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SM gauge sector respects accidental flavor symmetry 

Broken by Higgs Yukawas 

⇒ Unique source of LFU breaking:  

Any LFU violation beyond lepton mass effects sign of NP! 

Prelude: Lepton Flavor Universality in SM

GSM
F = U(3)Q ⇥ U(3)U ⇥ U(3)D ⇥ U(3)L ⇥ U(3)E

LFU

GSM
acc. = U(1)B ⇥ U(1)e ⇥ U(1)µ ⇥ U(1)⌧

me 6= mµ 6= m⌧

*neutrino masses

*Higgs boson processes



Charged-current semileptonic B decays: 
  

Comparison with measured rates yields 

Crash course on B-anomalies: charged currents

d2�(B ! D(⇤)`⌫)

dq2d cos ✓
= |Vcb|2N0

X

�

h�(cos ✓)��(q
2
)

Hadronic form factor normalization 
computed using Lattice QCD

Helicity basis functions 
(determine angular distributions)

(Relative) form factor shapes 
extracted (fitted) from data

(` = e, µ)

|Vcb|excl. = (38.99± 1.27)⇥ 10�3 HFAG, CKMFitter

*fit model dependence
Bernlochner et al., 1703.05330

Bigi et al., 1707.09509  
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Charged-current semitauonic B decays: 
  

LFU ratios can be determined very precisely 

Crash course on B-anomalies: charged currents

- Kinematical (phase space) effects 
- One additional relative f.f. shape 
(tau helicity suppressed)

d2�(B ! D(⇤)⌧⌫)

dq2d cos ✓
= |Vcb|2N0

X

�

h�(cos ✓)��(q
2,m⌧ )

Can be systematically computed  
(Lattice QCD, HQET)

*QED effects
R(D(⇤)) ⌘ B(B ! D(⇤)⌧⌫)

B(B ! D(⇤)`⌫) de Boer at al., 1803.05881

JFK & Mescia, 0802.3790  
Fajfer et al., 1203.2654

Bernlochner et al., 1703.05330
Bigi et al., 1707.09509  



Intriguing experimental situation 
  

SM (subleading f.f.) uncertainties insignificant at this point

Semileptonic B anomalies: LFU in charged currents

Lepton Universality Violation in b ! c⌧⌫

Skewed ⌧ -to-µ, e ratios by 3 different experiments in 2 channels at ⇠ 4�
I 15% enhancement of the tau SM amplitude
I Naively corresponds to a scale ⇤ ⇠ 3 TeV
I Larger tension driven by older analysis (BaBar)!

J. Martin Camalich (CERN) Indirect future sensitivity at LHCb/BelleII/FCC-ee January 18th 2017 2 / 20

*R(Bc ! J/ )

LHCb, 1711.05623
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Neutral-current mediated rare semileptonic B decays: 
  

Can form th. clean LFU ratios: 

Non LFU effects tiny away from threshold

Crash course on B-Anomalies: neutral currents

FCNCs - loop suppressed in SM

LD hadronic effects due to 
hadronic substructure of the photon 
not captured by local f.f.’s (cc res.)

_

RK(⇤) ⌘
�(B ! K(⇤)µµ)

�(B ! K(⇤)ee)

����
q2
max

q2
min
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RK(⇤) = 1 +O(m2
µ/m

2
B)

d2�(B ! K(⇤)`+`�)

dq2d⌦
=

↵|VtbVts|2

4⇡
N0

X

�

h�(⌦)I�(q
2)

Bordone et al., 1605.07633



Semileptonic B anomalies: neutral currents
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Coe↵. best fit 1� 2� pull

Cµ
9 �1.59 [�2.15, �1.13] [�2.90, �0.73] 4.2�

Cµ
10 +1.23 [+0.90, +1.60] [+0.60, +2.04] 4.3�

Ce
9 +1.58 [+1.17, +2.03] [+0.79, +2.53] 4.4�

Ce
10 �1.30 [�1.68, �0.95] [�2.12, �0.64] 4.4�

Cµ
9 = �Cµ

10 �0.64 [�0.81, �0.48] [�1.00, �0.32] 4.2�

Ce
9 = �Ce

10 +0.78 [+0.56, +1.02] [+0.37, +1.31] 4.3�

C0µ
9 �0.00 [�0.26, +0.25] [�0.52, +0.51] 0.0�

C0µ
10 +0.02 [�0.22, +0.26] [�0.45, +0.49] 0.1�

C0 e
9 +0.01 [�0.27, +0.31] [�0.55, +0.62] 0.0�

C0 e
10 �0.03 [�0.28, +0.22] [�0.55, +0.46] 0.1�

TABLE I. Best-fit values and pulls for scenarios with NP in
one individual Wilson coe�cient.

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 [46] 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 [47, 48]. Imposing SU(2)L invariance, these bounds
cannot be avoided [49]. We have checked explicitly that
SU(2)L invariant scalar operators cannot lead to any ap-
preciable e↵ects in RK(⇤) (cf. [50]).

For the numerical analysis we use the open source code
flavio [51]. 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. The experimental uncertainties are
presently dominated by statistics, so their correlations
can be neglected. 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

scenarios with NP in one individual Wilson coe�cient.
The plots in Fig. 1 show contours of constant ��2 ⇡
2.3, 6.2, 11.8 in the planes of two Wilson coe�cients for
the scenarios with NP in Cµ

9 and Cµ
10 (top), in Cµ

9 and
Ce

9 (center), or in Cµ
9 and C 0 µ

9 (bottom), assuming the
remaining coe�cients to be SM-like.

The fit prefers NP in the Wilson coe�cients corre-
sponding to left-handed quark currents with high sig-
nificance ⇠ 4�. Negative Cµ

9 and positive Cµ
10 decrease

both B(B ! Kµ+µ�) and B(B ! K⇤µ+µ�) while pos-

�2.0 �1.5 �1.0 �0.5 0.0 0.5 1.0 1.5

Re Cµ
9

�1.0

�0.5

0.0

0.5

1.0

1.5

R
e
C

µ 10

flavio v0.21

LFU observables

b ! sµµ global fit

all

all, fivefold non-FF hadr. uncert.

FIG. 1. Allowed regions in planes of two Wilson coe�cients,
assuming the remaining coe�cients to be SM-like.
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at both LEP-1 and LHC (see e.g. Ref. [13]). Also, such ef-
fects are not enhanced at high energies, scaling like ⇠ v

2/L 2,
where v ' 246 GeV.

For these reasons we neglect them and focus on the
four-fermion interactions which comprise of four classes
depending on the chirality: (L̄L)(L̄L), (R̄R)(R̄R), (R̄R)(L̄L),
and (L̄L)(R̄R). In particular, the relevant set of operators is:
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kl
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kl
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where i, j,k, l are flavour indices, Q

i

=(V ⇤
ji

u

j

L

,di

L

)T and L

i

=

(n i

L

,`i

L

)T are the SM left-handed quark and lepton weak
doublets, while d

i

, u

i

, e

i

are the right-handed singlets. V

is the CKM flavour mixing matrix and sa are the Pauli
matrices acting on SU(2)

L

space.
An equivalent classification of the possible contact in-

teractions can be obtained by studying directly the q q̄ !
`�`+ scattering amplitude:

A (qi

p1
q̄

j

p2
! `�

p

0
1
`+

p

0
2
) = i Â
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L

,q
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Â
`
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,`
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j) ( ¯̀gµ`) F

q`(p

2) ,
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where p ⌘ p1 + p2 = p

0
1 + p

0
2, and the form factor F

q`(p

2)
can be expanded around the physical poles present in the
SM (photon and Z boson propagators), leading to

F

q`(p

2) = d i j

e

2
Q

q

Q`
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2 +d i j

g

q

Z

g

`
Z
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Here, Q

q(`) is the quark (lepton) electric charge, while g

q(`)
Z

is the corresponding coupling to Z boson: in the SM
g

f

Z

= 2m

Z

v

(T 3
f

�Q

f

sin2 q
W

). The contact terms eq`
i j

are related
to the EFT coefficients in Eq. (1) by simple relations e

x

=
v

2

L 2 c

x

. The only constraint on the contact terms imposed by

SU(2)
L

invariance are ed
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Q
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e

kk
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2/L 2.
The dilepton invariant mass spectrum can be written as

(see Appendix A),

ds
dt

=

✓
ds
dt

◆

SM
⇥ Â

q,`Lqq̄

(t,µ
F

)|F
q`(ts0)|2

Â
q,`Lqq̄

(t,µ
F

)|FSM
q` (ts0)|2

, (4)

where t ⌘ m

2
`+`�/s0 and

p
s0 is the proton-proton center

of mass energy. The sum is over the left- and right-handed
quarks and leptons as well as the quark flavours accessible
in the proton. Note that, since we are interested in the high-
energy tails (away from the Z pole), the universal higher-
order radiative QCD corrections factorise to a large extent.

SM

!4 TeV"!2!Q3ΓΑQ3"!L2ΓΑL2"

!!30 TeV"!2!Q1ΓΑΣaQ1"!L2ΓΑΣaL2"

!4 TeV"!2!Q2ΓΑQ2"!L2ΓΑL2"
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m !% !! #GeV$

R
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%e% e!

dΣ !pp" Μ$Μ%" # dΣ !pp" e$e%" , s0 & !13 TeV"2

Fig. 1 Rµ+µ�/e

+
e

� as a function of the dilepton invariant mass m`+`�

for three new physics benchmark points. See text for details.

Therefore, consistently including those corrections in the
SM prediction is enough to achieve good theoretical accu-
racy. It is still useful to define the differential LFU ratio,

Rµ+µ�/e

+
e

�(m``)⌘
dsµµ
dm``

/
ds

ee

dm``
=

=
Â

q,µ L
qq̄

(m2
``/s0,µF

)|F
qµ(m2

``)|2

Â
q,e L

qq̄

(m2
``/s0,µF

)|F
qe

(m2
``)|2

,

(5)

which is a both theoretically and experimentally cleaner
observable. In fact, in the SM both QCD and electroweak
corrections are universal among muons and electrons, pre-
dicting R

SM
µ+µ�/e

+
e

�(m``) ' 1 with very high accuracy. As
an illustration, we show in Fig. 1 the predictions for this
observable at

p
s0 = 13 TeV, assuming new physics in three

benchmark operators. The parton luminosities used to de-
rive these predictions are discussed in the next chapter.

A goal of this work is to connect the high-p

T

dilepton
tails measurements with the recent experimental hints on
lepton flavour universality violation in rare semileptonic B

meson decays. The pattern of observed deviations can be
explained with a new physics contribution to a single four-
fermion bsµµ contact interaction. As discussed in more
details in Section 3, a good fit of the flavour anomalies
can be obtained with a left-handed chirality structure. For
this reason, when discussing the connection to flavour in
Section 3, we limit our attention to the (L̄L)(L̄L) oper-
ators with muons given in the first line of Eq. (1).1 For
this purpose, it is useful to rearrange the terms relevant to
p p ! µ+µ� as:2

L eff �
CUµ

i j

v

2 (ūi

L

gµ u

j

L

)(µ̄
L

gµ µ
L

)+
CDµ

i j

v

2 (d̄i

L

gµ d

j

L

)(µ̄
L

gµ µ
L

) , (6)

1Note that similar conclusions apply also for solutions of the flavour
anomalies involving operators with different chirality structure.
2The down and up couplings are given by two orthogonal combina-
tions of the triplet and singlet operators in the first line of Eq. (1):
CD(U)µ

i j

= v

2/L 2(c(1)
Q

i j

L22
± c

(3)
Q

i j

L22
).

SM EFT
NP in (at least) one of the operators
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scalar or tensor currents, expected to be suppressed by the68

light fermion Yukawa couplings), dimension-six operators69

can contribute to q q̄ → ℓ+ℓ− either by modifying the70

SM contributions due to the Z exchange or via local four-71

fermion interactions. The former class of deviations can be72

probed with high precision by on-shell Z production and73

decays at both LEP-1 and LHC (see e.g. Ref. [13]). Also,74

such effects are not enhanced at high energies, scaling like75

∼v2/"2, where v ≃ 246 GeV.76

For these reasons we neglect them and focus on the four-77

fermion interactions which comprise four classes depend-78

ing on the chirality: (L̄ L)(L̄ L), (R̄ R)(R̄ R), (R̄ R)(L̄ L) and79

(L̄ L)(R̄ R). In particular, the relevant set of operators is80

LSMEFT ⊃
c
(3)
Qi j Lkl

"2
(Q̄iγµσ a Q j )(L̄kγ

µσa Ll)81

+
c
(1)
Qi j Lkl

"2
(Q̄iγµQ j )(L̄kγ

µLl)82

+
cui j ekl

"2
(ūiγµu j )(ēkγ

µel) +
cdi j Lkl

"2
(d̄iγµd j )(ēkγ

µel)83

+
cui j Lkl

"2
(ūiγµu j )(L̄kγ

µLl) +
cdi j Lkl

"2
(d̄iγµd j )(L̄kγ

µLl)84

+
cQi j ekl

"2
(Q̄iγµQ j )(ēkγ

µel) (1)85

where i, j, k, l are flavor indices, Qi = (V ∗
j i u

j
L , di

L)T and86

Li = (νi
L , ℓi

L)T are the SM left-handed quark and lepton87

weak doublets and di , ui , ei are the right-handed singlets.88

V is the CKM flavor mixing matrix and σ a are the Pauli89

matrices acting on SU (2)L space.90

An equivalent classification of the possible contact inter-91

actions can be obtained by studying directly the q q̄ → ℓ−ℓ+
92

scattering amplitude:93

A(qi
p1

q̄
j
p2→ℓ−

p′
1
ℓ+

p′
2
)94

= i
!

qL ,qR

!

ℓL ,ℓR

(q̄iγ µq j ) (ℓ̄γµℓ) Fqℓ(p2), (2)95

where p ≡ p1 + p2 = p′
1 + p′

2, and the form factor Fqℓ(p2)96

can be expanded around the physical poles present in the SM97

(photon and Z boson propagators), leading to98

Fqℓ(p2) = δi j e2 Qq Qℓ

p2
+ δi j g

q
Z gℓ

Z

p2 − m2
Z + im Z'Z

+
ϵ

qℓ
i j

v2
.99

(3)100

Here, Qq(ℓ) is the quark (lepton) electric charge and g
q(ℓ)
Z101

is the corresponding coupling to Z boson: in the SM g
f
Z =102

2m Z
v (T 3

f − Q f sin2 θW ). The contact terms ϵ
qℓ
i j are related to103

the EFT coefficients in Eq. (1) by simple relations ϵx = v2

"2 cx .104

The only constraint on the contact terms imposed by SU (2)L105

invariance are ϵ
dL ek

R
i j = ϵ

uL ek
R

i j = cQi j ekk v
2/"2.106

Fig. 1 Rµ+µ−/e+e− as a function of the dilepton invariant mass mℓ+ℓ−

for three new physics benchmark points. See text for details

The dilepton invariant mass spectrum can be written (see 107

Appendix A), 108

dσ

dτ
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"

dσ

dτ

#
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×
$

q,ℓ Lqq̄(τ, µF )|Fqℓ(τ s0)|2
$

q,ℓ Lqq̄(τ, µF )|FSM
qℓ (τ s0)|2

, (4) 109

where τ ≡ m2
ℓ+ℓ−/s0 and

√
s0 is the proton–proton center 110

of mass energy. The sum is over the left- and right-handed 111

quarks and leptons as well as the quark flavors accessible 112

in the proton. Note that, since we are interested in the high- 113

energy tails (away from the Z pole), the universal higher- 114

order radiative QCD corrections factorize to a large extent. 115

Therefore, consistently including those corrections in the SM 116

prediction is enough to achieve good theoretical accuracy. It 117

is still useful to define the differential LFU ratio, 118

Rµ+µ−/e+e−(mℓℓ) ≡
dσµµ
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/

dσee
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, (5) 120

which is a both theoretically and experimentally cleaner 121

observable. In fact, in the SM both QCD and electroweak 122

corrections are universal among muons and electrons, pre- 123

dicting RSM
µ+µ−/e+e−(mℓℓ) ≃ 1 with very high accuracy. As 124

an illustration, in Fig. 1 we show the predictions for this 125

observable at
√

s0 = 13 TeV, assuming new physics in three 126

benchmark operators. The parton luminosities used to derive 127

these predictions are discussed in the next chapter. 128

A goal of this work is to connect the high-pT dilepton tails 129

measurements with the recent experimental hints on lepton- 130

flavor universality violation in rare semileptonic B meson 131

decays. The pattern of observed deviations can be explained 132

with a new physics contribution to a single four-fermion 133

bsµµ contact interaction. As discussed in more detail in 134

Sect. 3, a good fit of the flavor anomalies can be obtained 135

with a left-handed chirality structure. For this reason, when 136
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scalar or tensor currents, expected to be suppressed by the68

light fermion Yukawa couplings), dimension-six operators69

can contribute to q q̄ → ℓ+ℓ− either by modifying the70

SM contributions due to the Z exchange or via local four-71

fermion interactions. The former class of deviations can be72

probed with high precision by on-shell Z production and73

decays at both LEP-1 and LHC (see e.g. Ref. [13]). Also,74

such effects are not enhanced at high energies, scaling like75

∼v2/"2, where v ≃ 246 GeV.76

For these reasons we neglect them and focus on the four-77

fermion interactions which comprise four classes depend-78

ing on the chirality: (L̄ L)(L̄ L), (R̄ R)(R̄ R), (R̄ R)(L̄ L) and79

(L̄ L)(R̄ R). In particular, the relevant set of operators is80

LSMEFT ⊃
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(Q̄iγµσ a Q j )(L̄kγ

µσa Ll)81

+
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+
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where i, j, k, l are flavor indices, Qi = (V ∗
j i u

j
L , di

L)T and86

Li = (νi
L , ℓi

L)T are the SM left-handed quark and lepton87

weak doublets and di , ui , ei are the right-handed singlets.88

V is the CKM flavor mixing matrix and σ a are the Pauli89

matrices acting on SU (2)L space.90

An equivalent classification of the possible contact inter-91

actions can be obtained by studying directly the q q̄ → ℓ−ℓ+
92

scattering amplitude:93

A(qi
p1

q̄
j
p2→ℓ−

p′
1
ℓ+

p′
2
)94

= i
!

qL ,qR

!

ℓL ,ℓR

(q̄iγ µq j ) (ℓ̄γµℓ) Fqℓ(p2), (2)95

where p ≡ p1 + p2 = p′
1 + p′

2, and the form factor Fqℓ(p2)96

can be expanded around the physical poles present in the SM97

(photon and Z boson propagators), leading to98

Fqℓ(p2) = δi j e2 Qq Qℓ

p2
+ δi j g

q
Z gℓ

Z

p2 − m2
Z + im Z'Z

+
ϵ

qℓ
i j

v2
.99

(3)100

Here, Qq(ℓ) is the quark (lepton) electric charge and g
q(ℓ)
Z101

is the corresponding coupling to Z boson: in the SM g
f
Z =102

2m Z
v (T 3

f − Q f sin2 θW ). The contact terms ϵ
qℓ
i j are related to103

the EFT coefficients in Eq. (1) by simple relations ϵx = v2

"2 cx .104

The only constraint on the contact terms imposed by SU (2)L105

invariance are ϵ
dL ek

R
i j = ϵ

uL ek
R

i j = cQi j ekk v
2/"2.106

Fig. 1 Rµ+µ−/e+e− as a function of the dilepton invariant mass mℓ+ℓ−

for three new physics benchmark points. See text for details

The dilepton invariant mass spectrum can be written (see 107

Appendix A), 108

dσ

dτ
=

"

dσ

dτ

#

SM

×
$

q,ℓ Lqq̄(τ, µF )|Fqℓ(τ s0)|2
$

q,ℓ Lqq̄(τ, µF )|FSM
qℓ (τ s0)|2

, (4) 109

where τ ≡ m2
ℓ+ℓ−/s0 and

√
s0 is the proton–proton center 110

of mass energy. The sum is over the left- and right-handed 111

quarks and leptons as well as the quark flavors accessible 112

in the proton. Note that, since we are interested in the high- 113

energy tails (away from the Z pole), the universal higher- 114

order radiative QCD corrections factorize to a large extent. 115

Therefore, consistently including those corrections in the SM 116

prediction is enough to achieve good theoretical accuracy. It 117

is still useful to define the differential LFU ratio, 118

Rµ+µ−/e+e−(mℓℓ) ≡
dσµµ

dmℓℓ
/

dσee

dmℓℓ
119

=
$

q,µ Lqq̄(m2
ℓℓ/s0, µF )|Fqµ(m2

ℓℓ)|
2

$

q,e Lqq̄(m2
ℓℓ/s0, µF )|Fqe(m

2
ℓℓ)|2

, (5) 120

which is a both theoretically and experimentally cleaner 121

observable. In fact, in the SM both QCD and electroweak 122

corrections are universal among muons and electrons, pre- 123

dicting RSM
µ+µ−/e+e−(mℓℓ) ≃ 1 with very high accuracy. As 124

an illustration, in Fig. 1 we show the predictions for this 125

observable at
√

s0 = 13 TeV, assuming new physics in three 126

benchmark operators. The parton luminosities used to derive 127

these predictions are discussed in the next chapter. 128

A goal of this work is to connect the high-pT dilepton tails 129

measurements with the recent experimental hints on lepton- 130

flavor universality violation in rare semileptonic B meson 131

decays. The pattern of observed deviations can be explained 132

with a new physics contribution to a single four-fermion 133

bsµµ contact interaction. As discussed in more detail in 134

Sect. 3, a good fit of the flavor anomalies can be obtained 135

with a left-handed chirality structure. For this reason, when 136

123
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1 Introduction

One of the most interesting phenomena reported by particle physics experiments in the last few
years are the numerous hints of Lepton Flavour Universality (LFU) violations observed in semi-
leptonic B decays. The very recent LHCb results on the LFU ratios Rµe

K(⇤) [1] and R⌧`
D(⇤) [2] are

the last two pieces of a seemingly coherent set of anomalies which involves di↵erent observables
and experiments. So far, not a single LFU ratio measurement exhibits a deviation with respect
to the Standard Model (SM) above the 3� level. However, the overall set of observables is very
consistent and, once combined, the probability of a mere statistical fluctuation is very low.

The evidences collected so far can naturally be grouped into two categories, according to the
underlying quark-level transition:

• deviations from ⌧/µ (and ⌧/e) universality in b ! c`⌫̄ charged currents [2–5];

• deviations from µ/e universality in b ! s`` neutral currents [1, 6].

In both cases the combination of the results leads to an evidence around the 4� level for LFU
violating contributions of non-SM origin, whose size is O(10%) compared to the corresponding
charged- or neutral-current SM amplitudes. Furthermore, a strong evidence for a deviation from
the SM prediction has been observed by LHCb in the angular distribution of the B0 ! K⇤0µ+µ�

decay [7,8], which is consistent with the deviations from LFU in neutral-current B decays [9,10].
These deviations from the SM have triggered a series of theoretical speculations about pos-

sible New Physics (NP) interpretations. Attempts to provide a combined/coherent explanation
for both charged- and neutral-current anomalies have been presented in Refs. [11–29]. A com-
mon origin of the two set of anomalies is not obvious, but is very appealing since: i) in both
types of semi-leptonic B-meson decays (charged and neutral) we are dealing with a violation of
LFU; ii) in both cases data favours left-handed e↵ective interactions that, due to the SM gauge
symmetry, naturally suggest a connection between charged and neutral currents.

One of the puzzling aspects of the present anomalies is that they have been observed only
in semi-leptonic B decays and are quite large compared to the corresponding SM amplitudes.
On the contrary, no evidence of deviation from the SM has been seen so far in the precise
(per-mil) tests of LFU in semi-leptonic K and ⇡ decays, purely leptonic ⌧ decays, and in the
electroweak precision observables. The most natural assumption to address this apparent para-
dox is the hypothesis that the NP responsible for the breaking of LFU is coupled mainly to
the third generation of quarks and leptons, with a small (but non-negligible) mixing with the
light generations [13, 25, 30]. This hypothesis also provides a natural first-order explanation for
the di↵erent size of the two e↵ects, which compete with a tree-level SM amplitude in charged
currents, and with a suppressed loop-induced SM amplitude in neutral currents, respectively.
Within this paradigm, a class of particularly motivated models includes those which are based
on a U(2)q⇥U(2)` flavour symmetry acting on the light generations of SM fermions [31,32], and
new massive bosonic mediators around the TeV scale: colour-less vector SU(2)L-triplets (W 0,
B0) [13], vector SU(2)L-singlet or -triplet leptoquarks (LQ) [17], or scalar SU(2)L-singlet and
-triplet leptoquarks. Besides providing a good description of low-energy data, these mediators
could find a consistent UV completion in the context of strongly-interacting theories with new
degrees of freedom at the TeV scale [23, 24].

3

e.g. [1704.05672] 

Talk by Descotes-
Genon

2

1406.6482

Table 5: Measured RK⇤0 ratios in the two q2 regions. The first uncertainties are statistical and
the second are systematic. About 50% of the systematic uncertainty is correlated between the
two q2 bins. The 95.4% and 99.7% confidence level (CL) intervals include both the statistical
and systematic uncertainties.

low-q2 central-q2

RK⇤0 0.66 + 0.11
� 0.07 ± 0.03 0.69 + 0.11

� 0.07 ± 0.05

95.4% CL [0.52, 0.89] [0.53, 0.94]

99.7% CL [0.45, 1.04] [0.46, 1.10]

0 5 10 15 20

q2 [GeV2/c4]

0.0

0.5

1.0

1.5
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K

�0

LHCb

LHCb

BaBar

Belle

Figure 10: (left) Comparison of the LHCb RK⇤0 measurements with the SM theoretical predic-
tions: BIP [26] CDHMV [27–29], EOS [30, 31], flav.io [32–34] and JC [35]. The predictions are
displaced horizontally for presentation. (right) Comparison of the LHCb RK⇤0 measurements
with previous experimental results from the B factories [4, 5]. In the case of the B factories the
specific vetoes for charmonium resonances are not represented.

of 3 fb�1 of pp collisions, recorded by the LHCb experiment during 2011 and 2012, are
used. The RK⇤0 ratio is measured in two regions of the dilepton invariant mass squared
to be

RK⇤0 =

(
0.66 + 0.11

� 0.07 (stat) ± 0.03 (syst) for 0.045 < q2 < 1.1 GeV2/c4 ,

0.69 + 0.11
� 0.07 (stat) ± 0.05 (syst) for 1.1 < q2 < 6.0 GeV2/c4 .

The corresponding 95.4% confidence level intervals are [0.52, 0.89] and [0.53, 0.94]. The
results, which represent the most precise measurements of RK⇤0 to date, are compatible
with the SM expectations [26–35] at 2.1–2.3 standard deviations for the low-q2 region
and 2.4–2.5 standard deviations for the central-q2 region, depending on the theoretical
prediction used.

Model-independent fits to the ensemble of FCNC data that allow for NP contribu-
tions [27–35] lead to predictions for RK⇤0 in the central-q2 region that are similar to the
value observed; smaller deviations are expected at low-q2. The larger data set currently
being accumulated by the LHCb collaboration will allow for more precise tests of these
predictions.
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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.

see also
Geng et al., 1704.05446

Capdevila et al., 1704.05340 

see also talk by Capriotti



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
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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



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



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 

Buttazzo et al., 1706.07808 *right-handed currents
Asadi et al., 1804.04135
Greljo et al., 1804.04642

Azatov et al., 1807.10745
Robinson et al., 1807.04753

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

Z 0/W 0 LQ0s H±



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 / Vcb

U(2)F, MFV see also
Fajfer et al., 1206.1872 

Bordone et al., 1702.07238

Greljo & Marzocca 
1704.09015

6

ATLAS 13 TeV, 36.1 fb-1
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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

see e.g. Abdullah et al., 1805.01869
Robinson et al., 1807.04753
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In order to relate departures from LFU of weak charged
current interactions in the bottom and top quark sectors
one also needs to specify the quark flavor structure of NP.
In light of severe constraints on new sources of quark
and lepton flavor violation coming from FCNC observ-
ables and CKM unitarity tests (c.f. []), it is prudent to
assume CKM-like hierarchies between the strengths of
the various b $ q flavor conversions, where q = u, c, t .
In particular we employ Cc

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

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

⌧ � 1)
as

(a) �B⌧ = 1.1⇥ 10�5C̄t
V L

⇥
1 + 1.7C̄t

V L

⇤
, (3a)

(b) �B⌧ =?? , (3b)

(c) �B⌧ =?? . (3c)

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

i , keeping also (C̄
t
i )

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

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

⌧⌫ ,
where m2

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

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

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

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

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

III. SIMPLIFIED MODELS OF LFU
VIOLATION IN TOP DECAYS

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

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

L(a) = LSM +
1

4
R+

µ⌫R
�µ⌫ �m2

⇢⇢
+
µ ⇢

�µ

+ [gb
X

q

Vqbq̄/⇢
+PLb+ g⌧ ⌧̄/⇢

�PL⌫⌧ + h.c.] , (4)

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

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

2 =
g⌧gbVqb/m2

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

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

L(b) = LSM + @µ�
+@µ�� �m2

��
+��

+ [
X

q

Vqb�
+(yL� q̄PLb+ yR� q̄PRb) + y⌧��

�⌧̄PL⌫⌧ + h.c.] ,

(5)

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

SL/⇤
2 = yL� y

⌧
�Vqb/m2

�, Cq
RL/⇤

2 =

yR� y
⌧
�Vqb/m2

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

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

IV. BOUNDS ON TOP LFU VIOLATION FROM
CURRENT MEASUREMENTS

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

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

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

ATLAS, 1506.05074
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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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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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! U1 LQ on the verge of being excluded
! W′/Z′ only allowed if light (M < 500 GeV) or broad (Γ/M > 30%)
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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 ! ⌧+⌧�



LFUV in absence of LFV: 

Mixing of 4-fermion operators under EW RGE evolution 

Induces LFUV in decays of heavy leptons; in Z,W couplings 
⇒ Severely constrains combined explanations of LFUV                                       
Bain charged and neutral current B decays 
⇒ Implications for UV model building (cancelations) 

Importance of EW radiative corrections: LFV

✏L⌧i / �⌧i✏Lµi / �µi See e.g. 
Alonso et al., 1505.05164

see also
Glashow et al., 1411.0565 

MLFV

Feruglio et al., 1606.00524
1705.00929

see also
Buttazzo et al., 1706.07808
Cornella et al., 1803.00945

di Luzio et al., 1708.08450
Bordone et al., 1712.01368

1805.09328

⇒



  

-14-

 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

JFK, Soreq & Zupan, 1704.06005
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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
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LFU tests among the theoretically cleanest probes of SM 
fundamentals 

Imperative to resolve experimental status of current 
anomalies 

• other B-hadron modes (                      ),  q2 spectra 

• LFU in angular observables 

Important implications for LFV (             ),              ,             

Conclusions

see also talk by Capriotti

R(Ds), R(⇤c)
<latexit sha1_base64="eh/HP9vmd4ovJAPY4iIbZZsE5Ec=">AAAB/nicbVDLSsNAFJ3UV62vqLhyM1iEFkpJRNBlURcuXNRiH9CEMJlM2qGTSZiZCCUU/BU3LhRx63e482+ctllo64GBwzn3cO8cP2FUKsv6Ngorq2vrG8XN0tb2zu6euX/QkXEqMGnjmMWi5yNJGOWkrahipJcIgiKfka4/up763UciJI35gxonxI3QgNOQYqS05JlHrcqNJ6s1p9aqOHc6FyAPVz2zbNWtGeAysXNSBjmanvnlBDFOI8IVZkjKvm0lys2QUBQzMik5qSQJwiM0IH1NOYqIdLPZ+RN4qpUAhrHQjys4U38nMhRJOY58PRkhNZSL3lT8z+unKrx0M8qTVBGO54vClEEVw2kXMKCCYMXGmiAsqL4V4iESCCvdWEmXYC9+eZl0zuq2Vbfvz8uNq7yOIjgGJ6ACbHABGuAWNEEbYJCBZ/AK3own48V4Nz7mowUjzxyCPzA+fwCJ6pPs</latexit><latexit sha1_base64="eh/HP9vmd4ovJAPY4iIbZZsE5Ec=">AAAB/nicbVDLSsNAFJ3UV62vqLhyM1iEFkpJRNBlURcuXNRiH9CEMJlM2qGTSZiZCCUU/BU3LhRx63e482+ctllo64GBwzn3cO8cP2FUKsv6Ngorq2vrG8XN0tb2zu6euX/QkXEqMGnjmMWi5yNJGOWkrahipJcIgiKfka4/up763UciJI35gxonxI3QgNOQYqS05JlHrcqNJ6s1p9aqOHc6FyAPVz2zbNWtGeAysXNSBjmanvnlBDFOI8IVZkjKvm0lys2QUBQzMik5qSQJwiM0IH1NOYqIdLPZ+RN4qpUAhrHQjys4U38nMhRJOY58PRkhNZSL3lT8z+unKrx0M8qTVBGO54vClEEVw2kXMKCCYMXGmiAsqL4V4iESCCvdWEmXYC9+eZl0zuq2Vbfvz8uNq7yOIjgGJ6ACbHABGuAWNEEbYJCBZ/AK3own48V4Nz7mowUjzxyCPzA+fwCJ6pPs</latexit><latexit sha1_base64="eh/HP9vmd4ovJAPY4iIbZZsE5Ec=">AAAB/nicbVDLSsNAFJ3UV62vqLhyM1iEFkpJRNBlURcuXNRiH9CEMJlM2qGTSZiZCCUU/BU3LhRx63e482+ctllo64GBwzn3cO8cP2FUKsv6Ngorq2vrG8XN0tb2zu6euX/QkXEqMGnjmMWi5yNJGOWkrahipJcIgiKfka4/up763UciJI35gxonxI3QgNOQYqS05JlHrcqNJ6s1p9aqOHc6FyAPVz2zbNWtGeAysXNSBjmanvnlBDFOI8IVZkjKvm0lys2QUBQzMik5qSQJwiM0IH1NOYqIdLPZ+RN4qpUAhrHQjys4U38nMhRJOY58PRkhNZSL3lT8z+unKrx0M8qTVBGO54vClEEVw2kXMKCCYMXGmiAsqL4V4iESCCvdWEmXYC9+eZl0zuq2Vbfvz8uNq7yOIjgGJ6ACbHABGuAWNEEbYJCBZ/AK3own48V4Nz7mowUjzxyCPzA+fwCJ6pPs</latexit><latexit sha1_base64="eh/HP9vmd4ovJAPY4iIbZZsE5Ec=">AAAB/nicbVDLSsNAFJ3UV62vqLhyM1iEFkpJRNBlURcuXNRiH9CEMJlM2qGTSZiZCCUU/BU3LhRx63e482+ctllo64GBwzn3cO8cP2FUKsv6Ngorq2vrG8XN0tb2zu6euX/QkXEqMGnjmMWi5yNJGOWkrahipJcIgiKfka4/up763UciJI35gxonxI3QgNOQYqS05JlHrcqNJ6s1p9aqOHc6FyAPVz2zbNWtGeAysXNSBjmanvnlBDFOI8IVZkjKvm0lys2QUBQzMik5qSQJwiM0IH1NOYqIdLPZ+RN4qpUAhrHQjys4U38nMhRJOY58PRkhNZSL3lT8z+unKrx0M8qTVBGO54vClEEVw2kXMKCCYMXGmiAsqL4V4iESCCvdWEmXYC9+eZl0zuq2Vbfvz8uNq7yOIjgGJ6ACbHABGuAWNEEbYJCBZ/AK3own48V4Nz7mowUjzxyCPzA+fwCJ6pPs</latexit>

Capdevila et al., 1605.03156Qi ⌘ Pµ
i � P e

i
<latexit sha1_base64="WnCB1oI5HfPNfEDQ7vhpcJgZS8g=">AAACA3icbZDLSsNAFIYnXmu9Rd3pZrAIbiyJCLosunHZgr1AE8NketIOnVycmRRKKLjxVdy4UMStL+HOt3GaZqGtPwx8/OcczpzfTziTyrK+jaXlldW19dJGeXNre2fX3NtvyTgVFJo05rHo+EQCZxE0FVMcOokAEvoc2v7wZlpvj0BIFkd3apyAG5J+xAJGidKWZx42PIYdeEjZCNc9du+EKT7LCTyzYlWtXHgR7AIqqFDdM7+cXkzTECJFOZGya1uJcjMiFKMcJmUnlZAQOiR96GqMSAjSzfIbJvhEOz0cxEK/SOHc/T2RkVDKcejrzpCogZyvTc3/at1UBVduxqIkVRDR2aIg5VjFeBoI7jEBVPGxBkIF03/FdEAEoUrHVtYh2PMnL0LrvGpbVbtxUaldF3GU0BE6RqfIRpeohm5RHTURRY/oGb2iN+PJeDHejY9Z65JRzBygPzI+fwAjmJaK</latexit><latexit sha1_base64="WnCB1oI5HfPNfEDQ7vhpcJgZS8g=">AAACA3icbZDLSsNAFIYnXmu9Rd3pZrAIbiyJCLosunHZgr1AE8NketIOnVycmRRKKLjxVdy4UMStL+HOt3GaZqGtPwx8/OcczpzfTziTyrK+jaXlldW19dJGeXNre2fX3NtvyTgVFJo05rHo+EQCZxE0FVMcOokAEvoc2v7wZlpvj0BIFkd3apyAG5J+xAJGidKWZx42PIYdeEjZCNc9du+EKT7LCTyzYlWtXHgR7AIqqFDdM7+cXkzTECJFOZGya1uJcjMiFKMcJmUnlZAQOiR96GqMSAjSzfIbJvhEOz0cxEK/SOHc/T2RkVDKcejrzpCogZyvTc3/at1UBVduxqIkVRDR2aIg5VjFeBoI7jEBVPGxBkIF03/FdEAEoUrHVtYh2PMnL0LrvGpbVbtxUaldF3GU0BE6RqfIRpeohm5RHTURRY/oGb2iN+PJeDHejY9Z65JRzBygPzI+fwAjmJaK</latexit><latexit sha1_base64="WnCB1oI5HfPNfEDQ7vhpcJgZS8g=">AAACA3icbZDLSsNAFIYnXmu9Rd3pZrAIbiyJCLosunHZgr1AE8NketIOnVycmRRKKLjxVdy4UMStL+HOt3GaZqGtPwx8/OcczpzfTziTyrK+jaXlldW19dJGeXNre2fX3NtvyTgVFJo05rHo+EQCZxE0FVMcOokAEvoc2v7wZlpvj0BIFkd3apyAG5J+xAJGidKWZx42PIYdeEjZCNc9du+EKT7LCTyzYlWtXHgR7AIqqFDdM7+cXkzTECJFOZGya1uJcjMiFKMcJmUnlZAQOiR96GqMSAjSzfIbJvhEOz0cxEK/SOHc/T2RkVDKcejrzpCogZyvTc3/at1UBVduxqIkVRDR2aIg5VjFeBoI7jEBVPGxBkIF03/FdEAEoUrHVtYh2PMnL0LrvGpbVbtxUaldF3GU0BE6RqfIRpeohm5RHTURRY/oGb2iN+PJeDHejY9Z65JRzBygPzI+fwAjmJaK</latexit><latexit sha1_base64="WnCB1oI5HfPNfEDQ7vhpcJgZS8g=">AAACA3icbZDLSsNAFIYnXmu9Rd3pZrAIbiyJCLosunHZgr1AE8NketIOnVycmRRKKLjxVdy4UMStL+HOt3GaZqGtPwx8/OcczpzfTziTyrK+jaXlldW19dJGeXNre2fX3NtvyTgVFJo05rHo+EQCZxE0FVMcOokAEvoc2v7wZlpvj0BIFkd3apyAG5J+xAJGidKWZx42PIYdeEjZCNc9du+EKT7LCTyzYlWtXHgR7AIqqFDdM7+cXkzTECJFOZGya1uJcjMiFKMcJmUnlZAQOiR96GqMSAjSzfIbJvhEOz0cxEK/SOHc/T2RkVDKcejrzpCogZyvTc3/at1UBVduxqIkVRDR2aIg5VjFeBoI7jEBVPGxBkIF03/FdEAEoUrHVtYh2PMnL0LrvGpbVbtxUaldF3GU0BE6RqfIRpeohm5RHTURRY/oGb2iN+PJeDHejY9Z65JRzBygPzI+fwAjmJaK</latexit>

b ! s⌧µ
<latexit sha1_base64="uAXkVGyDDtw1f2DPDkKwr9VuKTg=">AAAB+XicbVDLSgMxFL1TX7W+Rl26CRbBVZkRQZdFNy4r2Ad0hpJJ0zY0yQx5FMrQP3HjQhG3/ok7/8a0nYW2Hkg4nHMv996TZJxpEwTfXmljc2t7p7xb2ds/ODzyj09aOrWK0CZJeao6CdaUM0mbhhlOO5miWCSctpPx/dxvT6jSLJVPZprRWOChZANGsHFSz/cTFJkUafdjiyJhe341qAULoHUSFqQKBRo9/yvqp8QKKg3hWOtuGGQmzrEyjHA6q0RW0wyTMR7SrqMSC6rjfLH5DF04pY8GqXJPGrRQf3fkWGg9FYmrFNiM9Ko3F//zutYMbuOcycwaKsly0MBy5G6dx4D6TFFi+NQRTBRzuyIywgoT48KquBDC1ZPXSeuqFga18PG6Wr8r4ijDGZzDJYRwA3V4gAY0gcAEnuEV3rzce/HevY9lackrek7hD7zPH0QEksM=</latexit><latexit sha1_base64="uAXkVGyDDtw1f2DPDkKwr9VuKTg=">AAAB+XicbVDLSgMxFL1TX7W+Rl26CRbBVZkRQZdFNy4r2Ad0hpJJ0zY0yQx5FMrQP3HjQhG3/ok7/8a0nYW2Hkg4nHMv996TZJxpEwTfXmljc2t7p7xb2ds/ODzyj09aOrWK0CZJeao6CdaUM0mbhhlOO5miWCSctpPx/dxvT6jSLJVPZprRWOChZANGsHFSz/cTFJkUafdjiyJhe341qAULoHUSFqQKBRo9/yvqp8QKKg3hWOtuGGQmzrEyjHA6q0RW0wyTMR7SrqMSC6rjfLH5DF04pY8GqXJPGrRQf3fkWGg9FYmrFNiM9Ko3F//zutYMbuOcycwaKsly0MBy5G6dx4D6TFFi+NQRTBRzuyIywgoT48KquBDC1ZPXSeuqFga18PG6Wr8r4ijDGZzDJYRwA3V4gAY0gcAEnuEV3rzce/HevY9lackrek7hD7zPH0QEksM=</latexit><latexit sha1_base64="uAXkVGyDDtw1f2DPDkKwr9VuKTg=">AAAB+XicbVDLSgMxFL1TX7W+Rl26CRbBVZkRQZdFNy4r2Ad0hpJJ0zY0yQx5FMrQP3HjQhG3/ok7/8a0nYW2Hkg4nHMv996TZJxpEwTfXmljc2t7p7xb2ds/ODzyj09aOrWK0CZJeao6CdaUM0mbhhlOO5miWCSctpPx/dxvT6jSLJVPZprRWOChZANGsHFSz/cTFJkUafdjiyJhe341qAULoHUSFqQKBRo9/yvqp8QKKg3hWOtuGGQmzrEyjHA6q0RW0wyTMR7SrqMSC6rjfLH5DF04pY8GqXJPGrRQf3fkWGg9FYmrFNiM9Ko3F//zutYMbuOcycwaKsly0MBy5G6dx4D6TFFi+NQRTBRzuyIywgoT48KquBDC1ZPXSeuqFga18PG6Wr8r4ijDGZzDJYRwA3V4gAY0gcAEnuEV3rzce/HevY9lackrek7hD7zPH0QEksM=</latexit><latexit sha1_base64="uAXkVGyDDtw1f2DPDkKwr9VuKTg=">AAAB+XicbVDLSgMxFL1TX7W+Rl26CRbBVZkRQZdFNy4r2Ad0hpJJ0zY0yQx5FMrQP3HjQhG3/ok7/8a0nYW2Hkg4nHMv996TZJxpEwTfXmljc2t7p7xb2ds/ODzyj09aOrWK0CZJeao6CdaUM0mbhhlOO5miWCSctpPx/dxvT6jSLJVPZprRWOChZANGsHFSz/cTFJkUafdjiyJhe341qAULoHUSFqQKBRo9/yvqp8QKKg3hWOtuGGQmzrEyjHA6q0RW0wyTMR7SrqMSC6rjfLH5DF04pY8GqXJPGrRQf3fkWGg9FYmrFNiM9Ko3F//zutYMbuOcycwaKsly0MBy5G6dx4D6TFFi+NQRTBRzuyIywgoT48KquBDC1ZPXSeuqFga18PG6Wr8r4ijDGZzDJYRwA3V4gAY0gcAEnuEV3rzce/HevY9lackrek7hD7zPH0QEksM=</latexit>

b ! s⌧⌧
<latexit sha1_base64="3P0jSCzhY+YnGqUiSbNqWW8/cTo=">AAAB+nicbVDLSsNAFL2pr1pfqS7dDBbBVUlE0GXRjcsK9gFtKJPppB06mYR5KCX2U9y4UMStX+LOv3GaZqGtB+ZyOOde5t4Tppwp7XnfTmltfWNzq7xd2dnd2z9wq4dtlRhJaIskPJHdECvKmaAtzTSn3VRSHIecdsLJzdzvPFCpWCLu9TSlQYxHgkWMYG2lgVsNUV8nSNmKTV4Gbs2reznQKvELUoMCzYH71R8mxMRUaMKxUj3fS3WQYakZ4XRW6RtFU0wmeER7lgocUxVk+eozdGqVIYoSaZ/QKFd/T2Q4Vmoah7Yzxnqslr25+J/XMzq6CjImUqOpIIuPIsORPXaeAxoySYnmU0swkczuisgYS0y0TatiQ/CXT14l7fO679X9u4ta47qIowzHcAJn4MMlNOAWmtACAo/wDK/w5jw5L86787FoLTnFzBH8gfP5AwxGkzU=</latexit><latexit sha1_base64="3P0jSCzhY+YnGqUiSbNqWW8/cTo=">AAAB+nicbVDLSsNAFL2pr1pfqS7dDBbBVUlE0GXRjcsK9gFtKJPppB06mYR5KCX2U9y4UMStX+LOv3GaZqGtB+ZyOOde5t4Tppwp7XnfTmltfWNzq7xd2dnd2z9wq4dtlRhJaIskPJHdECvKmaAtzTSn3VRSHIecdsLJzdzvPFCpWCLu9TSlQYxHgkWMYG2lgVsNUV8nSNmKTV4Gbs2reznQKvELUoMCzYH71R8mxMRUaMKxUj3fS3WQYakZ4XRW6RtFU0wmeER7lgocUxVk+eozdGqVIYoSaZ/QKFd/T2Q4Vmoah7Yzxnqslr25+J/XMzq6CjImUqOpIIuPIsORPXaeAxoySYnmU0swkczuisgYS0y0TatiQ/CXT14l7fO679X9u4ta47qIowzHcAJn4MMlNOAWmtACAo/wDK/w5jw5L86787FoLTnFzBH8gfP5AwxGkzU=</latexit><latexit sha1_base64="3P0jSCzhY+YnGqUiSbNqWW8/cTo=">AAAB+nicbVDLSsNAFL2pr1pfqS7dDBbBVUlE0GXRjcsK9gFtKJPppB06mYR5KCX2U9y4UMStX+LOv3GaZqGtB+ZyOOde5t4Tppwp7XnfTmltfWNzq7xd2dnd2z9wq4dtlRhJaIskPJHdECvKmaAtzTSn3VRSHIecdsLJzdzvPFCpWCLu9TSlQYxHgkWMYG2lgVsNUV8nSNmKTV4Gbs2reznQKvELUoMCzYH71R8mxMRUaMKxUj3fS3WQYakZ4XRW6RtFU0wmeER7lgocUxVk+eozdGqVIYoSaZ/QKFd/T2Q4Vmoah7Yzxnqslr25+J/XMzq6CjImUqOpIIuPIsORPXaeAxoySYnmU0swkczuisgYS0y0TatiQ/CXT14l7fO679X9u4ta47qIowzHcAJn4MMlNOAWmtACAo/wDK/w5jw5L86787FoLTnFzBH8gfP5AwxGkzU=</latexit><latexit sha1_base64="3P0jSCzhY+YnGqUiSbNqWW8/cTo=">AAAB+nicbVDLSsNAFL2pr1pfqS7dDBbBVUlE0GXRjcsK9gFtKJPppB06mYR5KCX2U9y4UMStX+LOv3GaZqGtB+ZyOOde5t4Tppwp7XnfTmltfWNzq7xd2dnd2z9wq4dtlRhJaIskPJHdECvKmaAtzTSn3VRSHIecdsLJzdzvPFCpWCLu9TSlQYxHgkWMYG2lgVsNUV8nSNmKTV4Gbs2reznQKvELUoMCzYH71R8mxMRUaMKxUj3fS3WQYakZ4XRW6RtFU0wmeER7lgocUxVk+eozdGqVIYoSaZ/QKFd/T2Q4Vmoah7Yzxnqslr25+J/XMzq6CjImUqOpIIuPIsORPXaeAxoySYnmU0swkczuisgYS0y0TatiQ/CXT14l7fO679X9u4ta47qIowzHcAJn4MMlNOAWmtACAo/wDK/w5jw5L86787FoLTnFzBH8gfP5AwxGkzU=</latexit>

q ! q0⌫⌫̄
<latexit sha1_base64="2zIWeWlxQt7Un2o2IrowN7x1wY4=">AAAB/nicbZDLSsNAFIZP6q3WW1RcuRksoquSiKDLohuXFewFmlAm00k7dDJJZyZCCQVfxY0LRdz6HO58GydtFtr6w8DHf85hzvmDhDOlHefbKq2srq1vlDcrW9s7u3v2/kFLxakktEliHstOgBXlTNCmZprTTiIpjgJO28HoNq+3H6lULBYPepJQP8IDwUJGsDZWzz4aI0/HaHyGPJEiL8Ayh55ddWrOTGgZ3AKqUKjRs7+8fkzSiApNOFaq6zqJ9jMsNSOcTiteqmiCyQgPaNegwBFVfjZbf4pOjdNHYSzNExrN3N8TGY6UmkSB6YywHqrFWm7+V+umOrz2MyaSVFNB5h+FKUfm4DwL1GeSEs0nBjCRzOyKyBBLTLRJrGJCcBdPXobWRc11au79ZbV+U8RRhmM4gXNw4QrqcAcNaAKBDJ7hFd6sJ+vFerc+5q0lq5g5hD+yPn8AXnuUdA==</latexit><latexit sha1_base64="2zIWeWlxQt7Un2o2IrowN7x1wY4=">AAAB/nicbZDLSsNAFIZP6q3WW1RcuRksoquSiKDLohuXFewFmlAm00k7dDJJZyZCCQVfxY0LRdz6HO58GydtFtr6w8DHf85hzvmDhDOlHefbKq2srq1vlDcrW9s7u3v2/kFLxakktEliHstOgBXlTNCmZprTTiIpjgJO28HoNq+3H6lULBYPepJQP8IDwUJGsDZWzz4aI0/HaHyGPJEiL8Ayh55ddWrOTGgZ3AKqUKjRs7+8fkzSiApNOFaq6zqJ9jMsNSOcTiteqmiCyQgPaNegwBFVfjZbf4pOjdNHYSzNExrN3N8TGY6UmkSB6YywHqrFWm7+V+umOrz2MyaSVFNB5h+FKUfm4DwL1GeSEs0nBjCRzOyKyBBLTLRJrGJCcBdPXobWRc11au79ZbV+U8RRhmM4gXNw4QrqcAcNaAKBDJ7hFd6sJ+vFerc+5q0lq5g5hD+yPn8AXnuUdA==</latexit><latexit sha1_base64="2zIWeWlxQt7Un2o2IrowN7x1wY4=">AAAB/nicbZDLSsNAFIZP6q3WW1RcuRksoquSiKDLohuXFewFmlAm00k7dDJJZyZCCQVfxY0LRdz6HO58GydtFtr6w8DHf85hzvmDhDOlHefbKq2srq1vlDcrW9s7u3v2/kFLxakktEliHstOgBXlTNCmZprTTiIpjgJO28HoNq+3H6lULBYPepJQP8IDwUJGsDZWzz4aI0/HaHyGPJEiL8Ayh55ddWrOTGgZ3AKqUKjRs7+8fkzSiApNOFaq6zqJ9jMsNSOcTiteqmiCyQgPaNegwBFVfjZbf4pOjdNHYSzNExrN3N8TGY6UmkSB6YywHqrFWm7+V+umOrz2MyaSVFNB5h+FKUfm4DwL1GeSEs0nBjCRzOyKyBBLTLRJrGJCcBdPXobWRc11au79ZbV+U8RRhmM4gXNw4QrqcAcNaAKBDJ7hFd6sJ+vFerc+5q0lq5g5hD+yPn8AXnuUdA==</latexit><latexit sha1_base64="2zIWeWlxQt7Un2o2IrowN7x1wY4=">AAAB/nicbZDLSsNAFIZP6q3WW1RcuRksoquSiKDLohuXFewFmlAm00k7dDJJZyZCCQVfxY0LRdz6HO58GydtFtr6w8DHf85hzvmDhDOlHefbKq2srq1vlDcrW9s7u3v2/kFLxakktEliHstOgBXlTNCmZprTTiIpjgJO28HoNq+3H6lULBYPepJQP8IDwUJGsDZWzz4aI0/HaHyGPJEiL8Ayh55ddWrOTGgZ3AKqUKjRs7+8fkzSiApNOFaq6zqJ9jMsNSOcTiteqmiCyQgPaNegwBFVfjZbf4pOjdNHYSzNExrN3N8TGY6UmkSB6YywHqrFWm7+V+umOrz2MyaSVFNB5h+FKUfm4DwL1GeSEs0nBjCRzOyKyBBLTLRJrGJCcBdPXobWRc11au79ZbV+U8RRhmM4gXNw4QrqcAcNaAKBDJ7hFd6sJ+vFerc+5q0lq5g5hD+yPn8AXnuUdA==</latexit>

see e.g. Angelescu et al., 1808.08179

JFK, Monteil, Semkiv & Vale Silva, 1705.11106
Capdevilla et al., 1712.01919  

JFK, Soreq & Zupan, 1704.06005
Bordone et al., 1705.10729 



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



BSM penguin at high p


