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Introduction

Pre-LHC:


• exciting phenomena in high-pT 
experiments: ATLAS, CMS


• boring flavour physics (MFV)
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Flavour constraints

Post-LHC:


• no light on-shell resonances 

• very interesting anomalies in 
flavour observables

• low Λ, small c’s: flavour problem

• high Λ, c’s ~ O(1): hierarchy problem



Semi-leptonic b to c decays

Charged-current interaction: tree-level effect 
in the SM, with mild CKM suppression
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• RH & scalar currents disfavoured 


• SM predictions robust: form factors 
cancel in the ratio (to a good extent)


• Consistent results by three very different 
experiments, in different channels


• Large backgrounds & systematic errors

~ 20% enhancement in LH currents  
~ 4σ from SM

RD(⇤) =
BR(B ! D(⇤)⌧ ⌫̄)/SM

BR(B ! D(⇤)`⌫̄)/SM
= 1.237± 0.053
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Semi-leptonic b to s decays
FCNC: occurs only at loop-level in the SM 
            + CKM suppressed


Semi-leptonic effective Lagrangian:
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Deviations from SM in several observables


• Angular distributions in B → K*µµ 

• Various branching ratios B(s) → Xs µµ 

• LFU in R(K) and R(K*)


~ 20% NP contribution to LH currents 
Globally ~ 5σ from SM
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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
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Ce
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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-
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FIG. 1. Allowed regions in planes of two Wilson coe�cients,
assuming the remaining coe�cients to be SM-like.
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B → K*µµ

3 angles + dilepton invariant mass
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B → K*µµ

3 angles + dilepton invariant mass

width and angular observables are functions 
of Wilson coefficients Ci
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› Differential branching fractions of B0→K(*)0µµ, B+→K(*)+µµ, Bs→fµµ,
B+→p+µµ and Lb→Lµµ
» Presence of hadronic uncertainties in theory predictions

› Angular analyses of B→K(*)µµ, Bs→fµµ, B0→K*0ee and Lb→Lµµ
» Define observables with smaller theory uncertainties

› Test of Lepton Flavour Universality in B+→K+ll and B0→K*0ll
» Cancellation of hadronic uncertainties in theory predictions

Shopping List
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Long-distance contributions:


• Hadronic form-factors Fλ: computed 
on lattice or light-cone sum rules


• Four-quark operators enter through 
charm loop: non-local term Hλ
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Long-distance contributions:


• Hadronic form-factors Fλ: computed 
on lattice or light-cone sum rules


• Four-quark operators enter through 
charm loop: non-local term Hλ
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› First full angular analysis of B0�K*0µµ: measured all CP-averaged
angular terms and CP-asymmetries
› Can construct less form-factor dependent ratios of observables

Angular Analyses

IFAE 2017Simone Bifani 6

]4c/2 [GeV2q
0 5 10 15

5'P

1−

0.5−

0

0.5

1

(1
S)

ψ/J

(2
S)

ψ

LHCb data
Belle data

ATLAS data
CMS data

SM from DHMV
SM from ASZB

2.8 and 3.0 ss from SM
• JHEP 02 (2016) 104
• PRL 118 (2017)

• ATLAS-CONF-2017-023
• CMS-PAS-BPH-15-008consistent with new physics in C9



B → K*µµ

3 angles + dilepton invariant mass

width and angular observables are functions 
of Wilson coefficients Ci

d4�

dq2 d cos ✓` d cos ✓K d�
=

9

16⇡

d�

dq2


FLcos

2 ✓K(1� cos 2✓`) +
1

4

(1� FL) sin
2 ✓K(3 + cos 2✓`)

�4

3

AFB sin

2 ✓Kcos ✓` + (1� FL) sin
2 ✓Ksin

2 ✓`

✓
P1

2

cos 2�� P3 sin 2�

◆

+

p
FL(1� FL) sin 2✓K

✓
P 0
4

2

sin 2✓` cos�+ sin ✓`(P
0
5 cos�� P 0

6 sin�)

◆�

› Differential branching fractions of B0→K(*)0µµ, B+→K(*)+µµ, Bs→fµµ,
B+→p+µµ and Lb→Lµµ
» Presence of hadronic uncertainties in theory predictions

› Angular analyses of B→K(*)µµ, Bs→fµµ, B0→K*0ee and Lb→Lµµ
» Define observables with smaller theory uncertainties

› Test of Lepton Flavour Universality in B+→K+ll and B0→K*0ll
» Cancellation of hadronic uncertainties in theory predictions

Shopping List

IFAE 2017Simone Bifani 4

Long-distance contributions:


• Hadronic form-factors Fλ: computed 
on lattice or light-cone sum rules


• Four-quark operators enter through 
charm loop: non-local term Hλ

b s

ℓ

ℓ̄
c

c̄

A� / (C9 ⌥ C10)F�(q
2) +

2mbMB

q2
C7FT

� (q2) + Ĥ�(q
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b → sµµ branching ratios: a coherent picture

› Results consistently lower than SM predictions

Differential Branching Fractions
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LFU ratios: R(K) & R(K*)

Very clean theory predictions: 
SM value is ~ 1, with error ~ 10-2


Electrons involved: experimentally difficult 
due to bremsstrahlung → large errors

› In total, about 290 (90) and 350 (110) B0→K*0µµ (B0→K*0ee) candidates
at low- and central-q2, respectively

Fit Results

Simone Bifani 10IFAE 2017
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                       AfterRK⇤
[1704.05340, 1704.05435,
1704.05438, 1705444,
17054446, 1705447]

• RK and RK* observables alone are now sufficient to draw various 
conclusions (without doing fits!)

μ

���

Figure 1: Deviations from the SM value RK = RK⇤ = 1 due to the various chiral operators
possibly generated by new physics in the muon (left panel) and electron (right panel) sector.
Bothe the ratio refers to q2 in [1.1, 6]GeV2. We assumed real coe�cients, and the out-going
(in-going) arrows show the e↵ect of coe�cients equal to +1 (�1). For the sake of clarity we
only show the arrows for the coe�cients involving left-handed muons and electrons (except for
the two magenta arrows in the left-side plot, that refer to CBSM

9,µ = (CBSM

bLµL
+ CBSM

bLµR
)/2 = ±1).

BSM corrections. To this end, we define RK⇤ in a given range of q2, in analogy with eq. (8):

RK⇤ [q2
min

, q2
max

] ⌘
R q2

max

q2
min

dq2 d�(B ! K⇤µ+µ�)/dq2

R q2
max

q2
min

dq2 d�(B ! K⇤µ+µ�)/dq2
, (16)

where the di↵erential decay width d�(B ! K⇤µ+µ�)/dq2 actually describes the four-body
process B ! K⇤(! K⇡)µ+µ�, and takes the compact form

d� (B ! K⇤µ+µ�)

dq2
=

3

4
(2Is

1

+ Ic
2

)� 1

4
(2Is

2

+ Ic
2

) . (17)

The angular coe�cients Ia=s,c
i=1,2 in eq. (17) can be written in terms of the so-called transversity

amplitudes describing the decay B ! K⇤V ⇤ with the B meson decaying to an on-shell K⇤

and a virtual photon or Z boson which later decays into a lepton-antilepton pair. We refer
to [26] for a comprehensive description of the computation. In the left panel of figure 2 we
show the di↵erential distribution d�(B ! K⇤µ+µ�)/dq2 as a function of the dilepton invariant
mass q2. The solid black line represents the SM prediction, and we show in dashed (dotted)
red the impact of BSM corrections due to the presence of non-zero CBSM

bLµL
(CBSM

bRµL
) taken at the

benchmark value of 1.
We now focus on the low invariant-mass range q2 = [0.045, 1.1] GeV2, shaded in blue with

diagonal mesh in the left panel of fig 2. In this bin, the di↵erential rate is dominated by
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• Deviation from the Standard Model, using only the most cleaner observable gives ⇠ 4�

• New Physics in electrons is possible, but cannot explain angular observables and low 
branching ratios….

• New Physics in muons wants destructive interference with the SM

where p ⇡ 0.86 is the polarization fraction [22, 27, 28]. In the chiral-linear limit the expression
for RK⇤ simplifies to

RK⇤ ' RK � 4p
Re CBSM

bR(µ�e)L

CSM

bLµL

, (15)

where 4p/CSM

bLµL
⇡ 0.40. The formula above clearly shows that, in this approximation, a devia-

tion of RK⇤ from RK signals that bR is involved at the e↵ective operator level with the dominant
e↵ect still due to left-handed leptons. As already discussed before, eq. (15) is not suitable for a
detailed phenomenological study, and we implement in our numerical code the full expression
for RK⇤ [29]. In the left panel of figure 1, we present the di↵erent predictions in the (RK , RK⇤)
plane due to turning on the various operators assumed to be generated via new physics in the
muon sector. A reduction of the same order in both RK and RK⇤ is possible in the presence
of the left-handed operator CBSM

bLµL
(red solid line). In order to illustrate the size of the required

correction, the arrows correspond to CBSM

bLµL
= ±1 (see caption for details). Conversely, as previ-

ously mentioned, a deviation of RK⇤ from RK signals the presence of CBSM

bRµL
(green dot-dashed

line). Finally, notice that the reduced value of RK measured in eq. (3) cannot be explained by
CBSM

bRµR
and CBSM

bLµR
. The information summarized in this plot is of particular significance since

it shows at a glance, and before an actual fit to the data, the new physics patterns implied by
the combined measurement of RK and RK⇤ .

Before proceeding, another important comment is in order. In the left panel of figure 1,
we also show in magenta the direction described by non-zero values of the coe�cient CBSM

9,µ =
(CBSM

bLµL
+CBSM

bLµR
)/2. The latter refers to the e↵ective operator Oµ

9

= (s̄�µPLb)(µ̄�µµ), and implies
a vector coupling for the muon. The plot suggests that negative values CBSM

9,µ ⇡ �1 may also
provide a good fit of the observed data. However, it is also interesting to notice that in the
non-clean observables, the hadronic e↵ects might mimic a short distance BSM contribution in
CBSM

9,µ . From the plot in our figure 1, it is clear that with more data a combined analysis of RK

and RK⇤ might start to discriminate between CBSM

9,µ and CBSM

bLµL
using only clean observables.

However, with the present data, there is only a mild preference for CBSM

bLµL
, according to the

1-parameter fits of section 3.1 using only clean observables.
It is also instructive to summarise in the right panel of figure 1 the case in which new physics

directly a↵ects the electron sector. The result is a mirror-like image of the muon case since
the coe�cients CbXeY enter, both at the linear and quadratic level, with an opposite sign when
compared to their analogue CbXµY . In the chiral-linear limit the only operator that can bring
the values of RK and RK⇤ close to the experimental data is CbLeL > 0. As before, a deviation
from RK in RK⇤ can be produced by a non-zero value of CBSM

bReL
. Notice that, beyond the chiral-

linear limit, also CBSM

bL,ReR
points towards the observed experimental data but they require larger

numerical values.

A closer look to RK⇤ reveals additional observable consequences related to the presence of
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for RK is

RK =
|CbL+RµL�R |2 + |CbL+RµL+R |2
|CbL+ReL�R |2 + |CbL+ReL+R |2 . (12)

This is a clean observable, meaning that it is not a↵ected by large theoretical uncertainties,
and its SM prediction is RK = 1. QED corrections give a small departure from unity which,
however, does not exceed few percents [26]. However, it has to be noted that new physics which
a↵ects di↵erently µ and e can induce theoretical errors, bringing back the issue of hadronic
uncertainties.

In the chiral-linear approximation, RK becomes

RK ' 1 + 2
Re CBSM

bL+R(µ�e)L

CSM

bLµL

, (13)

indicating that the dominant e↵ect stems from couplings to left-handed leptons. Any chirality
of quarks works, as long as it is not orthogonal to L + R, namely unless quarks are axial.

It is important to notice that the approximation in eq. (13), although capturing the relevant
physics, is not adequate for a careful phenomenological analysis. The same remark remains valid
for the simplified expression proposed in [22], expanded up to quadratic terms in new physics
coe�cients. The reason is that the expansion is controlled by the parameter CBSM

bX lY
/CSM

bX lY
, a

number that is not always smaller than 1. This is particularly true in the presence of new
physics in the electron sector in which — as we shall discuss in detail — large values of the
Wilson coe�cients are needed to explain the observed anomalies. For this reason, all the results
presented in this paper make use of the full expressions for both RK [24] and, as we shall discuss
next, RK⇤ .

2.2 Anatomy of RK⇤

Given that the K⇤ has spin 1 and mass MK⇤ = 892 MeV, the theoretical prediction for the RK⇤

ratio given in eq. (1) is

RK⇤ =
(1 � p)(|CbL+RµL�R |2 + |CbL+RµL+R |2) + p

�|CbL�RµL�R |2 + |CbL�RµL+R |2�

(1 � p)(|CbL+ReL�R |2 + |CbL+ReL+R |2) + p
�|CbL�ReL�R |2 + |CbL�ReL+R |2� (14)

where G
F

is the Fermi constant, �(a, b, c) ⌘ a2 + b2 + c2 � 2(ab+ bc+ ac), MB ⇡ 5.279 GeV, MK ⇡ 0.494 GeV,
|VtbV ⇤

ts| ⇡ 40.58 ⇥ 10�3. Introducing the QCD form factors f
+,T (q2) we have

FA(q
2) = (C

10

+ C 0
10

) f
+

(q2) , (10)

FV (q
2) = (C

9

+ C 0
9

)f
+

(q2) +
2mb

MB + MK
(C

7

+ C 0
7

) fT (q
2)

| {z }
SMelectromagnetic dipole contribution

+ hK(q2)| {z }
non�factorizable term

. (11)

Notice that for simplicity we wrote the Wilson coe�cient C
9

omitting higher-order ↵s-corrections [25]. Neglect-
ing SM electromagnetic dipole contributions (encoded in the coe�cients C(0)

7

), and non-factorizable corrections,

eq. (12) follows from Eqs (8,9) by rotating the coe�cients C(0)
9,10 on to the chiral basis.
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Combined significance of LFU ratios: 4.2σ



LFU ratios: R(K) & R(K*)

Combined measurement of R(K) and R(K*) 
determines the chirality of the interaction: 
LH current necessary to suppress both


LFU ratios are consistent with predictions 
from a fit to b → sμμ data only

RK(⇤) =
BR(B ! K(⇤)µ+µ�)

BR(B ! K(⇤)e+e�)
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[15,19]
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Figure 4: Predictions for lepton flavour universality ratios and di↵erences in new physics models
with muon specific contributions to C9 and C10, or C9 and C 0

9. The superscripts on
the observables indicate the q2 range in GeV2. The red lines show the SM predictions.
The 1� and 2� ranges in the NP scenarios are shown in blue. In black the LHCb
measurement of RK and the Belle measurement of DP 0

5
.

is realized for example in models that are based on the Lµ �L⌧ gauge symmetry [61,62] and is
also naturally the case in models based on partial compositeness [63]. We will therefore assume
that b ! see transitions are una↵ected by NP. We use our fit results to map out the allowed
ranges for a variety of LFU observables.

We consider the following ratios of branching ratios [64, 65]

RK =
Br(B ! Kµ+µ�)

Br(B ! Ke+e�)
, RK⇤ =

Br(B ! K⇤µ+µ�)

Br(B ! K⇤e+e�)
, R� =

Br(Bs ! �µ+µ�)

Br(Bs ! �e+e�)
. (4)

at low q2 and at high q2. The SM predictions for these ratios are unity to a very high accuracy
up to kinematical e↵ects at very low q2 (cf. appendix A). We also consider di↵erences of
B ! K⇤`+`� angular observables as introduced in [62]1

DP 0
5

= P 0
5(B ! K⇤µµ) � P 0

5(B ! K⇤ee) , (5)

DS5 = S5(B ! K⇤µµ) � S5(B ! K⇤ee) , (6)

DAFB = AFB(B ! K⇤µµ) � AFB(B ! K⇤ee) . (7)

The angular observables P 0
5, S5, and AFB do not di↵er significantly from their SM predictions

in the high q2 region across the whole NP parameter space that provides a good fit of the
b ! sµµ data. Therefore, we consider the above LFU di↵erences only in the low q2 region. In
the SM the LFU di↵erences vanish to an excellent approximation.

In Tab. 2 and in Fig. 4 we show the predictions for the LFU observables for two scenarios: (i)
new physics in the Wilson coe�cients C9 and C10; (ii) new physics in the Wilson coe�cients C9

1
The observable DP 0

5
has recently also been considered in [66] and [36], where it is referred to as Q5. See [67]

for an alternative set of observables.
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                       AfterRK⇤
[1704.05340, 1704.05435,
1704.05438, 1705444,
17054446, 1705447]

• RK and RK* observables alone are now sufficient to draw various 
conclusions (without doing fits!)
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Figure 1: Deviations from the SM value RK = RK⇤ = 1 due to the various chiral operators
possibly generated by new physics in the muon (left panel) and electron (right panel) sector.
Bothe the ratio refers to q2 in [1.1, 6]GeV2. We assumed real coe�cients, and the out-going
(in-going) arrows show the e↵ect of coe�cients equal to +1 (�1). For the sake of clarity we
only show the arrows for the coe�cients involving left-handed muons and electrons (except for
the two magenta arrows in the left-side plot, that refer to CBSM

9,µ = (CBSM

bLµL
+ CBSM

bLµR
)/2 = ±1).

BSM corrections. To this end, we define RK⇤ in a given range of q2, in analogy with eq. (8):

RK⇤ [q2
min

, q2
max

] ⌘
R q2

max

q2
min

dq2 d�(B ! K⇤µ+µ�)/dq2

R q2
max

q2
min

dq2 d�(B ! K⇤µ+µ�)/dq2
, (16)

where the di↵erential decay width d�(B ! K⇤µ+µ�)/dq2 actually describes the four-body
process B ! K⇤(! K⇡)µ+µ�, and takes the compact form

d� (B ! K⇤µ+µ�)

dq2
=

3

4
(2Is

1

+ Ic
2

)� 1

4
(2Is

2

+ Ic
2

) . (17)

The angular coe�cients Ia=s,c
i=1,2 in eq. (17) can be written in terms of the so-called transversity

amplitudes describing the decay B ! K⇤V ⇤ with the B meson decaying to an on-shell K⇤

and a virtual photon or Z boson which later decays into a lepton-antilepton pair. We refer
to [26] for a comprehensive description of the computation. In the left panel of figure 2 we
show the di↵erential distribution d�(B ! K⇤µ+µ�)/dq2 as a function of the dilepton invariant
mass q2. The solid black line represents the SM prediction, and we show in dashed (dotted)
red the impact of BSM corrections due to the presence of non-zero CBSM

bLµL
(CBSM

bRµL
) taken at the

benchmark value of 1.
We now focus on the low invariant-mass range q2 = [0.045, 1.1] GeV2, shaded in blue with

diagonal mesh in the left panel of fig 2. In this bin, the di↵erential rate is dominated by
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• Deviation from the Standard Model, using only the most cleaner observable gives ⇠ 4�

• New Physics in electrons is possible, but cannot explain angular observables and low 
branching ratios….

• New Physics in muons wants destructive interference with the SM

where p ⇡ 0.86 is the polarization fraction [22, 27, 28]. In the chiral-linear limit the expression
for RK⇤ simplifies to

RK⇤ ' RK � 4p
Re CBSM

bR(µ�e)L

CSM

bLµL

, (15)

where 4p/CSM

bLµL
⇡ 0.40. The formula above clearly shows that, in this approximation, a devia-

tion of RK⇤ from RK signals that bR is involved at the e↵ective operator level with the dominant
e↵ect still due to left-handed leptons. As already discussed before, eq. (15) is not suitable for a
detailed phenomenological study, and we implement in our numerical code the full expression
for RK⇤ [29]. In the left panel of figure 1, we present the di↵erent predictions in the (RK , RK⇤)
plane due to turning on the various operators assumed to be generated via new physics in the
muon sector. A reduction of the same order in both RK and RK⇤ is possible in the presence
of the left-handed operator CBSM

bLµL
(red solid line). In order to illustrate the size of the required

correction, the arrows correspond to CBSM

bLµL
= ±1 (see caption for details). Conversely, as previ-

ously mentioned, a deviation of RK⇤ from RK signals the presence of CBSM

bRµL
(green dot-dashed

line). Finally, notice that the reduced value of RK measured in eq. (3) cannot be explained by
CBSM

bRµR
and CBSM

bLµR
. The information summarized in this plot is of particular significance since

it shows at a glance, and before an actual fit to the data, the new physics patterns implied by
the combined measurement of RK and RK⇤ .

Before proceeding, another important comment is in order. In the left panel of figure 1,
we also show in magenta the direction described by non-zero values of the coe�cient CBSM

9,µ =
(CBSM

bLµL
+CBSM

bLµR
)/2. The latter refers to the e↵ective operator Oµ

9

= (s̄�µPLb)(µ̄�µµ), and implies
a vector coupling for the muon. The plot suggests that negative values CBSM

9,µ ⇡ �1 may also
provide a good fit of the observed data. However, it is also interesting to notice that in the
non-clean observables, the hadronic e↵ects might mimic a short distance BSM contribution in
CBSM

9,µ . From the plot in our figure 1, it is clear that with more data a combined analysis of RK

and RK⇤ might start to discriminate between CBSM

9,µ and CBSM

bLµL
using only clean observables.

However, with the present data, there is only a mild preference for CBSM

bLµL
, according to the

1-parameter fits of section 3.1 using only clean observables.
It is also instructive to summarise in the right panel of figure 1 the case in which new physics

directly a↵ects the electron sector. The result is a mirror-like image of the muon case since
the coe�cients CbXeY enter, both at the linear and quadratic level, with an opposite sign when
compared to their analogue CbXµY . In the chiral-linear limit the only operator that can bring
the values of RK and RK⇤ close to the experimental data is CbLeL > 0. As before, a deviation
from RK in RK⇤ can be produced by a non-zero value of CBSM

bReL
. Notice that, beyond the chiral-

linear limit, also CBSM

bL,ReR
points towards the observed experimental data but they require larger

numerical values.

A closer look to RK⇤ reveals additional observable consequences related to the presence of
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where p ⇡ 0.86 is the polarization fraction [22, 27, 28]. In the chiral-linear limit the expression
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where 4p/CSM

bLµL
⇡ 0.40. The formula above clearly shows that, in this approximation, a devia-

tion of RK⇤ from RK signals that bR is involved at the e↵ective operator level with the dominant
e↵ect still due to left-handed leptons. As already discussed before, eq. (15) is not suitable for a
detailed phenomenological study, and we implement in our numerical code the full expression
for RK⇤ [29]. In the left panel of figure 1, we present the di↵erent predictions in the (RK , RK⇤)
plane due to turning on the various operators assumed to be generated via new physics in the
muon sector. A reduction of the same order in both RK and RK⇤ is possible in the presence
of the left-handed operator CBSM

bLµL
(red solid line). In order to illustrate the size of the required

correction, the arrows correspond to CBSM

bLµL
= ±1 (see caption for details). Conversely, as previ-

ously mentioned, a deviation of RK⇤ from RK signals the presence of CBSM

bRµL
(green dot-dashed

line). Finally, notice that the reduced value of RK measured in eq. (3) cannot be explained by
CBSM

bRµR
and CBSM

bLµR
. The information summarized in this plot is of particular significance since

it shows at a glance, and before an actual fit to the data, the new physics patterns implied by
the combined measurement of RK and RK⇤ .

Before proceeding, another important comment is in order. In the left panel of figure 1,
we also show in magenta the direction described by non-zero values of the coe�cient CBSM

9,µ =
(CBSM

bLµL
+CBSM

bLµR
)/2. The latter refers to the e↵ective operator Oµ

9

= (s̄�µPLb)(µ̄�µµ), and implies
a vector coupling for the muon. The plot suggests that negative values CBSM

9,µ ⇡ �1 may also
provide a good fit of the observed data. However, it is also interesting to notice that in the
non-clean observables, the hadronic e↵ects might mimic a short distance BSM contribution in
CBSM

9,µ . From the plot in our figure 1, it is clear that with more data a combined analysis of RK

and RK⇤ might start to discriminate between CBSM

9,µ and CBSM

bLµL
using only clean observables.

However, with the present data, there is only a mild preference for CBSM

bLµL
, according to the

1-parameter fits of section 3.1 using only clean observables.
It is also instructive to summarise in the right panel of figure 1 the case in which new physics

directly a↵ects the electron sector. The result is a mirror-like image of the muon case since
the coe�cients CbXeY enter, both at the linear and quadratic level, with an opposite sign when
compared to their analogue CbXµY . In the chiral-linear limit the only operator that can bring
the values of RK and RK⇤ close to the experimental data is CbLeL > 0. As before, a deviation
from RK in RK⇤ can be produced by a non-zero value of CBSM

bReL
. Notice that, beyond the chiral-

linear limit, also CBSM

bL,ReR
points towards the observed experimental data but they require larger

numerical values.

A closer look to RK⇤ reveals additional observable consequences related to the presence of
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for RK is

RK =
|CbL+RµL�R |2 + |CbL+RµL+R |2
|CbL+ReL�R |2 + |CbL+ReL+R |2 . (12)

This is a clean observable, meaning that it is not a↵ected by large theoretical uncertainties,
and its SM prediction is RK = 1. QED corrections give a small departure from unity which,
however, does not exceed few percents [26]. However, it has to be noted that new physics which
a↵ects di↵erently µ and e can induce theoretical errors, bringing back the issue of hadronic
uncertainties.

In the chiral-linear approximation, RK becomes

RK ' 1 + 2
Re CBSM

bL+R(µ�e)L

CSM

bLµL

, (13)

indicating that the dominant e↵ect stems from couplings to left-handed leptons. Any chirality
of quarks works, as long as it is not orthogonal to L + R, namely unless quarks are axial.

It is important to notice that the approximation in eq. (13), although capturing the relevant
physics, is not adequate for a careful phenomenological analysis. The same remark remains valid
for the simplified expression proposed in [22], expanded up to quadratic terms in new physics
coe�cients. The reason is that the expansion is controlled by the parameter CBSM

bX lY
/CSM

bX lY
, a

number that is not always smaller than 1. This is particularly true in the presence of new
physics in the electron sector in which — as we shall discuss in detail — large values of the
Wilson coe�cients are needed to explain the observed anomalies. For this reason, all the results
presented in this paper make use of the full expressions for both RK [24] and, as we shall discuss
next, RK⇤ .

2.2 Anatomy of RK⇤

Given that the K⇤ has spin 1 and mass MK⇤ = 892 MeV, the theoretical prediction for the RK⇤

ratio given in eq. (1) is

RK⇤ =
(1 � p)(|CbL+RµL�R |2 + |CbL+RµL+R |2) + p

�|CbL�RµL�R |2 + |CbL�RµL+R |2�

(1 � p)(|CbL+ReL�R |2 + |CbL+ReL+R |2) + p
�|CbL�ReL�R |2 + |CbL�ReL+R |2� (14)

where G
F

is the Fermi constant, �(a, b, c) ⌘ a2 + b2 + c2 � 2(ab+ bc+ ac), MB ⇡ 5.279 GeV, MK ⇡ 0.494 GeV,
|VtbV ⇤

ts| ⇡ 40.58 ⇥ 10�3. Introducing the QCD form factors f
+,T (q2) we have

FA(q
2) = (C

10

+ C 0
10

) f
+

(q2) , (10)

FV (q
2) = (C

9

+ C 0
9

)f
+

(q2) +
2mb

MB + MK
(C

7

+ C 0
7

) fT (q
2)

| {z }
SMelectromagnetic dipole contribution

+ hK(q2)| {z }
non�factorizable term

. (11)

Notice that for simplicity we wrote the Wilson coe�cient C
9

omitting higher-order ↵s-corrections [25]. Neglect-
ing SM electromagnetic dipole contributions (encoded in the coe�cients C(0)

7

), and non-factorizable corrections,

eq. (12) follows from Eqs (8,9) by rotating the coe�cients C(0)
9,10 on to the chiral basis.
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Semi-leptonic b to s decays
FCNC: occurs only at loop-level in the SM 
            + CKM suppressed


Semi-leptonic effective Lagrangian:

L =
4GFp

2

↵

4⇡
V ⇤
tbVts

X

i

CiOi + C 0
iO0

i

Deviations from SM in several observables


• Angular distributions in B → K*µµ 

• Various branching ratios B(s) → Xs µµ 

• LFU in R(K) and R(K*)


~ 20% NP contribution to LH currents 
Globally ~ 5σ from SM

b s

ℓ

ℓ̄

Vtb V ∗

ts

W

Z, γ

2

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.

Altmannshofer, Stangl, Straub 2017



Is it possible to explain the whole set of anomalies  
in a coherent picture?

Effective  
Field Theory 

with flavour 
symmetry

Simplified 
models

UV 
completion



Lepton Flavour Universality

• (Lepton) flavour universality is an accidental property of the gauge 
Lagrangian, not a fundamental symmetry of nature


• The only non-gauge interaction in the SM violates LFU maximally


• LFU approximately satisfied in SM processes because Yukawa 
couplings are small 

➡ natural to expect LFU and flavour violations in BSM physics

Lgauge = i
3X

j=1

X

q,u,d,`,e

 ̄j /D j

LYuk = q̄LYuuRH
⇤ + d̄LYddRH + ¯̀

LYeeRH Yu,d,e ⇡ diag(0, 0, 1)

y⌧ ⇡ 10�2yµ ⇡ 10�3



What do we know?

1. Anomalies seen only in semi-leptonic processes: quarks x leptons 

nothing observed in pure quark or lepton processes


2. Large effect in 3rd generation: b quarks, τν competes with SM tree-
level


smaller non-zero effect in 2nd generation: µµ competes with SM FCNC,


no effect in 1st generation


3. Flavour alignment with down-quark mass basis 
(to avoid large FCNC)


4. Left-handed four-fermion interactions


RH and scalar currents disfavoured: can be present, but do not fit the anomalies 
(both in charged and neutral current), Higgs-current small or not relevant

Anomalies are seen only in semi-leptonic (quark×lepton) operators

RR and scalar currents disfavored → LL current-current operators

Necessity of  at least one SU(2)L-triplet effective operator    
(as in the Fermi theory):

EFT-type considerations

Large coupling (competing with SM tree-level ) in bc (=33CKM) →  l3 ν3 
Small non-vanishing coupling  (competing with SM FCNC) in bs → l2 l2

+  small corrections 
    for 2nd (& 1st) generations

qL
(b)

 =  
Vib

*ui
L

bL

QL
(3) ~ up to CKM

rotations of O(Vcb)

Bhattacharya et al. '14
Alonso, Grinstein, Camalich '15
Greljo, GI, Marzocca '15
(+many others...)

Glashow, Guadagnoli, 
Lane '14

bLtL

Vcb
3L

G. Isidori –  On the breaking of LFU in B decays                       Planck 20th, May 2017, Warsaw 



Simultaneous explanations

• I. “vertical” structure: the two operators can be related by SU(2)L 

• II. “horizontal” structure: NP structure reminds of the Yukawa hierarchy

(q̄L�µ�
aqL)(¯̀L�

µ�a`L)

⇤D ⌧ ⇤K , �⌧⌧ � �µµ

⇤D = 3.4TeV

?

b

c

τ

ν

1

⇤2
D

(b̄L�µcL)(⌧̄L�
µ⌫⌧ )

⇤K = 31TeV

?

b

s

μ

μ

1

⇤2
K

(b̄L�µsL)(µ̄L�
µµL)



Problems

• Direct searches: large signal at high-pT


• Flavour observables: 
- other semi-leptonic observables 

model independent


- meson mixing, lepton flavour violation 
depend on the model, generally present


• ElectroWeak precision tests: 
W, Z couplings, τ decays 
 
   generated radiatively at one-loop

8

W
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• Tension (III): High pT ditau production

[Faroughy, AG, F. Kamenik] 
Phys.Lett. B764 (2017) 126-134 
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Figure 3: Cross-sections for single on-shell Z0 production via
bottom-bottom fusion at the 13 TeV LHC. The predictions
obtained in the 5-flavor scheme at LO and NLO in QCD are
shown in green and red shaded bands, respectively. See text
for details.

renormalisation scales within µF , µR 2 [0.5, 2]M , the sec-
ond are given by the 68% CL ranges when averaging over
the PDF set. The total uncertainty is obtained by adding
the perturbative and pdf uncertainties in quadrature. We
observe that at low Z 0 masses, perturbative uncertainty
dominates, while above ⇠ 1 TeV (0.5 TeV), the pdf un-
certainty takes over at LO (NLO). Our numerical results
and findings are consistent with those that have recently
appeared in the literature for specific Z 0 masses and SM-
like couplings [50]. Similar results are found for 8TeV
pp colisions. In setting bounds, we therefore rescale the
LO simulation results to NLO production cross-section
by applying the corresponding K-factor shown in Fig. 3
(bottom) at the lower factorization, renormalization and
68% CL PDF uncertainty ranges.

The resulting 95% CL upper limits on the |gbg⌧ | ⇥
v2/M2

Z0 for a given Z 0 mass and total decay width, after
recasting ATLAS 8 TeV [42] (upper plot), 13 TeV with
3.2 fb�1 [43] (middle plot) and 13 TeV with 13.2 fb�1 [45]
(lower plot) ⌧+⌧� searches, respectively, are shown in
Fig. 4 and marked with red isolines. Note that this
way of presenting results is independent of the assump-
tion on the existence of extra Z 0 decay channels. The
white region with gray border is not constrained since
the assumed total width there is smaller than the mini-
mum possible sum of the partial widths to bb̄ and ⌧+⌧�

computed at the current experimental upper bound on
|gbg⌧ |/M2

Z0 . These exclusions are to be compared with
the preferred value from the fit to the R(D(⇤)) anomaly,
|gbg⌧ | ⇥ v2/M2

Z0 = (0.13 ± 0.03), indicated in green (1�)

Figure 4: Recast of ATLAS ⌧+⌧� searches at 8 TeV [42] (up-
per plot) 13 TeV with 3.2 fb�1 [43] (middle plot) and 13 TeV
with 13.2 fb�1 [45] (lower plot) as exclusion limits on the
bb̄ induced spin-1 ⌧+⌧� resonance (bb̄ ! Z0 ! ⌧⌧). Iso-
lines shown in red represent upper limits on the combination
|gbg⌧ |⇥ v2/M2

Z0 as a function of the Z0 mass and total width.
The R(D(⇤)) preferred regions |gbg⌧ |⇥v2/M2

Z0 = (0.13±0.03)
at 68% and 95% CL are shaded in green and yellow, respec-
tively.

and yellow (2�) shaded regions in the plot.
To conclude, for relatively heavy vectors MW 0 &

500 GeV within the vector triplet model, the resolution of
the R(D(⇤)) anomaly and consistency with existing ⌧+⌧�

resonance searches at the LHC require a very large Z 0 to-
tal decay width. Perturbative calculations arguably fail
in this regime. In other words, within the weakly cou-

(Zq̄q)
ij

⇠
0

@
1 0 0
0 1 V ⇤

ts

0 V
ts

1

1

A , C

Dµ

ij

=

0

@
C

dµ

0 0
0 C

sµ

C⇤
bsµ

0 C
bsµ

C
bµ

1

A . (29)

c
(1)
QL

⇠ g2⇤ (30)

pp ! µ+µ� (31)

pp ! ⌧+⌧� (32)

5

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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Large signal at high pT

Prototype model:

Here, E and E 0 are the energies of the incoming and outgoing particles and E = E 0 due to the
energy conservation. We choose the transverse momentum of the outgoing particles to be along
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See also [AG, Marzocca], 1704.09015 
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Here, E and E 0 are the energies of the incoming and outgoing particles and E = E 0 due to the
energy conservation. We choose the transverse momentum of the outgoing particles to be along
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Charged 
component

Neutral 
component

• Tension (I): Bs mixing, Tau decays

SU(3)xSU(2)LxU(1)Nothing else…

[AG, Isidori, Marzocca] 
JHEP 1507 (2015) 142

Figure 3: Fit to R(D(⇤)) and RK(⇤)⌫ for the triplet V-A operator. Preferred region at 1� and 2� is
shown in green and yellow. In addition, the constraint from Bs mixing in W 0 model assuming gq = g`/6
is shown with solid and dotted lines.

Le↵ � � 1

v2
CT�

q
ij (Q̄i

L�µ�
aQj

L)(L̄
3
L�

µ�aL3
L) , (21)

as

|�q
sb| . 0.1|Vts| (22)

Let us consider the gauge group G ⌘ SU(4)⇥ SU(3)0 ⇥ SU(2)L ⇥U(1)0, and denote respec-
tively by H↵

µ , G
0a
µ ,W

i
µ, B

0
µ the gauge fields, g4, g3, g2, g1 the gauge couplings and T↵, T a, T i, Y 0

the generators, with indices ↵ = 1, . . . , 15, a = 1, . . . , 8, i = 1, 2, 3.
The color and hypercharge factors of the SM group GSM ⌘ SU(3)c⇥SU(2)L⇥U(1)Y are em-

bedded in the following way: SU(3)c = (SU(3)4 ⇥ SU(3)0)diag and U(1)Y = (U(1)4 ⇥ U(1)0)diag,

where SU(3)4⇥U(1)4 ⇢ SU(4). In particular, Y =
q

2
3T

15+Y 0, with T 15 = 1
2
p
6
diag(1, 1, 1,�3).

Bs $ B̄s (23)

b ! c⌧ ⌫̄ (24)

b ! sµµ̄ (25)

CT ⇠ CS (26)
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Figure 3: Fit to R(D(⇤)) and RK(⇤)⌫ for the triplet V-A operator. Preferred region at 1� and 2� is
shown in green and yellow. In addition, the constraint from Bs mixing in W 0 model assuming gq = g`/6
is shown with solid and dotted lines.
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Let us consider the gauge group G ⌘ SU(4)⇥ SU(3)0 ⇥ SU(2)L ⇥U(1)0, and denote respec-
tively by H↵

µ , G
0a
µ ,W

i
µ, B

0
µ the gauge fields, g4, g3, g2, g1 the gauge couplings and T↵, T a, T i, Y 0

the generators, with indices ↵ = 1, . . . , 15, a = 1, . . . , 8, i = 1, 2, 3.
The color and hypercharge factors of the SM group GSM ⌘ SU(3)c⇥SU(2)L⇥U(1)Y are em-

bedded in the following way: SU(3)c = (SU(3)4 ⇥ SU(3)0)diag and U(1)Y = (U(1)4 ⇥ U(1)0)diag,

where SU(3)4⇥U(1)4 ⇢ SU(4). In particular, Y =
q

2
3T

15+Y 0, with T 15 = 1
2
p
6
diag(1, 1, 1,�3).

Bs $ B̄s (23)

b ! c⌧ ⌫̄ (24)

b ! cµµ̄ (25)
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Problems
1) Direct searches.
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Figure 1: Diagramatic representation of s�channel (left-
hand side) and t�channel (right-hand side) resonance ex-
hange (drawn in blue double see-saw lines) contributions to
bb̄ ! ⌧+⌧� process.

III. MODELS

The di↵erent chiral structures being probed by R(D(⇤))
single out a handful of simplified single mediator mod-
els [22]. In the following we consider the representative
cases, where we extend the SM by a single field trans-
forming non-trivially under the SM gauge group.

Color singlet Color triplet

Scalar 2HDM Scalar LQ

Vector W 0 Vector LQ

Table I: A set of simplified models generating b ! c⌧⌫ tran-
sition at tree level, classified according to the mediator spin
and color.

First categorization of single mediators is by color.
While colorless intermediate states can only contribute
to b ! c⌧⌫ transitions in the s ⌘ (pb�pc)2-channel, col-
ored ones can be exchanged in the t ⌘ (pb � p⌧ )2- or
u ⌘ (pb � p⌫)2-channels. The colorless fields thus need
to appear in non-trivial SU(2)L multiplets (doublets or
triplets) where the charged state mediating semileptonic
charged currents is accompanied by one or more neu-
tral states mediating neutral currents. Such models thus
predict ŝ ⌘ (p⌧+ + p⌧�)2-channel resonances in ⌧+⌧�

production (see the left-hand side diagram in Fig. 1). In
addition to the relevant heavy quark and tau-lepton cou-
plings, searches based on the on-shell production of these
resonances depend crucially on the assumed width of the
resonance, as we demonstrate below in Sec. IV. Alter-
natively, colored mediators (leptoquarks) can be SU(2)L
singlets, doublets or triplets, carrying baryon and lep-
ton numbers. Consequently they will again mediate
⌧+⌧� production, this time through t̂ ⌘ (pb � p⌧�)2- or
û ⌘ (pb�p⌧+)2-channel exchange (see the right-hand side
diagram in Fig. 1). In this case a resonant enhancement
of the high-pT signal is absent, however, the searches do
not (crucially) depend on the assumed width (or equiva-
lently possible other decay channels) of the mediators. In
the following we examine the representative models for
both cases summarized in Table I.

A. Vector triplet

A color-neutral real SU(2)L triplet of massive vectors
W 0a ⇠ W 0±, Z 0 can be coupled to the SM fermions via

LW 0 = �1

4
W 0aµ⌫W 0a

µ⌫ +
M2

W 0

2
W 0aµW 0a

µ + W 0a
µ Jaµ

W 0 ,

Jaµ
W 0 ⌘ �q

ijQ̄i�
µ�aQj + �`

ijL̄i�
µ�aLj . (4)

Since the largest e↵ects should involve B-mesons and tau

leptons we assume �
q(`)
ij ' gb(⌧)�i3�j3, consistent with an

U(2) flavor symmetry [15]. Departures from this limit
in the quark sector are constrained by low energy flavor
data, including meson mixing, rare B decays, LFU and
LFV in ⌧ decays and neutrino physics, a detail analysis of
which has been performed in Ref. [15].2 The main impli-
cation is that the LHC phenomenology of heavy vectors
is predominantly determined by their couplings to the
third generation fermions (gb and g⌧ ). The main con-
straint on gb comes from its contribution to CP violation
in D0 mixing yielding gb/MW 0 < 2.2 TeV�1 [25]. On the
other hand lepton flavor mixing e↵ects induced by finite
neutrino masses can be neglected and thus a single lepton
flavor combination written above su�ces without loss of
generality.

In addition, electroweak precision data require W 0 and
Z 0 components of W 0a to be degenerate up to O(%) [26],
with two important implications: (1) it allows to cor-
relate NP in charged currents at low energies and neu-
tral resonance searches at high-pT ; (2) the robust LEP
bounds on pair production of charged bosons decaying to
⌧⌫ final states [27] can be used to constrain the Z 0 mass
from below MZ0 ' MW 0 & 100 GeV. Finally, W 0a cou-

pling to the Higgs current (W 0
aH

†�a
$
Dµ H) needs to be

suppressed [15], and thus irrelevant for the phenomeno-
logical discussions at LHC.

Integrating out heavy W 0a at tree level, generates the
four-fermion operator,

Le↵

W 0 = � 1

2M2

W 0
Jaµ
W 0J

aµ
W 0 , (5)

and after expanding SU(2)L indices,

Le↵
W 0 � �

�q
ij�

`
kl

M2
W 0

(Q̄i�µ�
aQj)(L̄k�

µ�aLl)

� �
gbg⌧

M2
W 0

�
2Vcbc̄L�

µbL⌧̄L�µ⌫L + b̄L�
µbL⌧̄L�µ⌧L

�
. (6)

The resolution of the R(D(⇤)) anomaly requires cQQLL ⌘
�gbg⌧/M

2

W 0 ' �(2.1 ± 0.5) TeV�2, leading at the same

2 Also, Ref. [24] considers leading RGE e↵ects to correlate large
NP contributions in cQQLL with observable LFU violations and
FCNCs in the charged lepton sector. The resulting bounds can
be (partially) relaxed in this model via direct tree level W 0 con-
tributions to the purely leptonic observables.

[Faroughy,Greljo,Kamenik,
1609.07138]

2) Radiative contraints 

[Feruglio, Paradisi, Pattori,
1606.00524,1705.00929]

Purely leptonic effective Lagrangian

•
Quantum effects generate a purely leptonic effective Lagrangian:
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Figure: Diagram generating
a four-lepton process.

• Top-quark yukawa interactions affect both neutral and charged currents.
• Gauge interactions are proportional to e

2 and to the e.m. current.
Paride Paradisi (University of Padova) On the Importance of EW Corrections for B Anomalies Instant work. on B meson anomalies 10 / 15
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3) FCNC with neutrinos.

B(B → K(∗)νν) ≈ B(B → K(∗)ντντ ) ≫ B(B → K(∗)νν)SM
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1. Left-handed four-fermion interactions: two possible operators in SM-EFT 
 
 

3. Flavour structure:


• Large effect in 3rd generation

• Smaller effect in 2nd generation

• Flavour alignment with CKM

Constructing the Effective Field Theory

— SU(2) singlet — — SU(2) triplet —

CS(q̄
i
L�µq

j
L)(

¯̀↵
L�

µ`�L) CT (q̄
i
L�µ�

aqjL)(
¯̀↵
L�

µ�a`�L)

connection with Yukawa coupling hierarchies: U(2) symmetry

Alonso, Camalich, Grinstein 2015



U(2) flavour symmetry

SM Yukawa couplings exhibit an approximate U(2)3 flavour symmetry:


1. Good approximation of SM spectrum: mlight ~ 0, VCKM ~ 1 
 
  Breaking 
  pattern:


2. The assumption of a single spurion Vq connecting the 3rd generation with 
the other two ensures MFV-like FCNC protection


3. The most general symmetry that gives “CKM-like” interactions in a model-
independent way

mu ⇠
� �

md ⇠
� � VCKM ⇠

0

@

1

A

Yu,d ⇡
✓
0 0
0 1

◆
Yu,d ⇡

✓
� Vq

0 1

◆
� ⇠ (2,2,1)

Vq ⇠ (2,1,1)

Barbieri, B, Sala, Straub, 2012

U(2)qL ⇥ U(2)uR ⇥ U(2)dR

 i = ( 1  2  3 )
2 1



1. Left-handed four-fermion interactions: two possible operators in SM-EFT 
 
 

2. Flavour structure: minimally broken U(2)q x U(2)l symmetry 
 
 
 
 
 
 
no flavour-conserving coupling 
to light generations

Constructing the Effective Field Theory

U(2)q x U(2)l  breaking pattern:

strong LFV constraints for electrons

Vq = (V ⇤
td, V

⇤
ts)

V` ⇡ (0, V⌧µ)

CKM structure for quarks

�q
ij ⇡
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@
. . .
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B, Greljo, Isidori, Marzocca, 2017

+ small terms (~ VCKM)Q(3)
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Effective Field Theory

LFU ratios in b → c charged currents:


• τ: 

• μ vs. e:


Neutral currents: b → sντντ transitions not suppressed by lepton spurion 
 
 
 
b → sττ  ~ CT + CS is large (100 x SM), weak experimental constraints 

b → sμμ is an independent quantity: 
fixes the size of λμμ

Le↵ = LSM � 1

v2
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strong bounds from B → K*νν
     CT ~ CS
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Radiative corrections

Purely leptonic operators generated at the EW scale by RG evolution


• LFU in τ decays τ → μνν vs. τ → eνν  (effectively modification of W couplings) 
 

• Zττ couplings 
 

• Zνν couplings (number of neutrinos) 

(RG-running corrections to four-quark operators suppressed by the τ mass)

Feruglio et al. 2015

N⌫ = 3� 0.19CS � 0.15CT = 2.9840± 0.0082

�gZ⌧L = �0.047CS + 0.038CT = �0.0002± 0.0006

strong bounds on the scale of NP (CS,T ≲ 0.02-0.03)

�gW⌧ = �0.084CT = (9.7± 9.8)⇥ 10�4

top
CT,S



Fit to semi-leptonic observables

• EFT fit to all semi-leptonic observables + radiative corrections to EWPT


• Don’t include any UV contribution to other operators 
(they will depend on the dynamics of the specific model)
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Fit to semi-leptonic observables
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• Large values of λbs required to fit RD* 

(this is because the NP scale is forced to be high enough for radiative corrections)


• λμμ must be negative to fit C9  
this rules out the “pure mixing” scenario in the lepton sector (where λμμ ~ sin θτμ2)



Relation to other observables: charged currents

• LH currents: universality of all b → c transitions:


BR(B → Dτν)/BRSM = BR(B → D*τν)/BRSM = BR(Bc → ψτν)/BRSM 

      = BR(Λb → Λcτν)/BRSM = …


• U(2) symmetry: b → c vs. b → u universality (Vq ~ VCKM)


BR(B → D(*)τν)/BRSM = BR(B → πτν)/BRSM = BR(B+ → τν)/BRSM 

= BR(Bs → K*τν)/BRSM = BR(Λb→ pτν)/BRSM = …


✓ BR(Bu → τν)exp/BRSM = 1.31 ± 0.27    (UTfit 2016)


• Other leptonic final states more difficult: μ vs. e universality ratio?

Rµ/e
D = R⌧/µ

D ⇥ �µµ ⇡ 10�3



Relation to other observables: neutral currents

b → s

μμ (ee) ττ

b → d

s → d

νν

Bd → μμ

B → π μμ

Bs → K(*) μμ

K → π νν

B → K(*) νν

B → π νν

B → K(*) ττ

B → π ττ

τμ μe 

O(20%)

RK, RK*

O(1)

O(1)

O(1)

→ 100×SM

→ 100×SM

long-distance 
pollution

NA NA

B → K τμ

→ ~10-6

B → π τμ

→ ~10-7

B → K μe

???

B → π μe

???

K → μe

???

E.g.: correlations among down-type FCNCs [using the results of U(2)-based EFT]:

If the anomalies are due to NP, we should expect to see several other BSM effects 
in low-energy observables

Implications for low-energy measurements

G. Isidori – B-physics anomalies: model building & future implications         LHCb implications, CERN, 10th Nov 2017 

O(20%) [RK=Rπ]

Lepton flavour
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Isidori 2017

Several correlated effects in other flavour observables. 
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K → πνν

• The only s → d decay with 3rd generation leptons in the final state: 
sizeable deviations can be expected


• U(2) symmetry relates b → q transitions to s → d (up to model-
dependent parameters of order 1):
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Simplified models
Mediators that can give rise to the b → c l v and b → s l l amplitudes:

Spin 0 Spin 1
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singlet 2HDM Vector
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Simplified models
Mediators that can give rise to the b → c l v and b → s l l amplitudes:

Spin 0 Spin 1
Colour 
singlet 2HDM Vector


resonance

Colour 
triplet

Scalar
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lepto-quark

no LL operator
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q

q l

l

W 0 ⇠ (1,3, 0)

B0 ⇠ (1,1, 0)

U1 ⇠ (3,1, 2/3)

U3 ⇠ (3,3, 2/3)

S1 ⇠ (3̄,1, 1/3)

S3 ⇠ (3̄,3, 1/3)



Simplified models
Mediators that can give rise to the b → c l v and b → s l l amplitudes:
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Contributions to CT and CS from 
different mediators:


• A vector leptoquark is the only 
single mediator that can fit all the 
anomalies alone: CT ~ CS 

• Combinations of two or more 
mediators also possible 
(often the case in concrete models)
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Connection to other observables
In most explicit models, four-quark and four-lepton operators are also present

Z’

q

q

l

l
Z’

q

q q

q

Z’

l

ll

l

LQ

q

q q

q

LQ

• τ → 3µ:

large effect expected, possibly

close to experimental bound, BR ~ 10-9

• τ vs µ LFU:

O(0.1 %) deviation in τ → µvv vs. τ → evv

and in GF(τ) vs. GF(µ)

Problems
1) Direct searches.

k m k

%* *
*#¥#**#¥#¥ .

[ ML
CLVL

deff =¥gn5L8nb←ti<8nM< + he
.

A ,q=31TeV

deff = -

tap .Emb<kink + he
. AR

, ,=2 .4*eN

Poi EQ (1)
.

old 1706.07808

b- • stuz 3 → 233
' '

Had > > Hint
bro smtui 3 - * 2.2,2

ΛRD = 3.4 TeV

→
(

1

1 TeV

)2

bLγ
µbLτLγ

µτL

31 Use Typeset/TeX and DVI

��

�+

b

b̄

b

b̄

��

�+

1 Use Typeset/TeX and DVI

��

�+

b

b̄

b

b̄

��

�+

Figure 1: Diagramatic representation of s�channel (left-
hand side) and t�channel (right-hand side) resonance ex-
hange (drawn in blue double see-saw lines) contributions to
bb̄ ! ⌧+⌧� process.

III. MODELS

The di↵erent chiral structures being probed by R(D(⇤))
single out a handful of simplified single mediator mod-
els [22]. In the following we consider the representative
cases, where we extend the SM by a single field trans-
forming non-trivially under the SM gauge group.

Color singlet Color triplet

Scalar 2HDM Scalar LQ

Vector W 0 Vector LQ

Table I: A set of simplified models generating b ! c⌧⌫ tran-
sition at tree level, classified according to the mediator spin
and color.

First categorization of single mediators is by color.
While colorless intermediate states can only contribute
to b ! c⌧⌫ transitions in the s ⌘ (pb�pc)2-channel, col-
ored ones can be exchanged in the t ⌘ (pb � p⌧ )2- or
u ⌘ (pb � p⌫)2-channels. The colorless fields thus need
to appear in non-trivial SU(2)L multiplets (doublets or
triplets) where the charged state mediating semileptonic
charged currents is accompanied by one or more neu-
tral states mediating neutral currents. Such models thus
predict ŝ ⌘ (p⌧+ + p⌧�)2-channel resonances in ⌧+⌧�

production (see the left-hand side diagram in Fig. 1). In
addition to the relevant heavy quark and tau-lepton cou-
plings, searches based on the on-shell production of these
resonances depend crucially on the assumed width of the
resonance, as we demonstrate below in Sec. IV. Alter-
natively, colored mediators (leptoquarks) can be SU(2)L
singlets, doublets or triplets, carrying baryon and lep-
ton numbers. Consequently they will again mediate
⌧+⌧� production, this time through t̂ ⌘ (pb � p⌧�)2- or
û ⌘ (pb�p⌧+)2-channel exchange (see the right-hand side
diagram in Fig. 1). In this case a resonant enhancement
of the high-pT signal is absent, however, the searches do
not (crucially) depend on the assumed width (or equiva-
lently possible other decay channels) of the mediators. In
the following we examine the representative models for
both cases summarized in Table I.

A. Vector triplet

A color-neutral real SU(2)L triplet of massive vectors
W 0a ⇠ W 0±, Z 0 can be coupled to the SM fermions via

LW 0 = �1

4
W 0aµ⌫W 0a

µ⌫ +
M2

W 0

2
W 0aµW 0a

µ + W 0a
µ Jaµ

W 0 ,

Jaµ
W 0 ⌘ �q

ijQ̄i�
µ�aQj + �`

ijL̄i�
µ�aLj . (4)

Since the largest e↵ects should involve B-mesons and tau

leptons we assume �
q(`)
ij ' gb(⌧)�i3�j3, consistent with an

U(2) flavor symmetry [15]. Departures from this limit
in the quark sector are constrained by low energy flavor
data, including meson mixing, rare B decays, LFU and
LFV in ⌧ decays and neutrino physics, a detail analysis of
which has been performed in Ref. [15].2 The main impli-
cation is that the LHC phenomenology of heavy vectors
is predominantly determined by their couplings to the
third generation fermions (gb and g⌧ ). The main con-
straint on gb comes from its contribution to CP violation
in D0 mixing yielding gb/MW 0 < 2.2 TeV�1 [25]. On the
other hand lepton flavor mixing e↵ects induced by finite
neutrino masses can be neglected and thus a single lepton
flavor combination written above su�ces without loss of
generality.

In addition, electroweak precision data require W 0 and
Z 0 components of W 0a to be degenerate up to O(%) [26],
with two important implications: (1) it allows to cor-
relate NP in charged currents at low energies and neu-
tral resonance searches at high-pT ; (2) the robust LEP
bounds on pair production of charged bosons decaying to
⌧⌫ final states [27] can be used to constrain the Z 0 mass
from below MZ0 ' MW 0 & 100 GeV. Finally, W 0a cou-

pling to the Higgs current (W 0
aH

†�a
$
Dµ H) needs to be

suppressed [15], and thus irrelevant for the phenomeno-
logical discussions at LHC.

Integrating out heavy W 0a at tree level, generates the
four-fermion operator,

Le↵

W 0 = � 1

2M2

W 0
Jaµ
W 0J

aµ
W 0 , (5)

and after expanding SU(2)L indices,

Le↵
W 0 � �

�q
ij�

`
kl

M2
W 0

(Q̄i�µ�
aQj)(L̄k�

µ�aLl)

� �
gbg⌧

M2
W 0

�
2Vcbc̄L�

µbL⌧̄L�µ⌫L + b̄L�
µbL⌧̄L�µ⌧L

�
. (6)

The resolution of the R(D(⇤)) anomaly requires cQQLL ⌘
�gbg⌧/M

2

W 0 ' �(2.1 ± 0.5) TeV�2, leading at the same

2 Also, Ref. [24] considers leading RGE e↵ects to correlate large
NP contributions in cQQLL with observable LFU violations and
FCNCs in the charged lepton sector. The resulting bounds can
be (partially) relaxed in this model via direct tree level W 0 con-
tributions to the purely leptonic observables.

[Faroughy,Greljo,Kamenik,
1609.07138]

2) Radiative contraints 

[Feruglio, Paradisi, Pattori,
1606.00524,1705.00929]

Purely leptonic effective Lagrangian

•
Quantum effects generate a purely leptonic effective Lagrangian:
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Figure: Diagram generating
a four-lepton process.

• Top-quark yukawa interactions affect both neutral and charged currents.
• Gauge interactions are proportional to e

2 and to the e.m. current.
Paride Paradisi (University of Padova) On the Importance of EW Corrections for B Anomalies Instant work. on B meson anomalies 10 / 15

Q3 Q3

⌧ ⌫⌧

µ ⌫µ

(QL�
µQL)(LL�µLL) ! (LL�

µLL)(LL�µLL)

δgZτL , δg
Z
ντ
, δgWτ ,B(τ → 3µ)

3) FCNC with neutrinos.

B(B → K(∗)νν) ≈ B(B → K(∗)ντντ ) ≫ B(B → K(∗)νν)SM

B(B → K(∗)νν)

B(B → K(∗)νν)SM
! 4

• Bd and Bs mixing:

O(few %) deviations from SM expected,

already in tension with present bounds 
in most models


• CP violation in D mixing:

O(0.1 %) deviations from SM



Vector resonances

Triplet and singlet colourless vectors: Lint = W 0a
µ Ja

µ +B0
µJ

0
µ
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Large contribution to Bs mixing

Problem less severe for large CT,S — stronger tension with EW precision tests.

In models with more couplings (e.g. Higgs current) can partially cancel the contributions



Vector leptoquarks

SU(2)L singlet vector LQ:


• CT = CS automatically satisfied at tree-level


• No tree-level contribution to B(s)-B̅(s) mixing, 
but UV contributions not calculable

naïve estimate: 
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High-pT searches at LHC

A general feature of any model: large coupling to b and τ 

➡ searches in ττ final state at high energy at LHC 
 
PDF of b quark small, but still dominant 
if compared to flavour suppression

b

b

τ

τ

• s-channel resonances 
 
 
 
 
 
 
must be broad to escape searches 
if below ~ 2 TeV


• t-channel exchange: leptoquarks 
 
 
 
 
 
 
 

Figure 4: Fit to semi-leptonic and radiatively-generated purely leptonic observables in Table 1, for the
vector leptoquark Uµ, imposing |�sµ,s⌧ | < 5|Vcb| and CU > 0. In green, yellow, and gray, we show the
��2  2.3 (1�), 6.0 (2�), and 11.6 (3�) regions, respectively. The dashed and solid blue lines represent
the 1 and 2� limits in the case where radiative constraints are removed from the fit.

purposes, in the following subsections we consider two representative cases with more than one
mediator at work: two colour-less vectors, SU(2)L triplet and singlet, and two coloured scalars,
also electroweak triplet and singlet.

3.1 Scenario I: Vector Leptoquark

As anticipated, the simplest UV realisation of the scenario emerging from the EFT fit is that
of an SU(2)L-singlet vector leptoquark, U

µ
1

⌘ (3,1, 2/3), coupled to the left-handed quark and
lepton currents

LU = � 1

2
U †
1,µ⌫U

1,µ⌫ +M2

UU
†
1,µU

µ
1

+ gU (J
µ
UU1,µ + h.c.) , (7)

Jµ
U ⌘ �i↵ Q̄i�

µL↵ . (8)

Here �(0)

i↵ = �
3i�3↵ up to U(2)q ⇥ U(2)` breaking terms, as shown in Eq. (28), and the flavour

structure used in the general fit is recovered by means of the relations (30). After integrating
out the leptoquark field, the tree-level matching condition for the EFT is
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where CU = v2|gU |2/(2M2

U ) > 0. Note that in this case the singlet and triplet operators have
the same flavour structure and, importantly, the relation CS = CT is automatically fulfilled at
the tree-level. Furthermore, as already stressed, the flavour-blind contraction involving light
fermions (flavour doublets) is automatically forbidden by the U(2)q⇥U(2)` symmetry. Last but

12
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��2  2.3 (1�), 6.0 (2�), and 11.6 (3�) regions, respectively. The dashed and solid blue lines represent
the 1 and 2� limits in the case where radiative constraints are removed from the fit.
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the same flavour structure and, importantly, the relation CS = CT is automatically fulfilled at
the tree-level. Furthermore, as already stressed, the flavour-blind contraction involving light
fermions (flavour doublets) is automatically forbidden by the U(2)q⇥U(2)` symmetry. Last but
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Figure 5: Present and future-projected LHC constraints on the vector leptoquark model of Section 3.1.
The 1� and 2� preferred regions from the low-energy fit are shown in green and yellow, respectively.

not least, this LQ representation does not allow baryon number violating operators of dimension
four. These features, and the absence of a tree-level contribution to Bs(d) meson-antimeson
mixing, makes this UV realisation, originally proposed in [17], particularly appealing: the best
fit points of the general fit in Section 2.2 can be recovered essentially without tuning of the
model parameters.

In Figure 4 we show the results of the flavour fit in this parametrisation (using the �i↵
rather than the �q(`)

ij(↵�) as free parameters). When marginalising we let �s⌧ and �sµ vary between

±5|Vcb| and impose |�bµ| < 0.5. We find very similar conclusions to the previous fit, in particular
a reduced value of CU thanks to the extra contribution to R⌧`

D(⇤) proportional to �s⌧ , with both
this parameter and �sµ of O(|Vcb|).

Despite being absent at the tree level, a contribution to �F = 2 amplitudes is generated in
this model at the one-loop level. The result thus obtained is quadratically divergent and therefore
strongly dependent on the UV completion. Following the analysis of Ref. [17], i.e. setting a hard
cut-o↵ ⇤ on the quadratically divergent �F = 2 (down-type) amplitudes, leads to

�L
(�B=2)

= C(U)

0

(V ⇤
tbVti)2

32⇡2v2
�

b̄L�µd
i
L

�

2

, C(U)

0

= C2

U

✓

�q
bs

Vts

◆

2

⇤2

2v2
. (10)

As already pointed out in Section 2.3, the value of C(U)

0

should not exceed O(10%) given the

experimental constraints on �MBs,d (for comparison, C(SM)

0

= (4⇡↵/s2W )S
0

(xt) ⇡ 1.0, see Ap-
pendix B). This can be achieved only for ⇤ ⇠ few TeV – i.e. ⇤ not far from MU , as expected in a
strongly interacting regime (unless some specific cancellation mechanism of �F = 2 amplitudes
is present in the UV). Interestingly enough, for fixed ⇤, the large value of �q

bs does not increase
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Figure 17: Feynman diagrams relevant for a pair production of scalar LQs at hadron colliders.
Representative diagram for a gluon-gluon fusion (quark-antiquark annihilation) process is
shown in the upper left (right) panel. The diagram in the lower panel represents a t-channel
production mechanism. Here, yij , i, j = 1, 2, 3, represents appropriate Yukawa coupling of a
quark (qi) and a lepton (lj) with an LQ.
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Figure 3: Cross-sections for single on-shell Z0 production via
bottom-bottom fusion at the 13 TeV LHC. The predictions
obtained in the 5-flavor scheme at LO and NLO in QCD are
shown in green and red shaded bands, respectively. See text
for details.

renormalisation scales within µF , µR 2 [0.5, 2]M , the sec-
ond are given by the 68% CL ranges when averaging over
the PDF set. The total uncertainty is obtained by adding
the perturbative and pdf uncertainties in quadrature. We
observe that at low Z 0 masses, perturbative uncertainty
dominates, while above ⇠ 1 TeV (0.5 TeV), the pdf un-
certainty takes over at LO (NLO). Our numerical results
and findings are consistent with those that have recently
appeared in the literature for specific Z 0 masses and SM-
like couplings [50]. Similar results are found for 8TeV
pp colisions. In setting bounds, we therefore rescale the
LO simulation results to NLO production cross-section
by applying the corresponding K-factor shown in Fig. 3
(bottom) at the lower factorization, renormalization and
68% CL PDF uncertainty ranges.

The resulting 95% CL upper limits on the |gbg⌧ | ⇥
v2/M2

Z0 for a given Z 0 mass and total decay width, after
recasting ATLAS 8 TeV [42] (upper plot), 13 TeV with
3.2 fb�1 [43] (middle plot) and 13 TeV with 13.2 fb�1 [45]
(lower plot) ⌧+⌧� searches, respectively, are shown in
Fig. 4 and marked with red isolines. Note that this
way of presenting results is independent of the assump-
tion on the existence of extra Z 0 decay channels. The
white region with gray border is not constrained since
the assumed total width there is smaller than the mini-
mum possible sum of the partial widths to bb̄ and ⌧+⌧�

computed at the current experimental upper bound on
|gbg⌧ |/M2

Z0 . These exclusions are to be compared with
the preferred value from the fit to the R(D(⇤)) anomaly,
|gbg⌧ | ⇥ v2/M2

Z0 = (0.13 ± 0.03), indicated in green (1�)

Figure 4: Recast of ATLAS ⌧+⌧� searches at 8 TeV [42] (up-
per plot) 13 TeV with 3.2 fb�1 [43] (middle plot) and 13 TeV
with 13.2 fb�1 [45] (lower plot) as exclusion limits on the
bb̄ induced spin-1 ⌧+⌧� resonance (bb̄ ! Z0 ! ⌧⌧). Iso-
lines shown in red represent upper limits on the combination
|gbg⌧ |⇥ v2/M2

Z0 as a function of the Z0 mass and total width.
The R(D(⇤)) preferred regions |gbg⌧ |⇥v2/M2

Z0 = (0.13±0.03)
at 68% and 95% CL are shaded in green and yellow, respec-
tively.

and yellow (2�) shaded regions in the plot.
To conclude, for relatively heavy vectors MW 0 &

500 GeV within the vector triplet model, the resolution of
the R(D(⇤)) anomaly and consistency with existing ⌧+⌧�

resonance searches at the LHC require a very large Z 0 to-
tal decay width. Perturbative calculations arguably fail
in this regime. In other words, within the weakly cou-
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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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Z’

Large signal at high pT

Prototype model:

Here, E and E 0 are the energies of the incoming and outgoing particles and E = E 0 due to the
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High-pT searches at LHC: leptoquarks

• bb-fusion, searches in ττ invariant mass distribution


• Pair-production through QCD interaction


If heavier than ~ 1.3 TeV, 
could not be visible at LHC!

Faroughy, Greljo

Kamenik 2016

Figure 4: Fit to semi-leptonic and radiatively-generated purely leptonic observables in Table 1, for the
vector leptoquark Uµ, imposing |�sµ,s⌧ | < 5|Vcb| and CU > 0. In green, yellow, and gray, we show the
��2  2.3 (1�), 6.0 (2�), and 11.6 (3�) regions, respectively. The dashed and solid blue lines represent
the 1 and 2� limits in the case where radiative constraints are removed from the fit.

purposes, in the following subsections we consider two representative cases with more than one
mediator at work: two colour-less vectors, SU(2)L triplet and singlet, and two coloured scalars,
also electroweak triplet and singlet.

3.1 Scenario I: Vector Leptoquark

As anticipated, the simplest UV realisation of the scenario emerging from the EFT fit is that
of an SU(2)L-singlet vector leptoquark, U
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the same flavour structure and, importantly, the relation CS = CT is automatically fulfilled at
the tree-level. Furthermore, as already stressed, the flavour-blind contraction involving light
fermions (flavour doublets) is automatically forbidden by the U(2)q⇥U(2)` symmetry. Last but
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Figure 5: Present and future-projected LHC constraints on the vector leptoquark model of Section 3.1.
The 1� and 2� preferred regions from the low-energy fit are shown in green and yellow, respectively.

not least, this LQ representation does not allow baryon number violating operators of dimension
four. These features, and the absence of a tree-level contribution to Bs(d) meson-antimeson
mixing, makes this UV realisation, originally proposed in [17], particularly appealing: the best
fit points of the general fit in Section 2.2 can be recovered essentially without tuning of the
model parameters.

In Figure 4 we show the results of the flavour fit in this parametrisation (using the �i↵
rather than the �q(`)

ij(↵�) as free parameters). When marginalising we let �s⌧ and �sµ vary between

±5|Vcb| and impose |�bµ| < 0.5. We find very similar conclusions to the previous fit, in particular
a reduced value of CU thanks to the extra contribution to R⌧`

D(⇤) proportional to �s⌧ , with both
this parameter and �sµ of O(|Vcb|).

Despite being absent at the tree level, a contribution to �F = 2 amplitudes is generated in
this model at the one-loop level. The result thus obtained is quadratically divergent and therefore
strongly dependent on the UV completion. Following the analysis of Ref. [17], i.e. setting a hard
cut-o↵ ⇤ on the quadratically divergent �F = 2 (down-type) amplitudes, leads to
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As already pointed out in Section 2.3, the value of C(U)
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should not exceed O(10%) given the

experimental constraints on �MBs,d (for comparison, C(SM)
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(xt) ⇡ 1.0, see Ap-
pendix B). This can be achieved only for ⇤ ⇠ few TeV – i.e. ⇤ not far from MU , as expected in a
strongly interacting regime (unless some specific cancellation mechanism of �F = 2 amplitudes
is present in the UV). Interestingly enough, for fixed ⇤, the large value of �q

bs does not increase

13

  [Buttazzo, AG, Isidori, Marzocca], 
1706.07808Vector Leptoquark

We need HL- or 
even HE- LHC!18

SU(3)xSU(2)LxU(1)
1

U
se
T
y
p
eset/
T
eX
a
n
d
D
V
I

τ
−

τ
+

b ¯ b

b ¯ b

τ
−

τ
+

LQ

τ q

q
LQ

b

b τ 

[Faroughy, AG, F. Kamenik] 
Phys.Lett. B764 (2017) 126-134 

g

g

LQ

LQ

g

qi

q̄i

LQ

LQ

`j

q̄i LQ

qk
LQ

ykj

y⇤ij

Figure 17: Feynman diagrams relevant for a pair production of scalar LQs at hadron colliders.
Representative diagram for a gluon-gluon fusion (quark-antiquark annihilation) process is
shown in the upper left (right) panel. The diagram in the lower panel represents a t-channel
production mechanism. Here, yij , i, j = 1, 2, 3, represents appropriate Yukawa coupling of a
quark (qi) and a lepton (lj) with an LQ.
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UV completions: vector leptoquark

Leptoquark quantum numbers are consistent with Pati-Salam unification 
 
 
 
Lepton number = 4th color 
 
 
 
 
   Gauge fields: 
 

• No proton decay: protected by gauge


•      gauge vector: unitary couplings to fermions


➡ bounds of O(100 TeV) from light fermion processes, e.g. K → μe

U(1)B�L ⇢ SU(4)

SU(4)⇥ SU(2)L ⇥ SU(2)R � SU(3)c ⇥ SU(2)L ⇥ U(1)Y
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UV completions: vector leptoquark

Non-universal couplings to fermions needed! 

• Elementary vectors: color can’t be completely embedded in SU(4) 
 
 
 
only the 3rd generation is charged under SU(4)


• Composite vectors: resonances of a strongly interacting sector 
with global


the couplings to fermions can be different (e.g. partial compositeness)

Di Luzio et al. 2017

Isidori et al. 2017SU(4)⇥ SU(3) ! SU(3)c

SU(4)⇥ SU(2)⇥ SU(2)

Barbieri, Tesi 2017

In all cases, additional heavy vector 
resonances (color octet and Z’) are present


Searches for broad resonances at LHC!
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Composite scalar leptoquarks
• New strong interaction that confines at a scale Λ ~ few TeV 

• If the fermions transform under SM gauge group, also the 
Pseudo Nambu-Goldstone bosons have SM charges: 
 
 
 
the scalar LQ are naturally light (pNGB) and 
couple to fermions 
 
 
composite Higgs as a pNGB can be included in the picture


• Vector resonances (with the same quantum numbers) are heavier

(more in general G → F)

 ⇠ ⇤,  ̄ ⇠ ⇤̄ N new (vector-like) fermions

h ̄i ji = �f2B0�
ij SU(N)L ⇥ SU(N)R ! SU(N)V

 Q ⇠ (3,2, YQ),  L ⇠ (1,2, YL)
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S1 ⇠ (3,1, YQ � YL),

S3 ⇠ (3,3, YQ � YL),

⌘ ⇠ (1,1, 0),

⇡ ⇠ (1,3, 0), · · ·
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➡  Marzocca, 2018
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Conclusions & outlook

Model-independent description: EFT


• CKM-like flavour violation


• Triplet and Singlet operators with similar size


• EWPT and meson mixing give important constraints

Is the SM breaking down in the flavour sector? We don’t know…


➡ many new data in the coming years


➡ low scale: flavour measurements VS high-pT searches

Leptoquarks are interesting! Pati-Salam unification?!
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Is the SM breaking down in the flavour sector? We don’t know…


➡ many new data in the coming years


➡ low scale: flavour measurements VS high-pT searches
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Fit to semi-leptonic operators

Observables that enter in the fit:


• Include all the terms generated in the RG running


• Do not include any UV contribution to non-semi-leptonic operators 
(they will depend on the dynamics of the specific model)

Observable Exp. bound Linearised expression
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Semi-leptonic effective operators

Two simple current-current structures:


1. QQ x LL 
 
 
 
 
4 + 2 free parameters:


2. LQ x QL 
 
 
3 + 3 free parameters: 
 
Non-equivalent, if terms with more than one spurion are considered!
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�
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Fit to semi-leptonic operators

• Small values of CT required by radiative constraints

• λμμ must be negative to fit C9  

this rules out the “pure mixing” scenario in the lepton sector    (where λμμ ~ sin θτμ2)
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Scalar leptoquarks

✓ Renormalisable model: 
no contribution to meson mixing

L � g1y1 i↵(Q̄
c i
L ✏L↵

L)S1 + g3y3 i↵(Q̄
c i
L ✏�aL↵

L)S
a
3 + h.c.

In general, different flavour couplings 
of singlet and triplet
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High-pT searches at LHC

• bb → μμ suppressed by small λμμ (but better experimental sensitivity)


• Searches in tails of the μμ invariant mass distribution:


• MFV case already excluded


• Not a relevant bound for U(2) models

Greljo & Marzocca 2017
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Fig. 4 We show the present (solid red) and projected (dashed red)
95% CL limit from pp ! µ+µ� in the C

qµ -|l
bs

| plane. The solid
(dashed) green line corresponds to the best fit (2s interval) from the
fit of the flavour anomalies in Eq. (10).

at high luminosity.2 Allowing for more freedom and set-
ting C

bsµ ⌘ l
bs

C

Dµ , we show in the top (central) panel of

2It should also be noted that the triplet combination is bounded from
the semileptonic hadron decays (CKM unitarity test) C

Uµ �C

Dµ =
(0.46± 0.52)⇥ 10�3 [7], in the absence of other competing contri-
butions.

Fig. 4 the 95% CL limit in the C

Dµ -|l
bs

| plane, where C

Uµ
is related to C

Dµ by assuming the triplet (singlet) struc-
ture. As discussed before, a direct upper limit on l

bs

, via
b� s fusion, can be derived only for very large values. On
the other hand, requiring C

bsµ to fit the B decay anomalies
already probes interesting regions in parameter space, ex-
cluding the MFV scenario (l

bs

= V

ts

) for both singlet and
triplet cases.

2) U(2)
Q

flavour symmetry
This symmetry distinguishes light left-handed quarks (dou-
blets) from third generation left-handed quarks (singlets).
The leading symmetry-breaking spurion is a doublet, whose
flavour structure is unambiguously related to the CKM ma-
trix [31]. In this case, in general the leading terms would
involve the third generation quarks, as well as diagonal
couplings in the first two generations. The relevant param-
eters for the dimuon production would then be

C

uµ =C

cµ ⌘C

Uµ , C

dµ =C

sµ ⌘C

Dµ ,

C

bµ , C

bsµ ⌘ l
bs

C

bµ ,
(15)

where the flavour violating coupling is expected to be |l
bs

|⇠
|V

ts

|. As already done in the MFV case, in the following
we leave l

bs

free to vary and perform a four-parameter fit
to the dimuon spectrum. The resulting limits on C

Uµ and
C

Dµ are very similar to those obtained in the MFV scenario
(see Fig. 3) and are required to be much smaller than the
allowed range for C

bµ .
In the lower panel of Fig. 4 we show the present and

projected limits in the C

bµ -l
bs

plane (here we set C

Dµ =
C

Uµ = 0, after checking that no large correlation with them
is present). As for the MFV case, the fit of the flavour
anomalies in Eq. (10), combined with the upper limit on
|C

bµ |, provides a lower bound on |l
bs

|. In this case, while
at present this limit is much lower than the natural value
predicted from U(2) symmetry, l

bs

⇠V

ts

, with high lumi-
nosity an interesting region will be probed. For example,
in the U(2) flavour models of Ref. [28,32,33,53] a small
value of l

bs

is necessary in order to pass the bounds from
B� B̄ mixing.

3) Single-operator benchmarks:
It is illustrative to show the limits on l q

bs

when only one
flavour-diagonal coefficient C

qµ is non-vanishing, while fit-
ting at the same time DC

µ
9 in Eq. (10). The expected 2s

limits with 36.1 fb�1 (3000 fb�1) are:

l u

bs

> 0.072 (0.77), l u

bs

<�0.097 (�0.76) ,

l d

bs

> 0.049 (0.36), l d

bs

<�0.032 (�0.34) ,
l s

bs

> 0.007 (0.04), l s

bs

<�0.004 (�0.03) ,
l c

bs

> 0.003 (0.02), l c

bs

<�0.004 (�0.02) ,

l b

bs

> 0.002 (0.01), l b

bs

<�0.002 (�0.006) .

(16)
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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.
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High-pT searches at LHC

• Single LQ production depends on the coupling to fermions


• For high masses (above the LHC reach in double production) 
single production becomes the dominant production mechanism

p p → S S [LOQCD]

p p → S τ [LO: gbτ=
MS
1 TeV

]

p p → S τ [LO: gbτ=
MS
2 TeV

]

ℒ ⊃ - gbτ bτLS + h.c.
p p @ 13 TeV: scalar LQ

FeynRules +MG5_aMC@NLO
NNPDF23NLO pdf set
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pp → Sτ important search channel, 
for couplings that fit the anomalies
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B(s)-B̅(s) mixing

• Tree-level contribution to ΔF = 2 amplitudes


• Can have a mild tuning if CT is large. Solve the tension with radiative 
corrections introducing a coupling to the Higgs current… 
 
 
 
Many free parameters, can find points with mild tuning satisfying the bounds

W ′, Z ′

b

s

b

s

�A�F=2
Bs

' 154

(V ⇤
tbVts)2

⇥
✏2q�

2
bs + (✏0q)

2(�2
bs + (�d

bs)
2 � 7.14�bs�

d
bs)

⇤
= 0.07± 0.09

tuning of ~ few x 10-3 

to satisfy the constraint

As anticipated in Section 2.3, an alternative way in which the model could survive is to
abandon the large �q

sb region selected by the EFT fit and move to the small �q
sb region, where

�q
sb = O(10�1)⇥ |Vcb|. This region of parameter space was indeed the one found by the original

fit of Ref. [13], and is potentially accessible in this model adding extra Higgs-current terms in
Eq. (17). These terms are allowed by the symmetry and are naturally expected in a model of
this type,
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where H†
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Da

µ H ⌘ H†�a(DµH)�(DµH)†�aH. The e↵ective Lagrangian at the scale ⇤ becomes
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(21)

To constrain the free parameters appearing in this Lagrangian we take into account a series
of additional observables, being modified at the tree-level and beyond (see Appendix B.3 for
details). In particular, in addition to the observables already considered, here we include also
deviations to the ZbLbL coupling, Eq. (68), as well as to the electroweak T parameter, Eq. (71).

Performing a global fit of all the flavour and electroweak observables relevant to this model
we find good solutions, capable of fitting the flavour anomalies with only a mild tuning (not
exceeding the 10% level) in order to evade the electroweak bounds. Given the large number
of parameters of the model, we do not present plots for this case but we report here a typical
benchmark point (with �`

⌧µ = 0):

✏` ⇡ 0.2 , ✏q ⇡ 0.5 , ✏H ⇡ �0.01 , �q
sb/|Vcb| ⇡ �0.07 ,

✏0` ⇡ 0.1 , ✏0q ⇡ �0.1 , ✏0H ⇡ �0.03 , �`
µµ ⇡ 0.2 .

(22)

corresponding to CS ⇡ �0.01, CT ⇡ 0.1. This point gives a slightly lower R⌧`
D(⇤) ⇡ 1.17, while

�Cµ
9

= ��Cµ
10

⇡ �0.55. In this benchmark point, a value of �`
⌧µ . 0.1 would be compatible

with the constraints from LFV in ⌧ decays, Eq. (70), without a↵ecting sensibly any other
observable.

The only serious problem of this scenario, already encountered in Ref. [13], is the fact that
the large values of ✏`,q imply a low mass scale and large coupling of the neutral triplet vector
resonance to bLbL and ⌧L⌧L (the singlet state can instead be heavier). Therefore, very stringent
limits from high-pT di-tau searches apply [33]. As pointed out in [13, 33], these bounds can be
avoided only if the resonances have a width significantly larger than what computed with the
currents in Eq. (17) and (20).

4 A possible composite UV completion

The mass scale of New Physics pointed out by the flavour anomalies, M ⇠ TeV, is precisely in the
ballpark of energies where New Physics is expected to appear in order to solve the naturalness
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To constrain the free parameters appearing in this Lagrangian we take into account a series
of additional observables, being modified at the tree-level and beyond (see Appendix B.3 for
details). In particular, in addition to the observables already considered, here we include also
deviations to the ZbLbL coupling, Eq. (68), as well as to the electroweak T parameter, Eq. (71).

Performing a global fit of all the flavour and electroweak observables relevant to this model
we find good solutions, capable of fitting the flavour anomalies with only a mild tuning (not
exceeding the 10% level) in order to evade the electroweak bounds. Given the large number
of parameters of the model, we do not present plots for this case but we report here a typical
benchmark point (with �`

⌧µ = 0):
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D(⇤) ⇡ 1.17, while
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with the constraints from LFV in ⌧ decays, Eq. (70), without a↵ecting sensibly any other
observable.

The only serious problem of this scenario, already encountered in Ref. [13], is the fact that
the large values of ✏`,q imply a low mass scale and large coupling of the neutral triplet vector
resonance to bLbL and ⌧L⌧L (the singlet state can instead be heavier). Therefore, very stringent
limits from high-pT di-tau searches apply [33]. As pointed out in [13, 33], these bounds can be
avoided only if the resonances have a width significantly larger than what computed with the
currents in Eq. (17) and (20).

4 A possible composite UV completion

The mass scale of New Physics pointed out by the flavour anomalies, M ⇠ TeV, is precisely in the
ballpark of energies where New Physics is expected to appear in order to solve the naturalness
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