]/dq2 · dq2R
d�[B+ ! K+e+e�]/dq2 · dq2

Branching fraction measurements 20 / 22

Test of lepton universality in B+ ⇤ K+⇤+⇤�

⌅ RK = B(B+⇥K+µ+µ�)
B(B+⇥K+e+e�) = 1±O(10�3) in the SM

⌅ Sensitive to new (pseudo)scalar operators
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[arxiv:1406.6482]

B+ � K+µ+µ� B+ � K+e+e�

 (2S)K+

J/ K+

 (2S)K+

J/ K+

radiative tails radiative tails

⌅ Experimental challenges for B+ ⇤ K+e+e� mode
1. Trigger 2. Bremsstrahlung

⌅ Use double ratio to cancel systematic uncertainties

RK =
�

NK+µ+µ�

NK+e+e�

⇥�
NJ/⇥ (e+e�)K+

NJ/⇥ (µ+µ�)K+

⇥�
�K+e+e�
�K+µ+µ�

⇥�
�J/⇥ (µ+µ�)K+

�J/⇥ (e+e�)K+

⇥

C. Langenbruch (Warwick), Beauty 2014 Electroweak penguin decays

Bordone et al., 1605.07633
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Flavor anomalies motivate high-pT searches

Corroborating evidence 
from angular analyses, 
rate measurements:

Interpreting Hints for Lepton Flavor Universality Violation

Wolfgang Altmannshofer,1, ⇤ Peter Stangl,2, † and David M. Straub2, ‡

1Department of Physics, University of Cincinnati, Cincinnati, Ohio 45221, USA
2Excellence Cluster Universe, Boltzmannstraße 2, 85748 Garching, Germany

We interpret the recent hints for lepton flavor universality violation in rare B meson decays. Based on
a model-independent e↵ective Hamiltonian approach, we determine regions of new physics parameter
space that give a good description of the experimental data on RK and RK⇤ , which is in tension
with Standard Model predictions. We suggest further measurements that can help narrowing down
viable new physics explanations. We stress that the measured values of RK and RK⇤ are fully
compatible with new physics explanations of other anomalies in rare B meson decays based on the
b ! sµµ transition. If the hints for lepton flavor universality violation are first signs of new physics,
perturbative unitarity implies new phenomena below a scale of ⇠ 100 TeV.

Introduction. The wealth of data on rare leptonic
and semi-leptonic b hadron decays that has been accu-
mulated at the LHC so far allows the Standard Model
(SM) Cabibbo-Kobayashi-Maskawa picture of flavor and
CP violation to be tested with unprecedented sensitiv-
ity. Interestingly, current data on rare b ! s`` decays
show an intriguing pattern of deviations from the SM
predictions both for branching ratios [1–3] and angular
distributions [4, 5]. The latest global fits find that the
data consistently points with high significance to a non-
standard e↵ect that can be described by a four fermion
contact interaction C9 (s̄�⌫PLb)(µ̄�⌫µ) [6] (see also ear-
lier studies [7–9]). Right now the main obstacle towards
conclusively establishing a beyond-SM e↵ect is our in-
ability to exclude large hadronic e↵ects as the origin of
the apparent discrepancies (see e.g. [10–16]).

In this respect, observables in b ! s`` transitions that
are practically free of hadronic uncertainties are of partic-
ular interest. Among them are lepton flavor universality
(LFU) ratios, i.e. ratios of branching ratios involving
di↵erent lepton flavors such as [17–19]

RK =
B(B ! Kµ+µ�)

B(B ! Ke+e�)
, RK⇤ =

B(B ! K⇤µ+µ�)

B(B ! K⇤e+e�)
.

(1)
In the SM, the only sources of lepton flavor universality
violation are the leptonic Yukawa couplings, which are
responsible for both the charged lepton masses and their
interactions with the Higgs.1 Higgs interactions do not
lead to any observable e↵ects in rare b decays and lep-
ton mass e↵ects become relevant only for a very small
di-lepton invariant mass squared close to the kinematic
limit q2 ⇠ 4m2

` . Over a very broad range of q2 the SM
accurately predicts RK = RK⇤ = 1, with theoretical un-
certainties of O(1%) [20]. Deviations from the SM pre-
dictions can be expected in various models of new physics
(NP), e.g. Z 0 models based on gauged Lµ � L⌧ [21–24]
or other gauged flavor symmetries [25–29], models with

1
Neutrino masses provide another source of lepton flavor non-

universality, but the e↵ects are negligible here.

partial compositeness [30–33], and models with lepto-
quarks [34–42].

A first measurement of RK by the LHCb collabora-
tion [43] in the di-lepton invariant mass region 1 GeV2 <
q2 < 6 GeV2,

R
[1,6]
K = 0.745+0.090

�0.074 ± 0.036 , (2)

shows a 2.6� deviation from the SM prediction. Very
recently, LHCb presented first results for RK⇤ [44–46],

R
[0.045,1.1]
K⇤ = 0.66+0.11

�0.07 ± 0.03 , (3)

R
[1.1,6]
K⇤ = 0.69+0.11

�0.07 ± 0.05 , (4)

where the superscript indicates the di-lepton invariant
mass bin in GeV2. These measurements are in tension
with the SM at the level of 2.4 and 2.5�, respectively.
Intriguingly, they are in good agreement with the recent
RK⇤ predictions in [6] that are based on global fits of
b ! sµµ decay data, assuming b ! see decays to be
SM-like.

In this letter we interpret the RK(⇤) measurements us-
ing a model-independent e↵ective Hamiltonian approach
(see [47–53] for earlier model independent studies of RK).
We also include Belle measurements of LFU observables
in the B ! K⇤`+`� angular distibutions [5]. We do
not consider early results on RK(⇤) from BaBar [54] and
Belle [55] which, due to their large uncertainties, have
little impact. We identify the regions of NP parameter
space that give a good description of the experimental
data. We show how future measurements can lift flat di-
rections in the NP parameter space and discuss the com-
patibility of the RK(⇤) measurements with other anoma-
lies in rare B meson decays.
Model independent implications for new physics. We

assume that NP in the b ! s`` transitions is su�ciently
heavy such that it can be model-independently described
by an e↵ective Hamiltonian, He↵ = HSM

e↵ + HNP
e↵ ,

HNP
e↵ = �4 GFp

2
VtbV

⇤
ts

e2

16⇡2

X

i,`

(C`
i O

`
i + C 0 `

i O0 `
i ) + h.c. ,

(5)
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Coe↵. best fit 1� 2� pull

Cµ
9 �1.56 [�2.12, �1.10] [�2.87, �0.71] 4.1�

Cµ
10 +1.20 [+0.88, +1.57] [+0.58, +2.00] 4.2�

Ce
9 +1.54 [+1.13, +1.98] [+0.76, +2.48] 4.3�

Ce
10 �1.27 [�1.65, �0.92] [�2.08, �0.61] 4.3�

Cµ
9 = �Cµ

10 �0.63 [�0.80, �0.47] [�0.98, �0.32] 4.2�

Ce
9 = �Ce

10 +0.76 [+0.55, +1.00] [+0.36, +1.27] 4.3�

Ce
9 = Ce

10 �1.91 [�2.30, �1.51] [�2.71, �1.10] 3.9�

C0µ
9 �0.05 [�0.31, +0.21] [�0.57, +0.46] 0.2�

C0µ
10 +0.03 [�0.21, +0.27] [�0.44, +0.51] 0.1�

C0 e
9 +0.07 [�0.21, +0.37] [�0.49, +0.69] 0.2�

C0 e
10 �0.04 [�0.30, +0.21] [�0.57, +0.45] 0.2�

TABLE I. Best-fit values and pulls for scenarios with NP in
one individual Wilson coe�cient, taking into account only
LFU observables.

with the following four-fermion contact interactions,

O`
9 = (s̄�µPLb)(¯̀�µ`) , O0 `

9 = (s̄�µPRb)(¯̀�µ`) , (6)

O`
10 = (s̄�µPLb)(¯̀�µ�5`) , O0 `

10 = (s̄�µPRb)(¯̀�µ�5`) , (7)

and the corresponding Wilson coe�cients C`
i , with ` =

e, µ. We do not consider other dimension-six operators
that can contribute to b ! s`` transitions. Dipole oper-
ators and four-quark operators [56] cannot lead to vio-
lation of LFU and are therefore irrelevant for this work.
Four-fermion contact interactions containing scalar cur-
rents would be a natural source of LFU violation. How-
ever, they are strongly constrained by existing measure-
ments of the Bs ! µµ and Bs ! ee branching ra-
tios [57, 58]. Imposing SU(2)L invariance, these bounds
cannot be avoided [59]. We have checked explicitly that
SU(2)L invariant scalar operators cannot lead to any ap-
preciable e↵ects in RK(⇤) (cf. [60]).

For the numerical analysis we use the open source code
flavio [61]. Based on the experimental measurements
and theory predictions for the LFU ratios RK(⇤) and
the LFU di↵erences of B ! K⇤`+`� angular observ-
ables DP 0

4,5
(see below), we construct a �2 function that

depends on the Wilson coe�cients and that takes into
account the correlations between theory uncertainties of
di↵erent observables. We use the default theory uncer-
tainties in flavio, in particular B ! K⇤ form factors
from a combined fit to light-cone sum rule and lattice re-
sults [62]. The experimental uncertainties are presently
dominated by statistics, so their correlations can be ne-
glected. For the SM we find �2

SM = 24.4 for 5 degrees of
freedom.

Tab. I lists the best fit values and pulls, defined as thep
��2 between the best-fit point and the SM point for

FIG. 1. Allowed regions in planes of two Wilson coe�cients,
assuming the remaining coe�cients to be SM-like.

Semileptonic B anomalies: neutral currents

[Algueró et al., 1903.09578]
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(CNP
9µ , CNP

10µ): 5.6� (2017)

! 5.4� (2019)

(left-handed, SM-like)
(CNP

9µ , C90µ): 5.7� (2017)

! 5.7� (2019)

(right-handed currents)

Separating 3 � regions for b ! sµµ and purely LFUV
LFUV favours CNP

10µ > 0 and CNP
90µ > 0

b ! sµµ essentially in favour of CNP
9µ < 0

S. Descotes-Genon (LPT-Orsay) Rare b-decays: fits, angular dist. . . Beauty 2019, 1/10/19 16

Alguero et al., 1903.09578  
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B-anomalies in presence of (heavy) NP: 

Deviations in flavor ⇒ indications of NP scale 

Unitarity/Perturbativity 
⇒ upper bound on coupling  

⇒ upper bound on NP d.o.f. mass

Implications for high pT: general considerations

May 24, 2014 0:27 WSPC/INSTRUCTION FILE kamenik˙15-5

Flavor Constraints on New Physics 3

�
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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

[scale] =

[mass]

[coupling]

Di Luzio & Nardecchia, 1706.01868
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LFUV in            : 
⇒ tree-unitarity 

up to the edge of LHC kinematical reach 

LFUV in          (& other obs.) :  

⇒ NP d.o.f.s accessible at LHC only if their couplings to 
bs and/or μμ suppressed! 

Implications for high pT: general considerations

MNP . 6.5TeV

RK(⇤) ⇤ ⇠ 40TeV

Q = (c̄�µPLb)(⌧̄ �µPL⌫)e.g.

Q = (s̄�µPLb)(µ̄�
µPLµ)e.g.

R(D(⇤)) ⇤ ' 2.5TeV

see e.g.
Altmannshofer et al., 1704.06659

Iguro et al., 1810.05843



NP needs to respect SM gauge symmetry 

At EW scale: in terms of four-fermion operators 

Simplest UV:

Implications of LFUV for NP flavor breaking

✏Lij✏
Q
kl(L̄iLj)(Q̄kQl)

✏Eij✏
Q
kl(ĒiEj)(Q̄kQl) ✏LE

ij ✏QU
kl (L̄iHEj)(Q̄kH̃Ul)

✏EL
ij ✏QD

kl (ĒiH
†Lj)(Q̄kHDl)

RK(⇤) R(D(⇤))

✏L,EL
⌧i , ✏Q,QD

cb 6= 0

✏LE
i⌧ , ✏QU

bc 6= 0

✏L,E
µµ , ✏Qsb 6= 0

*Bc lifetime, decays
Alonso et al., 1611.06676

Akeroyd & Chen, 1708.04072
Blanke et al., 1811.09603

… Buttazzo et al., 1706.07808

*right-handed currents
Greljo et al., 1804.04642

…

Qi[Q,D,U, L,E]

Z 0/W 0 LQ0s H±



Application of crossing - mono-tau production @ LHC 

✗  heavy flavour pdf. suppression 
✔ compensated by high partonic energy 

Immediate implications for LHC: R(D(⇤))

A. Greljo et al., 1811.07920

CERN-TH-2018-243

The Mono-Tau Menace: From B Decays to High-pT Tails

Admir Greljo,1 Jorge Martin Camalich,1, 2, 3 and José David Ruiz-Álvarez4

1
Theoretical Physics Department, CERN, 1 Esplanade des Particules, 1211 Geneva 23, Switzerland

2
Instituto de Astrof́ısica de Canarias, C/ Vı́a Láctea, s/n E38205 - La Laguna, Tenerife, Spain

3
Universidad de La Laguna, Departamento de Astrof́ısica, La Laguna, Tenerife, Spain

4
Instituto de F́ısica, Universidad de Antioquia, A.A. 1226, Medelĺın, Colombia

We investigate the crossing-symmetry relation between b ! c⌧�⌫̄ decay and bc̄ ! ⌧�⌫̄ scattering
to derive direct correlations of New Physics in semi-tauonic B-meson decays and the mono-tau
signature at the LHC (pp ! ⌧hX + MET). Using an exhaustive set of e↵ective operators and heavy
mediators we find that the current ATLAS and CMS data constrain scenarios addressing anomalies in
B-decays. Pure tensor solutions, completed by leptoquark, and right-handed solutions, completed
by W 0

R or leptoquark, are challenged by our analysis. Furthermore, the sensitivity that will be
achieved in the high-luminosity phase of the LHC will probe all the possible scenarios that explain
the anomalies. Finally, we note that the LHC is also competitive in the b ! u transitions and
bounds in some cases are currently better than those from B decays.

Introduction: Branching fractions of semi-tauonic
B-meson decays, measured through the ratios RD(⇤) =
�(B ! D(⇤)⌧⌫)/�(B ! D(⇤)`⌫) (with ` = e or µ), ap-
pear to be enhanced with respect to the Standard Model
(SM) by roughly thirty percent, with a global significance
of⇠ 4� [1–11]. If this is due to new physics (NP), its mass
scale is expected to be not far above the TeV scale (see
e.g. [12]). The most immediate question is whether such
NP is already ruled out by the existing high-pT searches
and, if not, what is the roadmap for its direct discovery.

From a bottom-up perspective the NP interpretation
of the RD(⇤) anomalies involves two di↵erent aspects,
(i) new dynamics (i.e. degrees of freedom), and (ii)

the flavour structure. Both aspects are relevant when
it comes to identifying correlated e↵ects in other ob-
servables such as weak hadron or ⌧ decays, electroweak
precision observables and high-pT LHC signatures (see
e.g. [13]).

The Lorentz structure of the e↵ective operators that
describe the e↵ects of the hypothesized heavy mediators
at low energies can be discriminated by using b ! c⌧⌫ de-
cay data alone [14–24]. On the other hand, most of flavor
data is consistent with the SM, which suggests that such
NP must couple mainly to the third generation of quarks
and leptons [13, 25–32]. However, in general, and with-
out the guidance of a theory of flavor, models addressing
the anomalies have some freedom in the way they im-
plement couplings in flavor space. All this complicates
defining conclusive tests in other weak hadron decays or
clear direct-search strategies at the LHC.

The aim of this letter is to discuss and explore in detail
the phenomenology of a collider signature that should be
produced at the LHC by any model addressing the RD(⇤)

anomalies with new heavy mediators. The main idea, il-
lustrated in Fig. 1, is that regardless of the Lorentz and
flavor structure of the NP, crossing symmetry univocally

connects the b ! c⌧�⌫̄ decay and the bc̄ ! ⌧�⌫̄ scatter-
ing processes [14, 33–36]. As we demonstrate below, the
analysis of pp ! ⌧⌫X at the LHC already excludes broad
classes of models addressing the anomalies and provides
a “no-lose theorem” for the direct discovery of NP at

FIG. 1. Illustration of the complementarity in b ! c⌧⌫ transi-
tions as measured in B meson decays and inclusive production
of ⌧+MET of high-pT LHC.

the LHC, in case the RD(⇤) anomalies were confirmed in
the future. Furthermore, these searches simultaneously
constrain operators involving semi-tauonic b ! u transi-
tions with bounds that are currently competitive, or even
better, than those obtained in B decays.
E↵ective-field theory: We start with a low-energy

e↵ective field theory (EFT) of NP in semi-tauonic b ! ui

transitions (with ui up- or charm-quarks) [37, 38],

Le↵ � �2Vib

v2

"⇣
1 + ✏ibL

⌘
⌧̄ �µPL⌫⌧ · ūi�

µPLb

+ ✏ibR ⌧̄ �µPL⌫⌧ · ūi�
µPRb+ ✏ibT ⌧̄�µ⌫PL⌫⌧ · ūi�

µ⌫PLb

+ ✏ibSL
⌧̄PL⌫⌧ · ūiPLb+ ✏ibSR

⌧̄PL⌫⌧ · ūiPRb

#
+ h.c. (1)

where subindices label quark flavor in the mass basis, Vij

are the Cabibbo-Kobayashi-Maskawa (CKM) matrix el-
ements, PL,R are the chiral projectors, �µ⌫ = i/2[�µ, �⌫ ]
and we have used v ⇡ 246 GeV the electroweak symme-
try breaking (EWSB) scale. With this normalization, the
Wilson coe�cients (WCs) scale as ✏� ⇠ v2/⇤2, where ⇤
is the characteristic scale of NP. Light right-handed neu-
trinos can be added to Eq. (1) with the replacements
PL ! PR in the leptonic currents and ✏� ! ✏̃� in label-
ing the WCs. None of these operators interfere with the
SM for vanishing neutrino masses.
In order to connect this EFT to NP with a typical scale

⇤ � v, one needs to switch first to another EFT which
is invariant under SU(2)L⇥U(1)Y and is built using the
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Application of crossing - mono-tau production @ LHC 

✗  heavy flavour pdf. suppression 
✔ compensated by high partonic energy 

Immediate implications for LHC: R(D(⇤))

3
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FIG. 3. Bounds on representative explicit models that address the RD(⇤) anomalies. Left: The U1 vector leptoquark. Right: A
potentially broad W 0 gauge boson. See main text for details.

TABLE II. 2� upper bounds for the absolute value of the
WCs of semi-tauonic cb transitions at µ = mb.

Data set Vector Scalar Tensor
ATLAS (36.1 fb�1) 0.55 0.93 0.26
CMS (35.9 fb�1) 0.25 0.45 0.12
LHC combined 0.32 0.57 0.16
LHC (150 fb�1) 0.21 0.37 0.10

HL-LHC 0.10 0.17 0.05

the one of CMS is systematically consistent with the SM.
The most remarkable result shown in this table is that,
combining the analysis of the two sets of data, we arrive
at a sensitivity to NP which is, indeed, competitive to the
one achieved in B decays. In fact, the collider data poses
already a challenge to some of the possible explanations
to the RD(⇤) anomaly. To make this discussion clearer,
we compare in Fig. 2 the results from the fits to RD(⇤)

shown in Tab. I with the ones obtained from the collider
analysis. The tensor and right-handed solutions are ex-
cluded at more than 2� with the current data, while the
HL-LHC will probe the two remaining scenarios in Tab. I.

A caveat in this analysis concerns the range of conver-
gence of the expansion in powers of (s/⇤2) implied by
the EFT. This manifests, for instance, in the pathologi-
cal behaviour of the cross section, Eq. (2), for

p
s � ⇤,

leading to the upper bound ⇤ . 9 TeV by means of uni-
tarity arguments [12]. In the upper horizontal axis of
Fig. 2 we show the bounds in terms of the NP scale de-
fined as ⇤ = v/

p|Vcb||✏�|, which result to be within the
range of mT reported by the experiments. The bins most
sensitive to NP turn out to be those in 0.7 TeV . mT .
1.5 TeV; removing the tail of the distribution above that
region has a minimal impact, of . 10%, on the bounds.
Therefore, the EFT analysis should retain its validity for
mediators above this scale.

For scenarios with lighter NP, the EFT study is invalid
and one needs to do the analysis in terms of the partic-
ular UV completions of the operators. The possibilities

in terms of mediators are also quite limited, reducing
to the tree-level exchange of either new colorless vector
(W 0) [28, 60–65] and scalar (H±) [66–70] particles in the
s-channel, or leptoquarks in the t-channel [27, 47, 49, 71–
91]. We will not consider extra Higsses because they are
in conflict with bounds from the decay Bc ! ⌧⌫ [14, 16].

The Leptoquark completion: Leptoquarks (LQ)
carrying di↵erent quantum numbers (or combinations
thereof) can produce all the operators in Eq. (1) [27, 47,
49, 71–91] (we will use same notation as in refs. [92, 93]).
Our analysis involve (i) the scalar LQ S1 = (3̄, 1, 1/3)
producing vector-current (left-handed or right-handed)
solutions; (ii) the S1 producing the scalar-tensor solution;
(iii) the S1 combined with the scalar LQ R2 = (3, 2, 7/6)
to achieve a tensor solution by adjusting the masses
MS1 = MR2 ; (iv) the vector LQ U1 = (3, 1, 2/3) lead-
ing also to the vector-current scenarios. All in all, we
study four di↵erent LQ models, accounting for a total of
six di↵erent NP solutions to the RD(⇤) anomalies.

We simulate the signals scanning the LQ masses in the
range 0.75 TeV to 5 TeV and, for a given mass, we derive
upper bounds on the product of LQ couplings to c- and
b-quarks. In contrast to the EFT analysis, we simulate
without jets at parton level in the final state keeping only
the t-channel contributions, which are those connected
to RD(⇤) . Single- and pair-LQ production topologies ap-
pear with extra jets. These introduce model dependence
in terms of e.g. branching fractions to other possible de-
cay channels, and are the target of direct searches (see
e.g. [94, 95]).

In all the models we find that the bounds on the
coupling-mass plane of the LQ are approximately equal
to those derived from the EFT solutions they incarnate
for masses & 2� 3 TeV. Solutions with lower masses are,
nevertheless, being cornered by the aforementioned direct
searches. Therefore, the conclusions for the LQ are very
similar to the EFT analysis: The two LQ S1-R2 scenario
is excluded by more than 2� in all the mass range. Right-
handed solutions [49, 91] with S1 and U1 are also ex-
cluded by & 2� except for masses below 2 TeV. This mass
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We investigate the crossing-symmetry relation between b ! c⌧�⌫̄ decay and bc̄ ! ⌧�⌫̄ scattering
to derive direct correlations of New Physics in semi-tauonic B-meson decays and the mono-tau
signature at the LHC (pp ! ⌧hX + MET). Using an exhaustive set of e↵ective operators and heavy
mediators we find that the current ATLAS and CMS data constrain scenarios addressing anomalies in
B-decays. Pure tensor solutions, completed by leptoquark, and right-handed solutions, completed
by W 0

R or leptoquark, are challenged by our analysis. Furthermore, the sensitivity that will be
achieved in the high-luminosity phase of the LHC will probe all the possible scenarios that explain
the anomalies. Finally, we note that the LHC is also competitive in the b ! u transitions and
bounds in some cases are currently better than those from B decays.

Introduction: Branching fractions of semi-tauonic
B-meson decays, measured through the ratios RD(⇤) =
�(B ! D(⇤)⌧⌫)/�(B ! D(⇤)`⌫) (with ` = e or µ), ap-
pear to be enhanced with respect to the Standard Model
(SM) by roughly thirty percent, with a global significance
of⇠ 4� [1–11]. If this is due to new physics (NP), its mass
scale is expected to be not far above the TeV scale (see
e.g. [12]). The most immediate question is whether such
NP is already ruled out by the existing high-pT searches
and, if not, what is the roadmap for its direct discovery.

From a bottom-up perspective the NP interpretation
of the RD(⇤) anomalies involves two di↵erent aspects,
(i) new dynamics (i.e. degrees of freedom), and (ii)

the flavour structure. Both aspects are relevant when
it comes to identifying correlated e↵ects in other ob-
servables such as weak hadron or ⌧ decays, electroweak
precision observables and high-pT LHC signatures (see
e.g. [13]).

The Lorentz structure of the e↵ective operators that
describe the e↵ects of the hypothesized heavy mediators
at low energies can be discriminated by using b ! c⌧⌫ de-
cay data alone [14–24]. On the other hand, most of flavor
data is consistent with the SM, which suggests that such
NP must couple mainly to the third generation of quarks
and leptons [13, 25–32]. However, in general, and with-
out the guidance of a theory of flavor, models addressing
the anomalies have some freedom in the way they im-
plement couplings in flavor space. All this complicates
defining conclusive tests in other weak hadron decays or
clear direct-search strategies at the LHC.

The aim of this letter is to discuss and explore in detail
the phenomenology of a collider signature that should be
produced at the LHC by any model addressing the RD(⇤)

anomalies with new heavy mediators. The main idea, il-
lustrated in Fig. 1, is that regardless of the Lorentz and
flavor structure of the NP, crossing symmetry univocally

connects the b ! c⌧�⌫̄ decay and the bc̄ ! ⌧�⌫̄ scatter-
ing processes [14, 33–36]. As we demonstrate below, the
analysis of pp ! ⌧⌫X at the LHC already excludes broad
classes of models addressing the anomalies and provides
a “no-lose theorem” for the direct discovery of NP at

FIG. 1. Illustration of the complementarity in b ! c⌧⌫ transi-
tions as measured in B meson decays and inclusive production
of ⌧+MET of high-pT LHC.

the LHC, in case the RD(⇤) anomalies were confirmed in
the future. Furthermore, these searches simultaneously
constrain operators involving semi-tauonic b ! u transi-
tions with bounds that are currently competitive, or even
better, than those obtained in B decays.
E↵ective-field theory: We start with a low-energy

e↵ective field theory (EFT) of NP in semi-tauonic b ! ui

transitions (with ui up- or charm-quarks) [37, 38],

Le↵ � �2Vib

v2

"⇣
1 + ✏ibL

⌘
⌧̄ �µPL⌫⌧ · ūi�

µPLb

+ ✏ibR ⌧̄ �µPL⌫⌧ · ūi�
µPRb+ ✏ibT ⌧̄�µ⌫PL⌫⌧ · ūi�

µ⌫PLb

+ ✏ibSL
⌧̄PL⌫⌧ · ūiPLb+ ✏ibSR

⌧̄PL⌫⌧ · ūiPRb

#
+ h.c. (1)

where subindices label quark flavor in the mass basis, Vij

are the Cabibbo-Kobayashi-Maskawa (CKM) matrix el-
ements, PL,R are the chiral projectors, �µ⌫ = i/2[�µ, �⌫ ]
and we have used v ⇡ 246 GeV the electroweak symme-
try breaking (EWSB) scale. With this normalization, the
Wilson coe�cients (WCs) scale as ✏� ⇠ v2/⇤2, where ⇤
is the characteristic scale of NP. Light right-handed neu-
trinos can be added to Eq. (1) with the replacements
PL ! PR in the leptonic currents and ✏� ! ✏̃� in label-
ing the WCs. None of these operators interfere with the
SM for vanishing neutrino masses.
In order to connect this EFT to NP with a typical scale

⇤ � v, one needs to switch first to another EFT which
is invariant under SU(2)L⇥U(1)Y and is built using the
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Absence of BSM LFUV, FCNCs in Kaon, Charm,Tau decays 
requires approximate alignment with the 3rd generation 

Implications of LFUV for NP flavor breaking

✏Qsb / VtbVts ✏Qcb / VcbU(2)F, MFV Fajfer et al., 1206.1872 
Bordone et al., 1702.07238

Greljo & Marzocca 
1704.09015

6

ATLAS 13 TeV, 36.1 fb-1

R(K(*)) @ 2σ
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95% CL limits on MFV Z' from p p→μ+ μ-

Fig. 5 Limits on the Z

0 MFV model from pp ! µ+µ�. See text for
details.

3.2 Model examples

Let us briefly speculate about the UV scenarios capable of
explaining the observed pattern of deviations in the rare B

meson decays. For our EFT approach to be valid, we focus
on models with new resonances beyond the kinematical
reach for threshold production at the LHC. In such mod-
els, the effective operators in Eq. (1) are presumably gener-
ated at the tree level.3 We focus here on the single mediator
models in which the required effect is obtained by integrat-
ing out a single resonance. These include either an extra Z

0

bosons [28,32,37,38,39,40,41,42,43,44,45,46,47,48] or
a leptoquark [49,50,51,52,53,54,27,55,56,57] (for a re-
cent review on leptoquarks see [58]).

We note that a full set of single mediator models with
tree-level matching to the vector triplet (c(3)

Q

i j

L

kl

) or singlet

(c(1)
Q

i j

L

kl

) operators, consists of: color-singlet vectors Z

0
µ ⇠

(1,1,0) and W

0
µ ⇠ (1,3,0), color-triplet scalar S3 ⇠ (3̄,3,1/3),

and vectors U

µ
1 ⇠ (3,1,2/3), U

µ
3 ⇠ (3,3,2/3), in the no-

tation of Ref. [58]. The quantum numbers in brackets indi-
cate color, weak, and hypercharge representations, respec-
tively.

Z

0 and W

0 models: A color-singlet vector resonance
gives rise to an s-channel resonant contribution to the dilep-
ton invariant mass distributions if M

Z

0 is kinematically ac-
cessible. Otherwise, the deviation in the tails is described
well by the dimension-six operators in Eq. (1) with L =
M

V

and

c

(3)
Q

i j

L

kl

=�g

(3),i j

Q

g

(3),kl

L

, c

(1)
Q

i j

L

kl

=�g

(1),i j

Q

g

(1),kl

L

, (17)

3Note that including a loop suppression factor of ⇠ 1
16p2 , the fit of

the flavour anomalies in Eq. (10) points to a scale L ⇡ 2.6+0.2
�0.3 TeV

(see for example models proposed in Refs. [34,35,36]).

obtained after integrating out the heavy vectors with inter-
actions L � Z

0
µ Jµ +W

0a
µ J

a

µ , where

Jµ = g

(1),i j

Q

(Q̄
i

gµ Q

j

)+g

(1),kl

L

(L̄
k

gµ
L

l

) ,

J

a

µ = g

(3),i j

Q

(Q̄
i

gµ sa

Q

j

)+g

(3),kl

L

(L̄
k

gµ sa

L

l

) .
(18)

A quark flavour-violating g

(x),23
Q

coupling and g

(x),22
L

are
required to explain the flavour anomalies, while the limits
from pp ! µ+µ� reported in Table 1, can easily be trans-
lated to the flavour-diagonal couplings and mass combina-
tions.

For example, assuming a singlet Z

0 with g

1,i j

Q

= g

1,i j

L

=

d i j

g⇤ and MFV structure (g(1),23
Q

=V

ts

g⇤) we derive limits
on g⇤ as a function of the mass M

Z

0 , both fitting the data
directly in the full model,4 and in the EFT approach. The
results are shown in Fig. 5. The limits in the full model are
shown with solid-blue while those in the EFT are shown
with dashed-blue. We see that for a mass M

Z

0 & 4�5 TeV
the limits in the two approaches agree well, while for the
lower masses the EFT still provides conservative bounds.5

On top of this, we show with green lines the best fit and 2s
interval which reproduce the b ! sµµ flavour anomalies,
showing how LHC dimuon searches already exclude such
a scenario independently of the Z

0 mass.
Related to the above analysis, let us comment on the

model recently proposed in Ref. [48]. An anomaly-free
horizontal gauge symmetry is introduced, with a correspond-
ing gauge field (Z0

h

) having MFV-like couplings in the quark
sector. Fig. 1 of Ref. [48] shows the preferred region from
DC

µ
9 in the mass versus coupling plane, as well as the con-

straint from the Z

0 resonance search (from the same exper-
imental analysis used here [11]). While the limits from the
resonance search are effective up to ⇠ 4 TeV, we note that
the limits from the tails go even beyond and already probe
the interesting parameter region as shown in our Fig. 4.
Note that this statement is independent of the Z

0 mass (as
long as the EFT is valid).

Leptoquark models: A color-triplet resonance in the
t-channel gives rise to pp ! `+`� at the LHC [59,60].
The relevant interaction Lagrangian for explaining B de-
cay anomalies is,

L � y

LL

3i j

Q̄

c,i
L

is2sa

L

j

L

S

a

3 + x

LL

3i j

Q̄

i

L

gµ sa

L

j

L

U

a

3,µ

+ x

LL

1i j

Q̄

i

L

gµ
L

j

L

U1,µ +h.c. ,
(19)

and the matching to the EFT is provided in Table 4 of
Ref. [58]. The constraints from Table 1 apply again in a
straightforward way. The validity of the expansion has been

4The Z

0 decay width is determined by decays into the SM fermions
u,d,s,c,b, t,µ,nµ via Eq. (18), i.e. G

Z

0/M

Z

0 = 5g

2
⇤/(6p).

5See Ref. [9] for a more detailed discussion on the EFT validity in
high-p

T

dilepton tails.

Not universal! High pT di-muon searches

✏Qij ' 1+O(YY†)



Flavor alignment implies lower NP scale: 

    Well within LHC reach!             Still only marginally! 

(Q̄3Q3)(L̄2L2) ! VtbVts(s̄b)(µ̄µ)

⇤
p

|Vts| ⇠ 8TeV

RK(⇤)⇒            anomaly

Immediate implications for LHC

(Q̄3Q3)(L̄3L3) ! Vcb(c̄b)(⌧̄ ⌫) + Vtb(t̄b)(⌧̄ ⌫)

⇒                 anomalyR(D(⇤))

⇤
p
|Vcb| ⇠ 500GeV



Enhanced LFUV in top processes: 

Immediate implications for LHC:

Currently tested to O(10%) 

R(D(⇤))

2

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
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Figure 1:

between the e and µ flavors, and 15 � 25% between the
tau and the light lepton flavors, depending on the cor-
relations of systematic uncertainties between the three
modes.2 Unfortunately, since these measurements as-
sume SM kinematics in top decays, in particular the chain
t ! bW,W ! `⌫, their results cannot be directly ap-
plied to NP models. To estimate the sensitivity of such
measurements to NP contributions we recast the mea-
surement including contributions of simplified Model (a).
The chiral structure of interactions in this model is iden-
tical to SM and the experimental signatures coincide ex-
actly in the limit m⇢ = mW . We simulate NP signal
and SM events using MadGraph [] and a Feynrules []
implementation of the model. After Pythia [] showering
and hadronization we employ Delphes [] for fast detec-
tor simulation and impose selection and isolation cuts
matching those of Ref [] for the various signal categories.
In the SM case we obtain reasonable agreement with the
reported acceptance times e�ciency ((✏A)SM) values of
Ref. []. We then use the ratio(✏A)NP/(✏A)SM to esti-
mate the relative e�ciency and acceptance corrections
due to the di↵erent NP kinematics. We find that these
corrections range between 10% at m⇢ = 100 GeV, to
50% at m⇢ = 160 GeV reducing the sensitivity to larger
⇢ masses. Since B(⇢ ! ⌧⌫) ' 1 in this model mostly
B⌧h in Eq. 6 is a↵ected and we use this measurement
to constrain the relevant parameter space. After fixing
the e↵ective C̄b

V L to the value allowed/preferred by B
physics and accounting for the e�ciency corrections dis-
cussed above, we obtain the constraints on the Model (a)
parameters in Fig. 1. We observe that since for a fixed
m⇢ B physics constrains the product of couplings gbg⌧ ,
the e↵ect in B⌧h (or equivalently in this model the mod-
ification of the total top width ��t) increases towards
smaller values of g⌧ . This leads to a conflict with pertur-
bativity for m⇢ . 150 GeV. Interpreted di↵erently, for
these masses, top decays already represent better con-
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straints on Model (a) parameters than B physics.

On the other hand dedicated searches for top decays
to charged scalars in turn decaying to tau leptons (t !
b�,� ! ⌧⌫) have been performed [] and can easily be
applied to our dynamical models of LFU violation, in
particular to Model (b) when m� . mt � mB . Again
fixing the products of the � couplings to SM fermions to
B physics data we obtain the constraints on the Model
(b) parameters in Fig. 2. Also in this case the bounds
coming from top decays are already complementary to
B decays in restricting the allowed parameters space at
m� . 160 GeV to large y⌧ couplings.

Finally, from both Figures and also Eqs. (3a)-(3c) it
is clear that once the NP degrees of freedom cannot be
produced on-shell, current measurements of top decays
become ine↵ective in constraining violations of LFU or
respectively the related NP parameters at any apprecia-
ble level.

V. TESTING LFU IN TOP DECAYS BELOW
THE PERCENT LEVEL

The systematic uncertainty of our method is expected
to be dominated by the knowledge of the tau tagging
e�ciency as a function of the b-jet energy. Algorithms
used by ATLAS and CMS to reconstruct and identify
hadronically decaying tau leptons (c.f. arXiv:1510.07488)
achieve an average identification e�ciency of 50 � 60%
with sub percent level misidentification rates. These e�-
ciencies are known to roughly 10% relative overall uncer-
tainty. This uncertainty however cancels when focusing
only on energy dependence of the rates. We are thus
primarily interested in the e�ciency variation as a func-
tion of tau-jet pT and ⌘. Current estimates are consistent
with a pT flat e�ciency in the range pT (⌧) 2 [30, 80]GeV
within the 10% relative uncertainties. On the other hand,
a significant (& 10% relative) reduction in e�ciency is
seen in the forward regions |⌘(⌧)| > 1.5 . It is important
to note however that any such variation of the tau tagging
e�ciency is further diluted, since the average energy of
the b-jets in tt̄ events is not significantly correlated with
the tau-jet kinematics (see Fig. 3) .

LHC measurements starting to constrain mW’<mt region.

(JFK, Katz & Stolarski, 1808.00964)

Example simplified model: charged spin-1 boson (W’)

mW 0

λ
Ψ

H

f

LHC phenomenology: bb → τ τ

Figure 8: Tree level diagrams for vector resonance contribution to b b̄ ! ⌧�⌧+ production at hadron
collider.

where ⌧
min

= (mmin

⌧⌧ )2/s
0

. The central factorization scale is set to µF = m⇢/2. By inspecting
more closely the narrow-width case, we find that varying the scale by a factor of two leads to a
small deviation in the total cross section. Using 68% C.L. PDF sets, we also estimate the PDF
uncertainty to be at the level of ⇠ 20%.

Vector leptoquarks Ua
µ and Uµ: The relevant diagram is shown in Fig. 8 (right). The

partonic cross section for b b̄ ! ⌧�⌧+, due to the t�channel LQ exchange, is

�(ŝ) =
⇣gT (S)

2

⌘
4 ŝ(2 + ŝ/m2

U) + 2(m2

U + ŝ) ln(m2

U/(m2

U + ŝ))

48⇡ŝ2
, (71)

where gT (S) is the LQ triplet (singlet) coupling defined in Eq. (52) (Eq. (51)).
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Figure 2: 8 TeV ATLAS ⌧⌧ search exclusion limits on bb̄ !
Z0 ! ⌧⌧ resonance.

allowed by current Higgs precision measurement. We
observe that both A,H0 cannot be simultaneously ar-
bitrarily decoupled in mass from the H+. In particu-
lar, we find that (1) at least one neutral scalar has to
lie within ⇠ 100GeV of the charged state; and (2) for
mH+ & 100 GeV as required by direct searches at LEP,
at least one neutral scalar has to lie above & 20 GeV.

c. Vector Leptoquark: Consider a vector lepto-
quark weak singlet (Uµ) with the SM quantum numbers
(3, 1, 2/3), coupled to the SM left-handed quark and lep-
ton doublets [6–8]

LU � �1

2
U†
µ⌫U

µ⌫ +m2

UU
†
µU

µ + (Jµ
UUµ + h.c.),(11)

Jµ
U ⌘ gU �ij Q̄i�

µLj . (12)

where �
33

= 1. Integrating out (Uµ) at tree level,

Le↵

U � � 1

m2

U

Jµ†
U Jµ

U + h.c. . (13)

The fit to R(D⇤) anomaly requires g2U/m
2

U ' (4.4 ±
1.0)TeV�2.

The main two-body LHC signatures in all models are in
the form of ⌧+⌧�, ⌧⌫, bb̄, cc̄, bc̄ excesses, mediated by the
bc̄ ! ⌧⌫, bc̄ and bb̄, cc̄ ! ⌧⌧, bb̄, cc̄ currents . In addition,
the W 0 model also predicts e↵ects tt̄, bt̄ spectra mediated
by bb̄, cc̄ ! tt̄ and bc̄ ! bt̄ currents, respectively. Finally,
there are potentially interesting three-body signatures of
⌫⌫̄b, ⌫⌫̄c.

d. Scalar Leptoquark: TBD...

IV. SENSITIVITY OF EXISTING LHC
SEARCHES

A. Recast of the ⌧⌧ resonance searches

8 TeV ATLAS: ATLAS collaboration has per-
formed a search for a narrow resonance decaying to ⌧�⌧+

final state at 8 TeV pp collisions with 19.5� 20.3 fb�1 of
data [3]. We perform recast of this analysis in order to
obtain the relevant present bounds.
We focus exclusively in the search for a ditau resonance

in the hadronic decay channel Z 0 ! ⌧
had

⌧
had

. FeynRules
was used to implement the models discussed above and
generate the Universal Output File (UFO) for the col-
lider simulator. Pythia8210 was used to decay the tau
leptons, simulate showering and hadronization of events
and include photon radiation. Any e↵ects due to spin cor-
relations for the tau-lepton decays were neglected. For
the detector response we used Delphes3 and for jet clus-
tering FastJet. The ATLAS Delphes card was modified
to satisfy the object reconstruction and identification re-
quirements used in [3]. In particular, the tau-tagging ID
e�ciencies were set to the loose working point of 65%
and 45% for 1-prong and 3-prong hadronic tau candi-
dates with a mis-tag rate below 1%.
For the analysis, the same event selection used by

ATLAS in [3] for the resonance search in the ⌧
had

⌧
had

channel was applied. Events were selected if they con-
tained at least two identified hadronic taus, one with
pT > 150 GeV and the other with pT > 50, no elec-
trons with pT > 15 GeV, and no muons with pT > 10
GeV. Additionally, the visible part of the candidate tau
pair must be of opposite-sign (OS) and produced back-
to-back with �� > 2.7 rad. Finally, selected events were
binned into signal regions defined by di↵erent threshold
values of the total transverse massmtot

T of the visible part
of the hadronic ditaus, in accordance with [3].
In order to validate our simulations and analysis, we

generated the Drell-Yan process pp ! ⌧+⌧� in the
⌧
had

⌧
had

channel mediated by Z/�⇤ in the SM and by Z 0

for di↵erent heavy masses in the Sequential SM (SSM).
Although our detector response simulations are far from
complete, we still manage to reproduce satisfactorily the
expected number of events in the signal region and the
mtot

T spectrum obtained in [3].
Here we rely on the o�cial statistical analysis per-

formed by the ATLAS collaboration. In particular, the
observed 95% CL upper limits on the allowed signal yields
in the final selection bins are obtained by rescaling the ob-
served 95% CL upper limits on the production cross sec-
tion for the Sequential SM (SSM) as reported in Fig. [8]
of [3]. The rescaling factors are the signal event yields
reported in table 4 of [3] divided by the predicted cross
section in SSM from Fig. [8] of [3]. In particular, for the
final selection bins defined with mtot

T > 400, 500, 600,
750 and 850 GeV, the excluded number of signal events
are N

evs

> 21, 11, 5.3, 3.3 and 3.4, respectively. We per-
form montecarlo simulation in order to find the expected
number of signal events in a given model in these bins.
The point in the parameter space of a model is excluded
if the above limits are exceeded.
13 TeV ATLAS and CMS: ATLAS performed a

search for ⌧⌧ resonance at 13 TeV using 3.2 fb�1 of
data [9]. On the other hand, CMS collaboration used
2.2 fb�1 of data in the same Run [10]...

Darius Faroughy, AG, Jernej Fesel Kamenik

see also: Fajfer, Kosnik

Vector Leptoquark (3,1,2/3)
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Enhanced LFUV in top processes: 

Immediate implications for LHC:

Currently tested to O(10%) 

R(D(⇤))

2

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

ATLAS, 1506.05074

(Q̄3Q3)(L̄3L3) ! Vcb(c̄b)(⌧̄ ⌫) + Vtb(t̄b)(⌧̄ ⌫)

HL-LHC prospects for testing (sub-)percent level LFU

(JFK, Katz & Stolarski, 1808.00964)

Example simplified model: charged spin-1 boson (W’)
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V. BASIC IDEA: LFU PROBE VIA b-JET ENERGIES

As we saw in the previous section, constraining LFU violating NP in top decays through

leptonic branching ratio measurements quickly becomes infeasible. Models with NP degrees

of freedom heavier than the top populate the full three-body decay phase-space while the

SM predictions are dominated by two-body kinematics. This results in highly suppressed

NP e↵ects easily swamped by systematic uncertainties in the current LHC measurements,

as well as, probably, at future colliders.

Here we propose another strategy, exploiting precisely the kinematic properties of the

SM top decays. The dominant two-body top decays into b and W yield a very characteristic

distribution of b-quark energies in the detector frame. Neglecting for the moment the b-quark

mass, its energy in the top rest frame is given by

E⇤
b =

m2
t � m2

W

2mt
. (7)

Then, for a given boost � to the lab frame, if the mother particle, namely the top, is

unpolarized, the distribution of the lab frame energies is expected to be flat between the

energy values E⇤
b (� ± p

�2 � 1). This leads to a rectangular distribution for each given

boost �. All the rectangles contain the original value E⇤
b which is actually the only energy

value included in the energy distribution for any boost. Ref. [42] has shown explicitly that

while the distribution itself depends on the distribution of the boosts g(�) among the events,

the peak of the distribution, assuming that the tops are unpolarized, is exactly at E⇤
b , and

that this feature is insensitive to the details of the function g(�). Since the peak of the

distribution in Eq. (7) is sensitive to the mass of the top quark, this allows a robust and

independent determination of the top-quark mass [43]. Such a measurement was recently

implemented by the CMS collaboration in Ref. [44].

The above observation is a simple consequence of the two-body kinematics and ceases

to hold for three-body decays (see [45] for a detailed discussions of various aspects of such

kinematics). In fact, in the case of the three-body decays, even in the rest frame of the

decaying top the energy of the b-quark is given by

E⇤
b =

m2
t � m2

l⌫

2mt
, (8)

where ml⌫ is the invariant mass of the lepton and the neutrino, which will vary across events.

10

Features around the 
SM peak of b-jet 
energy distribution



Weak gauge invariance ⇒ neutral currents 

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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Immediate implications for LHC:

Constraints from existing pp → τ+τ−    searches at LHC

W’/Z’ explanation only allowed if light (M < 400 GeV) or broad (Γ/M > 20%) 
Leptoquark, charged scalar explanations disfavored 
Departures from strict U(2)F limit can ameliorate the bounds

Faroughy, Greljo & JFK, 1609.07138

see e.g.
Buttazzo et al., 1706.07808

R(D(⇤))

(Q̄3Q3)(L̄3L3) ! Vcb(c̄b)(⌧̄ ⌫) + Vtb(t̄b)(⌧̄ ⌫) + (b̄b)(⌧̄ ⌧)

pp ! ⌧+⌧�
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 Weak effective theory

                   contrubutes indirectly at One-loop level:

- The leading log from RG evolution 
  dominates over finite pieces  

from one-loop anomalous dimension matrix

- Finite part
 Aebischer et al. [1512.02830]

-11-

Starting with flavor conserving non-universal operators: 

EW matching & RGE induce LFUV in rare FCNC B decays 

Effective NP scale now loop-suppressed:  

Importance of EW radiative corrections:                
B-anomalies without new quark flavor violation

(L̄2L2)(Ū3U3) (Ē2E2)(Ū3U3)

⇤

p
|Vts|
4⇡

⇠ 600GeV

⇒ automatically respects 3rd gen. alignment 

⇒ d.o.f.’s mediating RK well within LHC kinematical reach

Aebischer et al., 1512.02830
Faroughy et al., 1805.04917 

see also
Blanger, Delaunay, & Westhoff, 1507.06660

Bauer et al., 1511.01900 
Becirevic & Sumensari, 1704.05835



VL quark partner of right-handed top (T),  

- charged under gauged U(1)’ (Z’, h’) 
- T-tR mix after U(1)’ breaking - induced U(1)’ charge of tR 

(similar mechanism possible to induce muon U(1)’ charge) 

RK     without new flavor violation: a UV completionRK(⇤)

2

that describes the b ! s`+`� transitions is given by

H
e↵

= �4GFp
2
VtbV

⇤
ts

e2

16⇡2

X

i

�
C`

iO
`
i + C 0

i
`O0`

i

�
+H.c.,

(3)
where e is the EM gauge coupling and the sum runs over
the dimension-five and dimension six-operators. Denot-
ing SM and NP contributions to the Wilson coe�cients
as C`

i = C`,SM
i +C`,NP

i , global analyses of all b ! s`+`�

indicate a nonvanishing Cµ,NP

9

, with some preference for
a NP solution with Cµ,NP

9

= �Cµ,NP

10

' 0.60(15); see,
e.g., [15]. Here the relevant four-fermion operators are
O`

9

=
�
s̄�µPLb

��
¯̀�µ`

�
, and O`

10

=
�
s̄�µPLb

��
¯̀�µ�

5

`
�
.

The data thus imply the presence of NP contributions
with a V � A structure in the quark sector. How-
ever, additional contributions of comparable magnitude
but with a V + A structure from the NP operators
O0`

9

=
�
s̄�µPRb

��
¯̀�µ`

�
, O0`

10

=
�
s̄�µPRb

��
¯̀�µ�

5

`
�
are

still allowed by the current data.
In the class of models we are considering only the O`

9

and O`
10

are generated at one loop, see Fig. 1. The V �A
current in the quark sector is a clear prediction of the
models, while the structure of the couplings to leptons
depends on the details of the model. For simplicity we
assume that NP predominantly a↵ects the b ! sµ+µ�

transition and not the b ! se+e�. This leads to LFU
violation when comparing b ! sµ+µ� with b ! se+e�.
It also modifies the total rates in various b ! sµ+µ�

decays, in accordance with indications of global fits [12–
15]. On the other hand Bs, Bd and K0 mixing via Z 0

exchange arises only at the two-loop level and is well
within present experimental and theoretical precision.

Since the NP sector does not contain new sources of
flavor violation, this class of models respects the MFV
ansatz. In MFV, a shift to C`

9,10 can be correlated with
the analogue contributions to rare kaon decays. For in-
stance, theK+ ! ⇡+⌫⌫̄(�) decay branching ratio is mod-
ified to [52]1

B(K+ ! ⇡+⌫⌫̄(�)) = (8.4± 1.0)⇥ 10�11

⇥1

3

X

`

�����1 +
s2W (C`,NP

9

� C`,NP

10

)

X
SM

�����

2

, (4)

where X
SM

= Xt + (Xc + �Xc,u)V 4

usVcsV ⇤
cd/VtsV ⇤

td '
2.10 + 0.24i with Xi defined, e.g., in [53], and have writ-
ten for the weak mixing angle sW ⌘ sin ✓W ' 0.48,
cW ⌘ cos ✓W . For values of Cµ,NP

9,10 that are preferred
by current b ! s`` data, the resulting e↵ect in K ! ⇡⌫⌫̄
is small compared to current experimental uncertainties,
but could be within reach of the ongoing NA62 experi-
ment [54]. Similar comments apply to the theoretically
very clean KL ! ⇡0⌫⌫̄ decay. The decay KL ! ⇡0µ+µ�

1
This is for leptons in an isospin singlet state, while for an isospin

triplet combination, the NP contribution flips its sign.
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Figure 1: The NP contributions to the di ! dj`` processes
from the exchange of a Z0 that couples to the top quark and
a heavy top partner T .

is modified at the level of O(5%) by such NP models.
To observe these e↵ects the experimental sensitivity [55]
would need to be improved by two orders of magnitude
in conjunction with some improvements in theoretical
precision [56]. The decay modes K+ ! ⇡+e+e� and
K+ ! ⇡+µ+µ� are dominated by long distance contri-
butions, while the NP contributions are expected to only
give e↵ects below the permille level and thus be unobserv-
able. The same is true for the KL ! µ+µ� transition,
where again the NP contribution is drowned by the SM
long distance e↵ects.
The minimal aligned U(1)0 model. We discuss next

the simplest realization of the above framework. We re-
strict ourselves to the case where on the leptonic side
only the muons are a↵ected by NP. The minimal model
has a new U(1)0 gauge symmetry that is spontaneously
broken through the vacuum expectation value (VEV) of
a scalar field, �, transforming as � ⇠ (1, 1, 0, q0) under
SU(3)C ⇥SU(2)L⇥U(1)Y ⇥U(1)0. The model contains,
in addition, a colored Dirac fermion T 0 ⇠ (3, 1, 2/3, q0).
The SM is thus supplemented by the Lagrangian

LU(1)

0 =|(Dµ�)|2 �
m2

�

2ṽ2

⇣
�2 � ṽ2

2

⌘
2

+ T̄ 0(i/D �MT )T
0 � 1

4
F 02
µ⌫ ,

(5)

where Dµ � ig̃q0Z 0
µ, the U(1)0 part of the covariant

derivative, F 0
µ⌫ = @µZ 0

⌫ � @⌫Z 0
µ the field strength for the

gauge boson Z 0, and � = (�+ ṽ)/
p
2. Here g̃ is the U(1)0

gauge coupling, ṽ is the VEV that breaks the U(1)0, while
� is the physical scalar boson that obtains mass m� after
spontaneous breaking of U(1)0.
All the SM fields are singlets under U(1)0. There are

only three renormalizable interactions between the SM
and the U(1)0 sector: the Higgs portal coupling � to
the SM Higgs, H; the U(1)0 kinetic mixing with the SM
hypercharge, Bµ⌫ ; and a Yukawa-type coupling of T and
� to the SM right-handed up-quarks ui

R,

L
mix

= ��0|�|2|H|2�✏Bµ⌫F 0
µ⌫�(yiT T̄

0�ui
R+H.c.) . (6)

The summation over generation index i = 1, 2, 3, is im-
plied. While yiT can in general take any values, we assume
it is aligned with the right-handed up-quark Yukawa cou-
pling, i.e., that the two satisfy the basis independent
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Figure 2: The constraints in the g̃, mZ0 plane coming
from dimuon searches at the LHC for Br(Z0 ! µ+µ�) =
0.25, 0.50, 1 (from darker to lighter orange). The area above
the dashed purple line is ⌫-trident production. The blue re-
gion shows the parameter space preferred by the b ! s`+`�

anomalies.
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Figure 3: Representative Feynman diagrams for pp ! jZ0

production at the LHC (first row, in addition to the box di-
agrams there are also triangle diagrams), and for pp ! ZZ0

and pp ! tt̄Z0 production.

values of the U(1)0 charges and gauge coupling, provided
mZ0 lies below O(TeV); see Fig. 2 .
The searches at the LHC for dimuon resonances could

put important bounds on the Z 0 couplings and its mass
or lead to its discovery [65, 66]. The most important
production channels are the tree level pp ! tt̄Z 0, as well
as pp ! ZZ 0 and pp ! jZ 0 production through top
and T loops. The representative diagrams for these are
shown in Fig. 3 (see also [67]). For the calculation we use
MadGraph5 aMC@NLO [68] with a modified model file [69]
for the model of Ref. [70].
The Z 0 boson decays to pairs of muons and, if it has a

mass above the 2mt threshold, also to top quarks. The

relevant fermionic widths are given by

�(Z 0 ! tt̄) ' NC

24⇡
g̃2q02(s4L + s4R)mZ0 , (16)

�(Z 0 ! µ+µ�) ' 1

12⇡
g̃2(q02µ,V + q02µ,A)mZ0 . (17)

neglecting the m2

t/m
2

Z0 suppressed terms. Similar ex-
pressions apply to potential Z 0 ! ⌫⌫̄ and/or Z 0 ! ⌧+⌧�

decays, with obvious replacements in the notation. For
Z 0 that predominantly couples to one left-handed lepton
flavor (two lepton flavors with the same strength) one has
Br(Z 0 ! `¯̀) ⇡ 0.5(0.25) for each charged lepton .
In Fig. 2 we show the constraint from the recent

ATLAS high-mass dilepton resonance search [65] in the
g̃q0 and m0

Z plane. We fix the heavy T top partner
mass to be mT = 5mZ0 with sR = 0.4 and taking
q0µ,V = �q0µ,A = q0/3. The sL ⇠ sRv/mT is small
enough so that electroweak precision tests are not con-
straining in the shown parameter space. For the above
parameter choice the branching ratios to tt̄ and µ+µ�

are similar. Following ATLAS analysis we use a 40% ac-
ceptance for the dominant Z 0j production channel and
show the bounds derived for �Z0/mZ0 = 0.08 adjusting
for the fact that ATLAS assumes equal decay probabil-
ities for Z 0 ! µ+µ� and Z 0 ! e+e�. The regions that
are excluded by the dilepton resonance search [65], for
Br(Z 0 ! µµ) = 0.25, 0.50, 1, are shown in orange. The
1� region preferred by the b ! s`+`� transitions is shown
in blue. We see that existing dimuon searches are already
covering interesting parameter space. Still, it would be
important to gain another order of magnitude in sensi-
tivity of the experimental searches as the precise value of
Br(Z 0 ! µµ) is model dependent. In the most interesting
Z 0 mass range, mZ0 & 300 GeV, the tree level pp ! tt̄Z 0

cross section is larger than the loop induced pp ! Z 0j
process. Thus, searches for di-muon resonances in associ-
ation with tt̄ can provide an important additional handle
on this model.
An important probe of Z 0 coupling to left-handed

muons is the neutrino trident production [71]. The re-
sulting upper bound on g̃q0µ is given by the dashed purple
line in Fig. 2. This is much more constraining than the
bounds from LFU violation in leptonic Z couplings, in-
duced at one loop because the Z 0 couples to muons but
not the electrons [72] (see also [73]). Finally, since the
heavy quark, T , or vectorlike leptons, L, are charged un-
der both Z 0 and hypercharge, one expects kinetic mixing
between the Z 0 and the SM B gauge field at the one-loop
level, ✏ ⇠ 10�3. This is below present bounds in our
preferred range of Z 0 masses; see e.g. [74].
Beyond the minimal model. The above minimal

model can be extended in several ways. For b ! s`+`�

decays the only essential ingredient is that the Z 0 couples
to top quarks and to muons. It is very easy to deviate
from this minimal assignment, and also couple Z 0 to ⌧
leptons without significantly changing the phenomenol-
ogy. The main e↵ect is on Z 0 searches since in that case
the branching ratio for Z 0 ! µ+µ� is reduced, making

RK induced through W loops         Dominant signatures:                                  
• neutrino trident 
•   

•   

pp ! 4t

pp ! 2µ2t

Alvarez et al., 1611.05032

see also
Fox et al., 1801.03505 



Complementary constraints:                                                                                 
• Flavor (LHCb, BelleII) 
• LHC top & muon production 
• Low energy colliders: neutrino trident 
Existing experiments should confirm/exclude 

VL quark partner of right-handed top (T),  

- charged under gauged U(1)’ (Z’, h’) 
- T-tR mix after U(1)’ breaking - induced U(1)’ charge of tR 

(similar mechanism possible to induce muon U(1)’ charge) 

RK     without new flavor violation: a UV completionRK(⇤)

JFK, Soreq & Zupan, 1704.06005
6

pp → μμ +X

ν - trident

MZ ' = 1000 GeV

4-tops

1σ Fit

FIG. 4. Summary of high-pT bounds for the Z0 model. The
red, purple and blue 95% CL exclusion regions correspond to
the LHC 4-top search, LHC di-muon tail search and the CCFR
neutrino trident experiment, respectively. Dotted colored con-
tours represent LHC bounds at a future luminosity of 300 fb�1.
The black dashed region corresponds to the 1� global fit to
RK(⇤) , LEP-I data and the b ! sµµ observables.

VI. HIGH-pT PHENOMENOLOGY

A. Limits on the Z0 model

We now turn to the phenomenological implications of
the Z 0 mediator discussed in Sec. VA, assuming it has
a mass around the TeV scale and vectorial coupling to
muons ✏µµV ⌘ ✏µµL = ✏µµR . When extracting limits from
the LHC we will focus on tree-level Z 0 exchanges and
omit from our analysis loop-induced processes such as
gg ! gZ 0. The latter are sensitive to details of the ul-
traviolet completion such as e↵ects from heavy fermionic
top-partners. These exotic fermions are not uncommon
when trying to build an ultraviolet completion for the Z 0

model at hand and, while being too heavy to be directly
produced on-shell they still may give non-negligible con-
tributions to the production of the lighter Z 0 through
loop-level non-decoupling e↵ects, see Ref. [13, 14] for
more details.

At tree level, the most important constraints come
from Z 0 production in association with tt̄ at the LHC.
Once produced, the Z 0 boson can decay into muons,
muon-neutrinos, and top-quarks. After neglecting small
lepton masses, the partial decay widths for these channels
are given by

�(Z 0 ! µµ̄) ' MZ0

24⇡
(|✏µµL |2 + |✏µµR |2) ,

�(Z 0 ! tt̄) ' �1/2(1, zt, zt)NCMZ0

24⇡
(1� zt)|✏ttR|2 ,

�(Z 0 ! ⌫µ⌫̄µ) '
MZ0

24⇡
|✏µµL |2 , (19)

where zt = m2

t/M
2

Z0 ,NC = 3, and � represents the Källén
function. Each of these decay channels give rise to three
complementary LHC signatures: tt̄µµ̄, tt̄tt̄ and tt̄ + /ET .
In order to set limits in the coupling plane {✏µµV , ✏ttR}
of the model we have recasted a set of existing LHC
searches for two benchmark masses ofMZ0 = 0.7 TeV and
MZ0 = 1 TeV. For each benchmark mass, the 1� favored
region fitting the b ! s`+`� anomalies and the LEP-I
measurements is given by the black dashed contours in
Figure 4. Limits for the process pp ! tt̄Z 0 ! tt̄µµ̄ were
extracted from the generic Z 0 di-muon resonance search
by ATLAS [35] (Sec.10.3) at 36.1 fb�1, assuming a de-
tector acceptance of 40% and a decay width dominated
by the three channels in Eq. (19). The 95% CL exclu-
sion limits from this search are shown in the purple re-
gion in Figure 4. Projections to a higher luminosity of
300 fb�1are also given by the dotted purple contour in the
same figure. For the process pp ! tt̄Z 0 ! tt̄tt̄ we used the
current best upper limit on the SM four-top cross-section
by CMS [36] at 35.9 fb�1of data. The 2� exclusion bound
is given by the red region in Figure 4. Projections to
300 fb�1, given by the dotted red contour, were estimated
using the multi-leptonic analysis performed in Ref. [37],
where the 95% CL upper limit on the SM cross-section
was found to be approximately �SM

t¯tt¯t < 23 fb. Notice that
a dedicated resonance search for this channel can consid-
erably improve this bound (especially at higher luminosi-
ties) if a high-mass cut is applied on the top-quark decay
products or a top-tagger is used in order to improve sen-
sitivity to the boosted tops from the decaying resonance,
see also Ref. [38].

Another relevant probe of the Z 0 boson is the neutrino
trident production [39]. The process ⌫µ�

⇤ ! ⌫µµµ̄ oc-
curring in a fixed target from a highly energetic neutrino
beam gives important limits on the Z 0 boson coupling to
muonic currents for a wide range of Z 0 masses. These con-
straints will be complementary to those from the LHC.
The cross-section for this process normalized by the SM
prediction is given by [39]

�NP

⌫µµµ̄

�SM

⌫µµµ̄

=

1 +

✓
1 + 4s2✓W +

2v2 (✏µµV )2

M2

Z0

◆

1 + (1 + 4s2✓W )2
. (20)

This quantity has been measured at CCFR to be
�NP

⌫µµµ̄/�
SM

⌫µµµ̄ = 0.82±0.28 [40], giving a strong constraint

Faroughy et al., 1805.04917 



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

• In case new phenomena are discovered at LHC, flavor 
physics will allow to disentangle different possible 
interpretations and discriminate between different 
proposals and scenarios 
Example: 125GeV Higgs 

• 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



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

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

Generally, NP d.o.f.’s accommodating tentative B-anomalies 
could be beyond LHC reach. 
Phenomenological and model-building considerations point 
towards more optimistic scenarios 

• Low energy constraints can point to lighter mediators! 
• Example of fruitful interplay between NP searches at  

energy and intensity frontiers

Conclusions


