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Introduction

Diboson production

Present bounds, EFT validity, prospects.

Outline

Dilepton production (Drell-Yan)

Which EW processes @LHC offer the best sensitivity to New Physics?

 

Application to neutral-current B-physics anomalies
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The SM EFT allows to describe the low-energy effects of heavy New Physics

SM + heavy New Physics
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1 Introduction

Cubic and quartic self-interactions of the electroweak gauge bosons are present in the Stan-

dard Model (SM) due to the underlying non-abelian gauge symmetry, and are completely

fixed by the gauge couplings, namely, the electromagnetic coupling constant e and the

weak mixing angle s✓ ⌘ sin ✓W . This, however, is not the case in a general Beyond the

Standard Model (BSM) scenario. Therefore, processes that are sensitive to gauge boson

self-interactions are important tools used to search for nonstandard e↵ects.

In this work we focus on general BSM contributions to the cubic electroweak gauge

bosons interactions, employing the linear E↵ective Field Theory (EFT) framework, also

known as the Standard Model E↵ective Field Theory (SMEFT). In this model-independent

approach, the SM (with the Higgs embedded in an SU(2)L doublet) is extended by non-

renormalizable gauge-invariant operators with canonical dimensions D > 4 which encode

the e↵ects of some new physics with a mass scale ⇤ much larger than the electroweak scale.

The BSM e↵ects are thus organized as an expansion in 1/⇤, and the leading lepton-number-

conserving terms are O(⇤�2) generated by D = 6 operators in the SMEFT Lagrangian:

L
e↵ = LSM +

X

i

c(6)
i

⇤2
O

(6)
i

+
X

j

c(8)
j

⇤4
O

(8)
j

+ . . . . (1.1)

– 1 –

Precision measurements of SM processes can allow to test 
New Physics at scales not reachable by direct searches.
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Precision measurements of SM processes can allow to test 
New Physics at scales not reachable by direct searches.

For example: 

- constraint on custodial symmetry violation, 
- heavy states coupled to Higgs and/or fermion currents, 
- deviations in Higgs couplings to SM gauge bosons, 
- …
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fixed by the gauge couplings, namely, the electromagnetic coupling constant e and the

weak mixing angle s✓ ⌘ sin ✓W . This, however, is not the case in a general Beyond the

Standard Model (BSM) scenario. Therefore, processes that are sensitive to gauge boson
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approach, the SM (with the Higgs embedded in an SU(2)L doublet) is extended by non-

renormalizable gauge-invariant operators with canonical dimensions D > 4 which encode

the e↵ects of some new physics with a mass scale ⇤ much larger than the electroweak scale.

The BSM e↵ects are thus organized as an expansion in 1/⇤, and the leading lepton-number-

conserving terms are O(⇤�2) generated by D = 6 operators in the SMEFT Lagrangian:
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– 1 –

Precision measurements of SM processes can allow to test 
New Physics at scales not reachable by direct searches.

For example: 

- constraint on custodial symmetry violation, 
- heavy states coupled to Higgs and/or fermion currents, 
- deviations in Higgs couplings to SM gauge bosons, 
- …

What are the electroweak processes at the LHC  
which offer the best sensitivity 
to such heavy New Physics?
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Two broad strategies for looking for deviations from the SM

Deviations in on-shell* 
couplings between SM 
particles

1)

2) Deviations in the tails of 
differential distributions

New Physics @ LHC
Excluding direct searches and flavour physics

ABSM / ASM ~ E2
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Excluding direct searches and flavour physics

Z(W)-pole observables, Higgs couplings,..
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(6)
i

+ k(↵iĉ
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LEP-I:

At LHC these measurements are limited by systematic (incl. theory) 
uncertainties. 

Not much room for improvement beyond ~ (few) % level  
[few exceptions, e.g. mW ]
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Excluding direct searches and flavour physics

Deviations in the tails of 2 → 2  processes
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Ŝ = a
m

2
W

m2
⇢

(10)

c
(6)
i

⇠ c
(8)
j

⇠ g
2
⇤ � 1 (11)

Gµ =
1

p
2v2

! v
2 =

p
2Gµ (12)

Gµ =
1

p
2v2

+
kic

(6)
i

⇤2
! v

2 = f(Gµ, c
(6)
i

) (13)

(czz, cz2) ! (�g1,z, ��) (14)
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(6)
i

+ k(↵iĉ
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[see e.g. Farina et al. 1609.08157]'Energy helps accuracy’
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Excluding direct searches and flavour physics

Less precise measurements at high energy can be 
competitive with very precise ones at low energy.

Deviations in the tails of 2 → 2  processes
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[see e.g. Farina et al. 1609.08157]'Energy helps accuracy’
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Excluding direct searches and flavour physics

Less precise measurements at high energy can be 
competitive with very precise ones at low energy.

Deviations in the tails of 2 → 2  processes
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[see e.g. Farina et al. 1609.08157]'Energy helps accuracy’

We focus on operators 
whose interfering amplitude with the SM 
grows quadratically with the energy
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EFT validity
Any experimental limit in the 
EFT approach will be on the 
combination

Ellis, Sanz 1410.7703; 
Greljo et al. 1512.06135; 

Plehn et al. 1510.03443,1602.05202; 
Contino et al. 1604.06444; 

Falkowski et al. 1609.06312; 
…
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EFT validity
Any experimental limit in the 
EFT approach will be on the 
combination

Ellis, Sanz 1410.7703; 
Greljo et al. 1512.06135; 

Plehn et al. 1510.03443,1602.05202; 
Contino et al. 1604.06444; 

Falkowski et al. 1609.06312; 
…

Bad precision at high energy 
could mean that no scenario is 
being probed consistently with 
the EFT. 

Increasing the precision 
enlarges the size of the triangle, 
accessing more weakly coupled 
models.

Limit consistent 
with EFT

This region is possibly excluded by same 
search, but using a ‘direct search’ approach.
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Diboson (and VH) production
Dilepton production

at high mℓℓ

In this talk I will focus on:

Constraints on 
qqHDμH operators. 

or anomalous triple-gauge couplings 
(aTGC)

Constraints on qqℓℓ 
four-fermion operators
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Diboson production

Figure 1: Bounds from LEP [15], run-1 LHC (which includes 20 fb�1 at 8TeV and 3 fb�1 at

13TeV) [16], and the expected 95% CL reach from fully leptonic WZ, on the high-energy

primary parameter a(3)q as a function of the new physics scale M . See section 3.2.4 for a

detailed description of the figure.

amplitude growth can be smoothly saturated at that scale, or display a resonant peak that

one could more e↵ectively see by dedicated resonance searches. In no case it will display the

growing with energy behavior predicted by the EFT, making our search strategy ine↵ective.

Accurate experimental measurements that are sensitive to relatively small BSM e↵ects, still

performed at high energy such as to exploit the enhancement as much as possible, are needed

in order to overcome this potential limitation.

We can quantitatively illustrate this point by anticipating some of our results, reported in

figure 1. The figure shows the 95% CL reach, in the WZ production process, on one of our

“high-energy primary” parameters (a(3)q , introduced in section 2) that describe growing-with-

energy e↵ects in the amplitude for diboson production. In particular, in the WZ channel

�A(q̄q0 ! WZ) ⇠ a(3)q E2 . (1)

The reach on a(3)q is displayed as a function of the cuto↵ scaleM , and it is obtained by including

in the analysis only events that occur at a center of mass energymwz belowM , i.e., events that

originate in an energy regime where the EFT prediction is trustable and the energy growth

is physical. The di↵erent lines correspond to di↵erent assumptions about the systematic

relative uncertainty in the experimental measurement of the di↵erential cross-section and in

the theoretical prediction of the SM contribution. The “�syst = 100%” curve corresponds to an

inaccurate determination of the cross-section, which is only sensitive to order one departures

from the SM. In the figure, the reach on a(3)q is compared with theoretical expectations on the

relation between a(3)q and M . The line “Fully Strong” corresponds to the rather implausible

(although, strictly speaking, allowed) physical situation where all the particles involved in

3

The only SM-BSM interference term growing 
as E2 is in longitudinal gauge bosons 

q q̅ → VL VL  (i.e. H H)
[Azatov et al. 1607.05236, Falkowski et al. 1609.06312, 

Franceschini et al 1712.01310]

eg:
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Assuming universal new physics, these correspond 
to combinations of aTGC and oblique parameters:

elementary states). Those include many models that solve the hierarchy problem (eg. com-

posite Higgs models, extra dimensional models, little Higgs, twin Higgs) and are therefore

generally better motivated. In these models the contributions to HEPs are always mediated

by SM gauge bosons whose coupling is g (see diagrams 3c and 3d), and therefore we expect

a ⇠ g2/M2.

In several new physics scenarios of the ”Weak” class, the light SM fermions have negligible

direct couplings with the new dynamics, which only interacts with the SM vector and Higgs

bosons. These BSM scenarios, that we call ”universal”, are conveniently parametrized at

low-energy in the SILH basis [31],6 where d = 6 operators are written as a function of SM

bosons only (see table 3). The relations between the HEP and the Wilson coe�cients in the

SILH basis are given by

a(3)q =
g2

M2
(cW + cHW � c2W ) , a(1)q =

g02

3M2
(cB + cHB � c2B) , (5)

and

au = �2ad = 4a(1)q . (6)

These relations can also be written using the Ŝ, T̂ , W and Y parameters (we follow the

notation of Ref. [35]) in addition to the two anomalous triple gauge couplings (aTGC), �gZ1
and �� defined in eq. (4). We have
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m2
W
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�
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3m2
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⌘
, (7)

which can be useful in order to compare HEP analyses from LHC with other experiments,

such as LEP.

It can be instructive to provide a concrete example of this type of models, and the explicit

values of the HEP parameters that are generated. For this purpose, let us consider holographic

models of composite Higgs [36]. One finds [31], after integrating out the heavy resonances of

the model at tree-level:

cW = cB =
27⇡2

256
' 1.0 , cHW,HB = 0 , c2B,2W '

g2

g2⇤
⌧ 1 , (8)

where g⇤ is here the coupling of the composite heavy vectors, and the new-physics scale M

is identified with the lightest vector-resonance mass. The relation cW = cB in eq. (8) is due

to a global O(4) symmetry of the model, and cHW,HB ⌧ cW,B is a generic consequence of

the “minimal coupling” hypothesis [14,31], which is realized not only in holographic models,

but also in little Higgs or other weakly-coupled scenarios. Eq. (8) leads to the following

predictions:
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M2
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Perform a fit keeping only low-energy 
events (below some cut)

We fit a selection of 8 TeV (20fb-1) +13 TeV (3.2fb-1)  
ATLAS and CMS  WW and WZ data

Falkowski, Gonzalez-Alonso, Greljo, D.M., Son  [1609.06312]

Controlling the EFT (I)
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Fits saturate at    mVVmax ~ 1TeV:

typical energy scale of the measurement.
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Figure 7: Combined 68% CL region from CMSWW (8 TeV) and ATLASWZ (8+13 TeV)

searches for di↵erent mV V cuts.
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1 1400 1200 1000 800 600

(GeV)

�g1,z(%) [�1.2, 2.0] [�1.2, 2.2] [�1.3, 2.4] [�1.4, 2.5] [�1.7, 3.2] [�2.1, 5.4]

�� (%) [�7.8, 9.9] [�8.3, 10] [�8.4, 11] [�9.0, 11] [�10, 15] [�15, 21]

�z (%) [�1.3, 1.3] [�1.5, 1.7] [�1.8, 1.8] [�2.1, 2.1] [�2.9, 3.0] [�4.2, 4.8]

Table 4: Profiled 95% CL bounds on the each aTGC from CMSWW (8 TeV) and ATLAS

WZ (8+13 TeV) searches for di↵erent mV V cuts.

68% CL region in the three aTGC as a function of the EFT cut on mV V , where V = W,Z.

The 95% CL bounds on each single aTGC after profiling over the other two, for di↵erent

mV V cuts, are shown in Table 4.

Since the present sensitivity on the aTGC is driven by the quadratic terms, the final

likelihood is not expected to be a Gaussian. For this reason we encourage the experi-

mental collaborations to present separately the 68% and 95% CL contours in the three

2-dimensional aTGC planes shown above.

4 An explicit model testing the EFT approach

The goal of this section is to evaluate the validity of the EFT description of VV production

for a specific example of a UV model that replaces the EFT for E � ⇤. Given a concrete

model with new particles, we can constrain it via two di↵erent procedures. One is to

directly calculate the model’s predictions for VV production and to confront them with

the experimental data so as to constrain the parameter space (the masses and couplings) of

the BSM model. Alternatively, one could first integrate out the new particles and calculate

the Wilson coe�cients of the low-energy EFT as a function of the masses and couplings of

the model. Then constraints on the model’s parameter space can be obtained by recasting

the constraints on the EFT parameters derived in Section 3.3. We expect that the two
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Figure 1: Bounds from LEP [15], run-1 LHC (which includes 20 fb�1 at 8TeV and 3 fb�1 at

13TeV) [16], and the expected 95% CL reach from fully leptonic WZ, on the high-energy

primary parameter a(3)q as a function of the new physics scale M . See section 3.2.4 for a

detailed description of the figure.

amplitude growth can be smoothly saturated at that scale, or display a resonant peak that

one could more e↵ectively see by dedicated resonance searches. In no case it will display the

growing with energy behavior predicted by the EFT, making our search strategy ine↵ective.

Accurate experimental measurements that are sensitive to relatively small BSM e↵ects, still

performed at high energy such as to exploit the enhancement as much as possible, are needed

in order to overcome this potential limitation.

We can quantitatively illustrate this point by anticipating some of our results, reported in

figure 1. The figure shows the 95% CL reach, in the WZ production process, on one of our

“high-energy primary” parameters (a(3)q , introduced in section 2) that describe growing-with-

energy e↵ects in the amplitude for diboson production. In particular, in the WZ channel

�A(q̄q0 ! WZ) ⇠ a(3)q E2 . (1)

The reach on a(3)q is displayed as a function of the cuto↵ scaleM , and it is obtained by including

in the analysis only events that occur at a center of mass energymwz belowM , i.e., events that

originate in an energy regime where the EFT prediction is trustable and the energy growth

is physical. The di↵erent lines correspond to di↵erent assumptions about the systematic

relative uncertainty in the experimental measurement of the di↵erential cross-section and in

the theoretical prediction of the SM contribution. The “�syst = 100%” curve corresponds to an

inaccurate determination of the cross-section, which is only sensitive to order one departures

from the SM. In the figure, the reach on a(3)q is compared with theoretical expectations on the

relation between a(3)q and M . The line “Fully Strong” corresponds to the rather implausible

(although, strictly speaking, allowed) physical situation where all the particles involved in

3

Only from the leptonic WZ

[1609.06312]

[Franceschini, Panico, Pomarol, Riva, Wulzer 1712.01310]

elementary states). Those include many models that solve the hierarchy problem (eg. com-

posite Higgs models, extra dimensional models, little Higgs, twin Higgs) and are therefore

generally better motivated. In these models the contributions to HEPs are always mediated

by SM gauge bosons whose coupling is g (see diagrams 3c and 3d), and therefore we expect

a ⇠ g2/M2.

In several new physics scenarios of the ”Weak” class, the light SM fermions have negligible

direct couplings with the new dynamics, which only interacts with the SM vector and Higgs

bosons. These BSM scenarios, that we call ”universal”, are conveniently parametrized at

low-energy in the SILH basis [31],6 where d = 6 operators are written as a function of SM

bosons only (see table 3). The relations between the HEP and the Wilson coe�cients in the

SILH basis are given by

a(3)q =
g2

M2
(cW + cHW � c2W ) , a(1)q =

g02

3M2
(cB + cHB � c2B) , (5)

and

au = �2ad = 4a(1)q . (6)

These relations can also be written using the Ŝ, T̂ , W and Y parameters (we follow the

notation of Ref. [35]) in addition to the two anomalous triple gauge couplings (aTGC), �gZ1
and �� defined in eq. (4). We have

a(3)q = �
g2

m2
W

�
c2✓W �gZ1 +W

�
, a(1)q =

g02

3m2
W

⇣
Ŝ � �� + c2✓W �gZ1 � Y

⌘
, (7)

which can be useful in order to compare HEP analyses from LHC with other experiments,

such as LEP.

It can be instructive to provide a concrete example of this type of models, and the explicit

values of the HEP parameters that are generated. For this purpose, let us consider holographic

models of composite Higgs [36]. One finds [31], after integrating out the heavy resonances of

the model at tree-level:

cW = cB =
27⇡2

256
' 1.0 , cHW,HB = 0 , c2B,2W '

g2

g2⇤
⌧ 1 , (8)

where g⇤ is here the coupling of the composite heavy vectors, and the new-physics scale M

is identified with the lightest vector-resonance mass. The relation cW = cB in eq. (8) is due

to a global O(4) symmetry of the model, and cHW,HB ⌧ cW,B is a generic consequence of

the “minimal coupling” hypothesis [14,31], which is realized not only in holographic models,

but also in little Higgs or other weakly-coupled scenarios. Eq. (8) leads to the following

predictions:

a(3)q =
3g2

g02
a(1)q '

g2

M2
, a(3)q m2

W = �g2c2✓W �gZ1 =
g2

2
Ŝ , �� = 0 , W, Y ⌧ 1 . (9)

6Our convention is: D⌫H =
�
@⌫ �

1
2 ig0B⌫ �

1
2 ig�aW a

⌫

�
H, and W a

µ⌫
= @µW a

⌫
�@⌫W a

µ
+g✏abcW b

µ
W c

⌫
, where

�(2)
12 = �i, and ✏123 = 1.
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Figure 1: Bounds from LEP [15], run-1 LHC (which includes 20 fb�1 at 8TeV and 3 fb�1 at

13TeV) [16], and the expected 95% CL reach from fully leptonic WZ, on the high-energy

primary parameter a(3)q as a function of the new physics scale M . See section 3.2.4 for a

detailed description of the figure.

amplitude growth can be smoothly saturated at that scale, or display a resonant peak that

one could more e↵ectively see by dedicated resonance searches. In no case it will display the

growing with energy behavior predicted by the EFT, making our search strategy ine↵ective.

Accurate experimental measurements that are sensitive to relatively small BSM e↵ects, still

performed at high energy such as to exploit the enhancement as much as possible, are needed

in order to overcome this potential limitation.

We can quantitatively illustrate this point by anticipating some of our results, reported in

figure 1. The figure shows the 95% CL reach, in the WZ production process, on one of our

“high-energy primary” parameters (a(3)q , introduced in section 2) that describe growing-with-

energy e↵ects in the amplitude for diboson production. In particular, in the WZ channel

�A(q̄q0 ! WZ) ⇠ a(3)q E2 . (1)

The reach on a(3)q is displayed as a function of the cuto↵ scaleM , and it is obtained by including

in the analysis only events that occur at a center of mass energymwz belowM , i.e., events that

originate in an energy regime where the EFT prediction is trustable and the energy growth

is physical. The di↵erent lines correspond to di↵erent assumptions about the systematic

relative uncertainty in the experimental measurement of the di↵erential cross-section and in

the theoretical prediction of the SM contribution. The “�syst = 100%” curve corresponds to an

inaccurate determination of the cross-section, which is only sensitive to order one departures

from the SM. In the figure, the reach on a(3)q is compared with theoretical expectations on the

relation between a(3)q and M . The line “Fully Strong” corresponds to the rather implausible

(although, strictly speaking, allowed) physical situation where all the particles involved in

3

Only from the leptonic WZ
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[Franceschini, Panico, Pomarol, Riva, Wulzer 1712.01310]
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Figure 7: Comparison of the bounds obtained from LEP with those from our analysis based

on the WZ channel at the LHC. Left: universal theories with W,Y ⌧ 1. Right: Theories

characterized by W,Y, ��,�� ⌧ 1. See main text for details.

are shown in the right panel of figure 7. Present limits on Ŝ come from LEP measurements

on the Z-pole, and we do not expect that the LHC will improve them any further (such an

improvement would require very accurate measurements of the WLWL/ZLh channels).

This result can be better appreciated in the specific context of composite Higgs models with

O(4) symmetry, where the two parameters are related according to eq. (9), �gZ1 ' �Ŝ/2c2✓W
(corresponding to cB = cW ), as shown by a blue solid line in the plot. In this context it

becomes remarkable that the size of the constraint on Ŝ from LEP (which is considered one

of the most precise measurements of the EW sector) is comparable with that on �gZ1 , obtained

from our analysis at the HL-LHC. Our bound will not only be competitive, but also comple-

mentary to LEP. Indeed, the LEP measurement is a↵ected by a number of other low-energy

e↵ects. First of all, measurements of Ŝ are correlated experimentally with T̂ , as can be seen

by the grey bands in the right panel of figure 7, corresponding to T̂ = 0 and marginalization

over T̂ , respectively. In addition, LEP has access to the low-energy value of Ŝ, which di↵ers

from the high-energy value (to which our analysis is sensitive) by renormalization e↵ects in-

duced by other operators [65].

Our discussion so far has been based on the assumption that the new dynamics is much

heavier than the LHC kinematic reach, so that an EFT approach is appropriate. It is however

instructive to confront these indirect searches in the EFT framework, with direct resonance

searches in explicit models. We do this in figure 8 in the context of models with heavy

vector triplet resonances W 0, as introduced in eq. (11). For concreteness, we have performed

this comparison with vector resonances arising from composite Higgs models, fixing the W 0

26

The HL-LHC prospect 
corresponds to:

(for W = 0)

Particularly relevant for states with 
strong coupling to SM fermions 
and Higgs currents.

elementary states). Those include many models that solve the hierarchy problem (eg. com-

posite Higgs models, extra dimensional models, little Higgs, twin Higgs) and are therefore

generally better motivated. In these models the contributions to HEPs are always mediated

by SM gauge bosons whose coupling is g (see diagrams 3c and 3d), and therefore we expect
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In several new physics scenarios of the ”Weak” class, the light SM fermions have negligible

direct couplings with the new dynamics, which only interacts with the SM vector and Higgs

bosons. These BSM scenarios, that we call ”universal”, are conveniently parametrized at

low-energy in the SILH basis [31],6 where d = 6 operators are written as a function of SM

bosons only (see table 3). The relations between the HEP and the Wilson coe�cients in the
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and
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and �� defined in eq. (4). We have

a(3)q = �
g2

m2
W

�
c2✓W �gZ1 +W

�
, a(1)q =

g02

3m2
W

⇣
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which can be useful in order to compare HEP analyses from LHC with other experiments,

such as LEP.

It can be instructive to provide a concrete example of this type of models, and the explicit

values of the HEP parameters that are generated. For this purpose, let us consider holographic

models of composite Higgs [36]. One finds [31], after integrating out the heavy resonances of

the model at tree-level:

cW = cB =
27⇡2

256
' 1.0 , cHW,HB = 0 , c2B,2W '

g2

g2⇤
⌧ 1 , (8)

where g⇤ is here the coupling of the composite heavy vectors, and the new-physics scale M

is identified with the lightest vector-resonance mass. The relation cW = cB in eq. (8) is due

to a global O(4) symmetry of the model, and cHW,HB ⌧ cW,B is a generic consequence of

the “minimal coupling” hypothesis [14,31], which is realized not only in holographic models,

but also in little Higgs or other weakly-coupled scenarios. Eq. (8) leads to the following

predictions:

a(3)q =
3g2

g02
a(1)q '

g2

M2
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v2/L 2. Therefore we neglect them and focus on the four-
fermion interactions which comprise of four classes de-
pending on the chirality: (L̄L)(L̄L), (R̄R)(R̄R), (R̄R)(L̄L),
and (L̄L)(R̄R). In particular, the relevant set of operators
is:

L
SMEFT �

c(3)Qi jLkl

L 2 (Q̄igµ saQ j)(L̄kgµ saLl)+
c(1)Qi jLkl

L 2 (Q̄igµ Q j)(L̄kgµ Ll)+

cui jekl

L 2 (ūigµ u j)(ēkgµ el)+
cdi jLkl

L 2 (d̄igµ d j)(ēkgµ el)+

cui jLkl

L 2 (ūigµ u j)(L̄kgµ Ll)+
cdi jLkl

L 2 (d̄igµ d j)(L̄kgµ Ll)+

cQi jekl

L 2 (Q̄igµ Q j)(ēkgµ el) (1)

where i, j,k, l are flavour indices, Qi =(V ⇤
jiu

j
L,d

i
L)

T and Li =

(n i
L,`

i
L)

T are the SM left-handed quark and lepton weak
doublets, while di, ui, ei 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
! `�p01

`+p02
) = i Â

qL,qR
Â
`L,`R

(q̄igµ q j) ( ¯̀gµ`) Fq`(p2) ,

(2)

where p ⌘ p1 + p2 = p01 + p02, and the form factor Fq`(p2)
can be expanded around the propagating physical poles
(photon and Z boson), leading to

Fq`(p2) = d i j e2QqQ`

p2 +d i j gq
Zg`Z

p2 �m2
Z + imZGZ

+
eq`

i j

v2 . (3)

Here, Qq(`) is the quark (lepton) electric charge, while gq(`)
Z

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

Z = 2mZ
v (T 3

f �Q f sin2 qW ). The contact terms eq`
i j are related

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

L 2 cx, with v' 246 GeV. The only constraint on the contact

terms imposed by SU(2)L invariance are edLek
R

i j = euLek
R

i j =

cQi jekk v2/L 2.
The dilepton invariant mass spectrum can be written as

(see Appendix A),

ds
dt

=

✓
ds
dt

◆

SM
⇥ Âq,`Lqq̄(t,µF)|Fq`(ts0)|2

Âq,`Lqq̄(t,µF)|FSM
q` (ts0)|2

, (4)

where t ⌘ m2
`+`�/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 factorize (to a large ex-
tent). Therefore, consistently including those corrections

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.

in the SM prediction is enough to achieve good theoreti-
cal accuracy. It is still useful to define the differential LFU
ratio,

Rµ+µ�/e+e�(m``)⌘
dsµµ
dm``

/
dsee

dm``
=

=
Âq,µ Lqq̄(m2

``/s0,µF)|Fqµ(m2
``)|2

Âq,e Lqq̄(m2
``/s0,µF)|Fqe(m2

``)|2
,

(5)

which is a both theoretically and experimentally cleaner
observable. As an illustration, we show in Fig. 1 the pre-
dictions for Rµ+µ�/e+e� at

p
s0 = 13 TeV, assuming new

physics in three benchmark operators. The parton lumi-
nosities used to derive these predictions are discussed in
the next chapter.

A goal of this work is to connect the high-pT dilep-
ton tails measurements with the recent experimental hints
on lepton flavour universality violation in rare semilep-
tonic B meson decays. The pattern of observed deviations
points towards new physics contributions in left-handed
quark currents involving muons, as discussed in the next
section in more details. For this reason, when discussing
the connection to flavour in Section 3, we limit our atten-
tion to the (L̄L)(L̄L) operators with muons given in the first
line of Eq. (1). For this purpose, it is useful to rearrange the
terms relevant to p p ! µ+µ� as:1

L
eff �

CUµ
i j

v2 (ūi
Lgµ u j

L)(µ̄Lgµ µL)+
CDµ

i j

v2 (d̄i
Lgµ d j

L)(µ̄Lgµ µL) , (6)

The CUµ and CDµ matrices carry the flavour structure of
the operators. Since the top quark does not appear in the
process under study we can neglect the corresponding terms.
Regarding the off-diagonal elements, we keep only the b�
s one since it is where the flavour anomalies appear, while

1The 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 = v2/L 2(c(1)Qi jL22
± c(3)Qi jL22

).

2

v2/L 2. Therefore we neglect them and focus on the four-
fermion interactions which comprise of four classes de-
pending on the chirality: (L̄L)(L̄L), (R̄R)(R̄R), (R̄R)(L̄L),
and (L̄L)(R̄R). In particular, the relevant set of operators
is:
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SMEFT �
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where i, j,k, l are flavour indices, Qi =(V ⇤
jiu

j
L,d

i
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T and Li =

(n i
L,`

i
L)

T are the SM left-handed quark and lepton weak
doublets, while di, ui, ei 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-
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`�`+ scattering amplitude:
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tion to the (L̄L)(L̄L) operators with muons given in the first
line of Eq. (1). For this purpose, it is useful to rearrange the
terms relevant to p p ! µ+µ� as:1

L
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i j
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Lgµ d j

L)(µ̄Lgµ µL) , (6)

The CUµ and CDµ matrices carry the flavour structure of
the operators. Since the top quark does not appear in the
process under study we can neglect the corresponding terms.
Regarding the off-diagonal elements, we keep only the b�
s one since it is where the flavour anomalies appear, while

1The 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 = v2/L 2(c(1)Qi jL22
± c(3)Qi jL22
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Figure 1: Distributions of (a) dielectron and (b) dimuon reconstructed invariant mass (m``) after selection, for data
and the SM background estimates as well as their ratio before and after marginalisation. Selected Z0

� signals with a
pole mass of 3, 4 and 5 TeV are overlaid. The bin width of the distributions is constant in log(m``) and the shaded
band in the lower panels illustrates the total systematic uncertainty, as explained in Sec. 7. The data points are
shown together with their statistical uncertainty.

A search for Z0
� signals as well as generic Z0 signals with widths from 1% to 12% is performed utilising

the LLR test described in Ref. [54]. This second approach is specifically sensitive to narrow Z0-like
signals, and is thus complimentary to the more general BH approach. To perform the LLR search, the
Histfactory [55] package, together with RooStats [56] and RooFit [57] packages are used. The p-value
for finding a Z0

� signal excess (at a given pole mass), as well as variable width generic Z0 excess (at a
given central mass and with a given width), more significant than the observed, is computed analytically,
using the test statistic q0. The test statistic q0 is based on the logarithm of the profile likelihood ratio �(µ).
The test statistic is modified for signal masses below 1.5 TeV to also quantify the significance of potential
deficits in the data. As in the BH search the SM background model is constructed using the modes of
marginalised posteriors of the nuisance parameters from the MCMC, and these nuisance parameters are
not included in the likelihood at this stage. Starting with mZ 0 of 150 GeV, multiple mass hypotheses are
tested in pole mass steps corresponding to the histogram bin width to compute the local p-values — that
is p-values corresponding to specific signal mass hypotheses. Simulated experiments (for mZ 0 > 1.5 TeV)
and asymptotic relations (for mZ 0 < 1.5 TeV) in Ref. [54] are used to estimate the global p-value, which
is the probability to find anywhere in the m`` distribution a Z0-like excess more significant than that
observed in the data.

10 Results

The data, scrutinised with the statistical tests described in the previous section, show no significant ex-
cesses. The LLR tests for a Z0

� find global p-values of 58%, 91% and 83% in the dielectron, dimuon,
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Figure 1: Distributions of (a) dielectron and (b) dimuon reconstructed invariant mass (m``) after selection, for data
and the SM background estimates as well as their ratio before and after marginalisation. Selected Z0

� signals with a
pole mass of 3, 4 and 5 TeV are overlaid. The bin width of the distributions is constant in log(m``) and the shaded
band in the lower panels illustrates the total systematic uncertainty, as explained in Sec. 7. The data points are
shown together with their statistical uncertainty.

A search for Z0
� signals as well as generic Z0 signals with widths from 1% to 12% is performed utilising

the LLR test described in Ref. [54]. This second approach is specifically sensitive to narrow Z0-like
signals, and is thus complimentary to the more general BH approach. To perform the LLR search, the
Histfactory [55] package, together with RooStats [56] and RooFit [57] packages are used. The p-value
for finding a Z0

� signal excess (at a given pole mass), as well as variable width generic Z0 excess (at a
given central mass and with a given width), more significant than the observed, is computed analytically,
using the test statistic q0. The test statistic q0 is based on the logarithm of the profile likelihood ratio �(µ).
The test statistic is modified for signal masses below 1.5 TeV to also quantify the significance of potential
deficits in the data. As in the BH search the SM background model is constructed using the modes of
marginalised posteriors of the nuisance parameters from the MCMC, and these nuisance parameters are
not included in the likelihood at this stage. Starting with mZ 0 of 150 GeV, multiple mass hypotheses are
tested in pole mass steps corresponding to the histogram bin width to compute the local p-values — that
is p-values corresponding to specific signal mass hypotheses. Simulated experiments (for mZ 0 > 1.5 TeV)
and asymptotic relations (for mZ 0 < 1.5 TeV) in Ref. [54] are used to estimate the global p-value, which
is the probability to find anywhere in the m`` distribution a Z0-like excess more significant than that
observed in the data.

10 Results

The data, scrutinised with the statistical tests described in the previous section, show no significant ex-
cesses. The LLR tests for a Z0

� find global p-values of 58%, 91% and 83% in the dielectron, dimuon,
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Local interactions, i.e. 
4-fermion operators.
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2

v2/L 2. Therefore we neglect them and focus on the four-
fermion interactions which comprise of four classes de-
pending on the chirality: (L̄L)(L̄L), (R̄R)(R̄R), (R̄R)(L̄L),
and (L̄L)(R̄R). In particular, the relevant set of operators
is:

L
SMEFT �

c(3)Qi jLkl

L 2 (Q̄igµ saQ j)(L̄kgµ saLl)+
c(1)Qi jLkl

L 2 (Q̄igµ Q j)(L̄kgµ Ll)+

cui jekl

L 2 (ūigµ u j)(ēkgµ el)+
cdi jLkl

L 2 (d̄igµ d j)(ēkgµ el)+

cui jLkl

L 2 (ūigµ u j)(L̄kgµ Ll)+
cdi jLkl

L 2 (d̄igµ d j)(L̄kgµ Ll)+

cQi jekl

L 2 (Q̄igµ Q j)(ēkgµ el) (1)

where i, j,k, l are flavour indices, Qi =(V ⇤
jiu

j
L,d

i
L)

T and Li =

(n i
L,`

i
L)

T are the SM left-handed quark and lepton weak
doublets, while di, ui, ei 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
! `�p01

`+p02
) = i Â

qL,qR
Â
`L,`R

(q̄igµ q j) ( ¯̀gµ`) Fq`(p2) ,

(2)

where p ⌘ p1 + p2 = p01 + p02, and the form factor Fq`(p2)
can be expanded around the propagating physical poles
(photon and Z boson), leading to

Fq`(p2) = d i j e2QqQ`

p2 +d i j gq
Zg`Z

p2 �m2
Z + imZGZ

+
eq`

i j

v2 . (3)

Here, Qq(`) is the quark (lepton) electric charge, while gq(`)
Z

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

Z = 2mZ
v (T 3

f �Q f sin2 qW ). The contact terms eq`
i j are related

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

L 2 cx, with v' 246 GeV. The only constraint on the contact

terms imposed by SU(2)L invariance are edLek
R

i j = euLek
R

i j =

cQi jekk v2/L 2.
The dilepton invariant mass spectrum can be written as

(see Appendix A),

ds
dt

=

✓
ds
dt

◆

SM
⇥ Âq,`Lqq̄(t,µF)|Fq`(ts0)|2

Âq,`Lqq̄(t,µF)|FSM
q` (ts0)|2

, (4)

where t ⌘ m2
`+`�/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 factorize (to a large ex-
tent). Therefore, consistently including those corrections

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.

in the SM prediction is enough to achieve good theoreti-
cal accuracy. It is still useful to define the differential LFU
ratio,

Rµ+µ�/e+e�(m``)⌘
dsµµ
dm``

/
dsee

dm``
=

=
Âq,µ Lqq̄(m2

``/s0,µF)|Fqµ(m2
``)|2

Âq,e Lqq̄(m2
``/s0,µF)|Fqe(m2

``)|2
,

(5)

which is a both theoretically and experimentally cleaner
observable. As an illustration, we show in Fig. 1 the pre-
dictions for Rµ+µ�/e+e� at

p
s0 = 13 TeV, assuming new

physics in three benchmark operators. The parton lumi-
nosities used to derive these predictions are discussed in
the next chapter.

A goal of this work is to connect the high-pT dilep-
ton tails measurements with the recent experimental hints
on lepton flavour universality violation in rare semilep-
tonic B meson decays. The pattern of observed deviations
points towards new physics contributions in left-handed
quark currents involving muons, as discussed in the next
section in more details. For this reason, when discussing
the connection to flavour in Section 3, we limit our atten-
tion to the (L̄L)(L̄L) operators with muons given in the first
line of Eq. (1). For this purpose, it is useful to rearrange the
terms relevant to p p ! µ+µ� as:1

L
eff �

CUµ
i j

v2 (ūi
Lgµ u j

L)(µ̄Lgµ µL)+
CDµ

i j

v2 (d̄i
Lgµ d j

L)(µ̄Lgµ µL) , (6)

The CUµ and CDµ matrices carry the flavour structure of
the operators. Since the top quark does not appear in the
process under study we can neglect the corresponding terms.
Regarding the off-diagonal elements, we keep only the b�
s one since it is where the flavour anomalies appear, while

1The 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 = v2/L 2(c(1)Qi jL22
± c(3)Qi jL22

).
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Figure 1: Distributions of (a) dielectron and (b) dimuon reconstructed invariant mass (m``) after selection, for data
and the SM background estimates as well as their ratio before and after marginalisation. Selected Z0

� signals with a
pole mass of 3, 4 and 5 TeV are overlaid. The bin width of the distributions is constant in log(m``) and the shaded
band in the lower panels illustrates the total systematic uncertainty, as explained in Sec. 7. The data points are
shown together with their statistical uncertainty.

A search for Z0
� signals as well as generic Z0 signals with widths from 1% to 12% is performed utilising

the LLR test described in Ref. [54]. This second approach is specifically sensitive to narrow Z0-like
signals, and is thus complimentary to the more general BH approach. To perform the LLR search, the
Histfactory [55] package, together with RooStats [56] and RooFit [57] packages are used. The p-value
for finding a Z0

� signal excess (at a given pole mass), as well as variable width generic Z0 excess (at a
given central mass and with a given width), more significant than the observed, is computed analytically,
using the test statistic q0. The test statistic q0 is based on the logarithm of the profile likelihood ratio �(µ).
The test statistic is modified for signal masses below 1.5 TeV to also quantify the significance of potential
deficits in the data. As in the BH search the SM background model is constructed using the modes of
marginalised posteriors of the nuisance parameters from the MCMC, and these nuisance parameters are
not included in the likelihood at this stage. Starting with mZ 0 of 150 GeV, multiple mass hypotheses are
tested in pole mass steps corresponding to the histogram bin width to compute the local p-values — that
is p-values corresponding to specific signal mass hypotheses. Simulated experiments (for mZ 0 > 1.5 TeV)
and asymptotic relations (for mZ 0 < 1.5 TeV) in Ref. [54] are used to estimate the global p-value, which
is the probability to find anywhere in the m`` distribution a Z0-like excess more significant than that
observed in the data.

10 Results

The data, scrutinised with the statistical tests described in the previous section, show no significant ex-
cesses. The LLR tests for a Z0

� find global p-values of 58%, 91% and 83% in the dielectron, dimuon,
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Figure 1: Distributions of (a) dielectron and (b) dimuon reconstructed invariant mass (m``) after selection, for data
and the SM background estimates as well as their ratio before and after marginalisation. Selected Z0

� signals with a
pole mass of 3, 4 and 5 TeV are overlaid. The bin width of the distributions is constant in log(m``) and the shaded
band in the lower panels illustrates the total systematic uncertainty, as explained in Sec. 7. The data points are
shown together with their statistical uncertainty.

A search for Z0
� signals as well as generic Z0 signals with widths from 1% to 12% is performed utilising

the LLR test described in Ref. [54]. This second approach is specifically sensitive to narrow Z0-like
signals, and is thus complimentary to the more general BH approach. To perform the LLR search, the
Histfactory [55] package, together with RooStats [56] and RooFit [57] packages are used. The p-value
for finding a Z0

� signal excess (at a given pole mass), as well as variable width generic Z0 excess (at a
given central mass and with a given width), more significant than the observed, is computed analytically,
using the test statistic q0. The test statistic q0 is based on the logarithm of the profile likelihood ratio �(µ).
The test statistic is modified for signal masses below 1.5 TeV to also quantify the significance of potential
deficits in the data. As in the BH search the SM background model is constructed using the modes of
marginalised posteriors of the nuisance parameters from the MCMC, and these nuisance parameters are
not included in the likelihood at this stage. Starting with mZ 0 of 150 GeV, multiple mass hypotheses are
tested in pole mass steps corresponding to the histogram bin width to compute the local p-values — that
is p-values corresponding to specific signal mass hypotheses. Simulated experiments (for mZ 0 > 1.5 TeV)
and asymptotic relations (for mZ 0 < 1.5 TeV) in Ref. [54] are used to estimate the global p-value, which
is the probability to find anywhere in the m`` distribution a Z0-like excess more significant than that
observed in the data.

10 Results

The data, scrutinised with the statistical tests described in the previous section, show no significant ex-
cesses. The LLR tests for a Z0
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cui jLkl
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L 2 (ūigµ u j)(L̄kgµ Ll)+
cdi jLkl

L 2 (d̄igµ d j)(L̄kgµ Ll)+

cQi jekl

L 2 (Q̄igµ Q j)(ēkgµ el) (1)
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Lgµ u j

L)(µ̄Lgµ µL)+
CDµ

i j

v2 (d̄i
Lgµ d j

L)(µ̄Lgµ µL) , (6)

The CUµ and CDµ matrices carry the flavour structure of
the operators. Since the top quark does not appear in the
process under study we can neglect the corresponding terms.
Regarding the off-diagonal elements, we keep only the b�
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Local interactions, i.e. 
4-fermion operators.
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the next chapter.

A goal of this work is to connect the high-pT dilep-
ton tails measurements with the recent experimental hints
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tonic B meson decays. The pattern of observed deviations
points towards new physics contributions in left-handed
quark currents involving muons, as discussed in the next
section in more details. For this reason, when discussing
the connection to flavour in Section 3, we limit our atten-
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the next chapter.

A goal of this work is to connect the high-pT dilep-
ton tails measurements with the recent experimental hints
on lepton flavour universality violation in rare semilep-
tonic B meson decays. The pattern of observed deviations
points towards new physics contributions in left-handed
quark currents involving muons, as discussed in the next
section in more details. For this reason, when discussing
the connection to flavour in Section 3, we limit our atten-
tion to the (L̄L)(L̄L) operators with muons given in the first
line of Eq. (1). For this purpose, it is useful to rearrange the
terms relevant to p p ! µ+µ� as:1

L
eff �

CUµ
i j

v2 (ūi
Lgµ u j

L)(µ̄Lgµ µL)+
CDµ

i j

v2 (d̄i
Lgµ d j

L)(µ̄Lgµ µL) , (6)

The CUµ and CDµ matrices carry the flavour structure of
the operators. Since the top quark does not appear in the
process under study we can neglect the corresponding terms.
Regarding the off-diagonal elements, we keep only the b�
s one since it is where the flavour anomalies appear, while

1The 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 = v2/L 2(c(1)Qi jL22
± c(3)Qi jL22

).

QCD and EW corrections are 
flavour universal: such ratios will 
reduce theory uncertainties in the 
SM prediction.

Tests of LFU are strongly 
motivated by the  
B-physics anomalies.

Differential LFU ratio

SM
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We show that high energy measurements of Drell-Yan at the LHC can serve as electroweak
precision tests. Dimension-6 operators, from the Standard Model E↵ective Field Theory, modify the
high energy behavior of electroweak gauge boson propagators. Existing measurements of the dilepton
invariant mass spectrum, from neutral current Drell-Yan at 8 TeV, have comparable sensitivity to
LEP. We propose measuring the transverse mass spectrum of charged current Drell-Yan, which can
surpass LEP already with 8 TeV data. The 13 TeV LHC will elevate electroweak tests to a new
precision frontier.

Introduction.— Hadron colliders are often viewed as
“discovery machines.” They have limited precision, due
to their messy QCD environments, but their high Cen-
ter of Mass (CoM) energies allow them to directly pro-
duce new, heavy, particles. Hadron colliders are of-
ten contrasted with less energetic lepton colliders, which
can reach high precision to indirectly probe new heavy
physics, as exemplified by LEP, which tested the elec-
troweak sector of the Standard Model (SM) with unprece-
dented per-mill accuracy [1].

The flaws in this argument are well known to practi-
tioners of E↵ective Field Theory (EFT). Probing heavy
new physics, described by a mass scale M , at energies
E ⌧ M , gives a correction to observables scaling as
(E/M)n, for some n � 0. For those observables with
n > 0, hadron colliders benefit from the high CoM en-
ergy [2–7]. Is the energy enhancement at hadron colliders
su�cient to beat the precision of lepton colliders?

We address this question by studying the e↵ect of “uni-
versal” new physics [8] on neutral and charged Drell-Yan
(DY) [9] processes: pp ! `+`� and pp ! `⌫. Uni-
versal theories include scenarios with new heavy vectors
that mix with SM ones [10–15], new electroweak charged
particles [16], and electroweak gauge boson composite-
ness [17]. The e↵ects of universal new physics on DY
process can be parameterized as modifications of elec-
troweak gauge boson propagators and encapsulated in
the “oblique parameters” [18]. At leading order in a
derivative expansion they correspond to Ŝ, T̂, W, and
Y [8], which modify the �, Z, and W propagators. The
e↵ects of Ŝ and T̂ on DY processes do not grow with en-
ergy, making it di�cult for the LHC to surpass stringent
constraints from LEP [1]. On the other hand, W and

Y, which are generated by the dimension-6 operators of
table I, give rise to e↵ects that grow with energy.

We find that neutral DY has comparable sensitivity
to W and Y as LEP, already at 8TeV. This sensitiv-
ity follows from the growth in energy, as well as the
percent-level precision achieved by LHC experiments [19–
25], Parton Distribution Function (PDF) determination,
and NNLO calculations [26–32]. We propose that the
LHC can carry out similar measurements in charged DY
(using the transverse mass spectrum), which with cur-
rent data is sensitive to W far beyond LEP. We project
the sensitivity of the 13 TeV LHC, and future hadron
colliders, and find spectacular reach to probe W and Y.
While we propose to use DY for electroweak preci-

sion tests, previous studies have shown DY can probe
4-fermion contact operators [33–37], the running of elec-
troweak gauge couplings [38, 39], and quantum e↵ects
from superpartners [40, 41].

universal form factor (L) contact operator (L0)

W � W
4m2

W
(D⇢W

a
µ⌫)

2 � g22W

2m2
W
JL

a
µJL

µ
a

Y � Y
4m2

W
(@⇢Bµ⌫)

2 � g21Y

2m2
W
JY µJY

µ

TABLE I. The parameters W and Y in their “universal” form

(left), and as products of currents related by the equation of

motion (right). We dropped corrections to trilinear gauge cou-

plings.

EWPT from DY.— The 4 parameters Ŝ, T̂, W, and Y
modify the SM neutral and charged vector boson propa-
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FIG. 2. Projected 95% CL exclusions in the W-Y plane. Left: exclusion from neutral (purple) and charged (green) DY

from LHC measurements at various luminosities and energies, compared to LEP bounds (gray). Right: projected reach from

a 100TeV collider (notice the change of scale).

and transverse lepton mass (for charged DY) bins and
compared with the observations using a �2 test. The
value of the cross section in each bin can be written as
� = �SM (1 +

P
p apCp +

P
pq bpqCpCq), C = {W,Y},

and ap, bpq are numbers that vary bin-by-bin. The coef-
ficients ap represent the interference between the SM and
the new physics, which is the leading e↵ect in our case.
The SM cross section, �SM , is computed at NNLO QCD
using FEWZ [29–32, 43, 44]. The NNPDF2.3@NNLO
PDF [45, 46], with ↵s = 0.119, is employed for the cen-
tral value predictions at 8 and 13TeV, and to quantify
PDF uncertainties. We use NNPDF3.0@NNLO [47] for
100TeV projections. The QCD scale and PDF uncertain-
ties are included following Ref. [39]. The photon PDF is
not a significant source of uncertainty, because it was
recently determined with high precision [48].

Run-1 limits on W and Y from neutral DY are ob-
tained using the di↵erential cross section measurements
performed by ATLAS [25] and CMS [23], including the
full correlation matrix of experimental uncertainties. The
left panel of Fig. 1 shows the comparison of the ATLAS
and CMS measurements with our theoretical predictions
for the cross section in each bin in the SM (W = Y = 0)
hypothesis. Theoretical uncertainties from PDF and
scale uncertainty are displayed as a shaded band, while
the black error bars represent experimental uncertain-
ties. Our predictions reproduce observations, under the
SM hypothesis, over the whole invariant mass range. We
also notice that statistical errors are by far dominant at
high mass, the theoretical and systematical uncertain-
ties being one order of magnitude smaller, around 2%.
The right panel of Fig. 1 shows the 95% exclusion con-
tours obtained with ATLAS and CMS data in the W-Y

plane. The constraint from LEP and from other low-
energy measurements [42] is displayed as a grey region
(marginalizing over Ŝ and T̂). Run-1 limits from neutral
DY are already competitive with LEP constraints.
We project neutral/charged DY reach at 13 TeV and

at a future 100 TeV collider. We also project the reach
of 8 TeV for charged DY (di↵erential cross section mea-
surements are presently unavailable at high transverse
mass). In order to estimate experimental uncertainties,
we include fully correlated (�c) and uncorrelated (�uc) un-
certainties. For neutral DY, we use �c = �uc = 2%, com-
mensurate with uncertainties achieved in existing 8 TeV
measurements. For charged DY we use �c = �uc = 5%,
consistent with uncertainty attributed to charged DY
backgrounds to W 0 searches [49–51]. We apply the cuts
p`T > 25 GeV and |⌘`| < 2.5 on leptons, and assume
an identification e�ciency of 65% (80%) for electrons
(muons). For neutral (charged) DY we bin invariant
(transverse) mass as in Ref. [39].
Our 13 TeV results, overlaid with the LEP limit, are

shown in Fig. 2 left, for luminosities of 100, 300, and
3000 fb�1. The projected LHC limits are radically bet-
ter than present constraints. The expected Run-1 limit
on W from charged DY is shown as a dotted green band.
The reach far surpasses LEP, even with Run-1 data. Pro-
jections for 100TeV are shown to the right of Fig. 2 for
luminosities of 3 and 10 ab�1.
In order to delve deeper into our results, Fig. 3 shows

how the limit on W or Y changes if only invariant
mass (for neutral DY, left panel) or transverse mass (for
charged DY, right panel) bins below a certain threshold
⇤cut are included. We learn that our limits mainly rely on
measurements below 1 (2) TeV for

p
s = 8 (13) TeV. The

All 4-fermion operators aligned with the W and B currents:
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precision tests. Dimension-6 operators, from the Standard Model E↵ective Field Theory, modify the
high energy behavior of electroweak gauge boson propagators. Existing measurements of the dilepton
invariant mass spectrum, from neutral current Drell-Yan at 8 TeV, have comparable sensitivity to
LEP. We propose measuring the transverse mass spectrum of charged current Drell-Yan, which can
surpass LEP already with 8 TeV data. The 13 TeV LHC will elevate electroweak tests to a new
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Introduction.— Hadron colliders are often viewed as
“discovery machines.” They have limited precision, due
to their messy QCD environments, but their high Cen-
ter of Mass (CoM) energies allow them to directly pro-
duce new, heavy, particles. Hadron colliders are of-
ten contrasted with less energetic lepton colliders, which
can reach high precision to indirectly probe new heavy
physics, as exemplified by LEP, which tested the elec-
troweak sector of the Standard Model (SM) with unprece-
dented per-mill accuracy [1].

The flaws in this argument are well known to practi-
tioners of E↵ective Field Theory (EFT). Probing heavy
new physics, described by a mass scale M , at energies
E ⌧ M , gives a correction to observables scaling as
(E/M)n, for some n � 0. For those observables with
n > 0, hadron colliders benefit from the high CoM en-
ergy [2–7]. Is the energy enhancement at hadron colliders
su�cient to beat the precision of lepton colliders?

We address this question by studying the e↵ect of “uni-
versal” new physics [8] on neutral and charged Drell-Yan
(DY) [9] processes: pp ! `+`� and pp ! `⌫. Uni-
versal theories include scenarios with new heavy vectors
that mix with SM ones [10–15], new electroweak charged
particles [16], and electroweak gauge boson composite-
ness [17]. The e↵ects of universal new physics on DY
process can be parameterized as modifications of elec-
troweak gauge boson propagators and encapsulated in
the “oblique parameters” [18]. At leading order in a
derivative expansion they correspond to Ŝ, T̂, W, and
Y [8], which modify the �, Z, and W propagators. The
e↵ects of Ŝ and T̂ on DY processes do not grow with en-
ergy, making it di�cult for the LHC to surpass stringent
constraints from LEP [1]. On the other hand, W and

Y, which are generated by the dimension-6 operators of
table I, give rise to e↵ects that grow with energy.

We find that neutral DY has comparable sensitivity
to W and Y as LEP, already at 8TeV. This sensitiv-
ity follows from the growth in energy, as well as the
percent-level precision achieved by LHC experiments [19–
25], Parton Distribution Function (PDF) determination,
and NNLO calculations [26–32]. We propose that the
LHC can carry out similar measurements in charged DY
(using the transverse mass spectrum), which with cur-
rent data is sensitive to W far beyond LEP. We project
the sensitivity of the 13 TeV LHC, and future hadron
colliders, and find spectacular reach to probe W and Y.
While we propose to use DY for electroweak preci-

sion tests, previous studies have shown DY can probe
4-fermion contact operators [33–37], the running of elec-
troweak gauge couplings [38, 39], and quantum e↵ects
from superpartners [40, 41].

universal form factor (L) contact operator (L0)

W � W
4m2

W
(D⇢W

a
µ⌫)

2 � g22W

2m2
W
JL

a
µJL

µ
a

Y � Y
4m2

W
(@⇢Bµ⌫)

2 � g21Y

2m2
W
JY µJY

µ

TABLE I. The parameters W and Y in their “universal” form

(left), and as products of currents related by the equation of

motion (right). We dropped corrections to trilinear gauge cou-

plings.

EWPT from DY.— The 4 parameters Ŝ, T̂, W, and Y
modify the SM neutral and charged vector boson propa-
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Introduction.— Hadron colliders are often viewed as
“discovery machines.” They have limited precision, due
to their messy QCD environments, but their high Cen-
ter of Mass (CoM) energies allow them to directly pro-
duce new, heavy, particles. Hadron colliders are of-
ten contrasted with less energetic lepton colliders, which
can reach high precision to indirectly probe new heavy
physics, as exemplified by LEP, which tested the elec-
troweak sector of the Standard Model (SM) with unprece-
dented per-mill accuracy [1].

The flaws in this argument are well known to practi-
tioners of E↵ective Field Theory (EFT). Probing heavy
new physics, described by a mass scale M , at energies
E ⌧ M , gives a correction to observables scaling as
(E/M)n, for some n � 0. For those observables with
n > 0, hadron colliders benefit from the high CoM en-
ergy [2–7]. Is the energy enhancement at hadron colliders
su�cient to beat the precision of lepton colliders?

We address this question by studying the e↵ect of “uni-
versal” new physics [8] on neutral and charged Drell-Yan
(DY) [9] processes: pp ! `+`� and pp ! `⌫. Uni-
versal theories include scenarios with new heavy vectors
that mix with SM ones [10–15], new electroweak charged
particles [16], and electroweak gauge boson composite-
ness [17]. The e↵ects of universal new physics on DY
process can be parameterized as modifications of elec-
troweak gauge boson propagators and encapsulated in
the “oblique parameters” [18]. At leading order in a
derivative expansion they correspond to Ŝ, T̂, W, and
Y [8], which modify the �, Z, and W propagators. The
e↵ects of Ŝ and T̂ on DY processes do not grow with en-
ergy, making it di�cult for the LHC to surpass stringent
constraints from LEP [1]. On the other hand, W and

Y, which are generated by the dimension-6 operators of
table I, give rise to e↵ects that grow with energy.

We find that neutral DY has comparable sensitivity
to W and Y as LEP, already at 8TeV. This sensitiv-
ity follows from the growth in energy, as well as the
percent-level precision achieved by LHC experiments [19–
25], Parton Distribution Function (PDF) determination,
and NNLO calculations [26–32]. We propose that the
LHC can carry out similar measurements in charged DY
(using the transverse mass spectrum), which with cur-
rent data is sensitive to W far beyond LEP. We project
the sensitivity of the 13 TeV LHC, and future hadron
colliders, and find spectacular reach to probe W and Y.
While we propose to use DY for electroweak preci-

sion tests, previous studies have shown DY can probe
4-fermion contact operators [33–37], the running of elec-
troweak gauge couplings [38, 39], and quantum e↵ects
from superpartners [40, 41].
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TABLE I. The parameters W and Y in their “universal” form

(left), and as products of currents related by the equation of

motion (right). We dropped corrections to trilinear gauge cou-

plings.
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[Farina, Panico, Pappadopulo, Ruderman, Torre, Wulzer 1609.08157]

Limits from LHC are already 
competitive/better than those from 
LEP and will improve even more with 
more data.

pp→ℓν  has also potential to 
provide strong bounds!
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Limits on 36 4-fermion operators

8

Ci ATLAS 36.1 fb�1 3000 fb�1

C(1)
Q1L2 [-5.73, 14.2] ⇥10�4 [-1.30, 1.51] ⇥10�4

C(3)
Q1L2 [-7.11, 2.84] ⇥10�4 [-5.25, 5.25] ⇥10�5

CuRL2 [-0.84, 1.61] ⇥10�3 [-2.00, 2.66] ⇥10�4

CuRµR [-0.52, 1.36] ⇥10�3 [-1.04, 1.08] ⇥10�4

CQ1µR
[-0.82, 1.27] ⇥10�3 [-2.25, 4.10] ⇥10�4

CdRL2 [-2.13, 1.61] ⇥10�3 [-8.98, 5.11] ⇥10�4

CdRµR [-2.31, 1.34] ⇥10�3 [-4.89, 3.33] ⇥10�4

C(1)
Q2L2 [-8.84, 7.35] ⇥10�3 [-3.83, 2.39] ⇥10�3

C(3)
Q2L2 [-9.75, 5.56] ⇥10�3 [-1.43, 1.15] ⇥10�3

CQ2µR
[-7.53, 8.67] ⇥10�3 [-2.58, 3.73] ⇥10�3

CsRL2 [-1.04 , 0.93] ⇥10�2 [-4.42, 3.33] ⇥10�3

CsRµR [-1.09 , 0.87] ⇥10�2 [-4.67, 2.73] ⇥10�3

CcRL2 [-1.33, 1.52] ⇥10�2 [-4.58, 6.54] ⇥10�3

CcRµR [-1.21, 1.62] ⇥10�2 [-3.48, 6.32] ⇥10�3

CbLL2 [-2.61, 2.07] ⇥10�2 [-11.1, 6.33] ⇥10�3

CbLµR [-2.28, 2.42] ⇥10�2 [-8.53, 10.0] ⇥10�3

CbRL2 [-2.41, 2.29] ⇥10�2 [-9.90, 8.68] ⇥10�3

CbRµR [-2.47, 2.23] ⇥10�2 [-10.5, 7.97] ⇥10�3

Ci ATLAS 36.1 fb�1 3000 fb�1

C(1)
Q1L1 [-0.0, 1.75] ⇥10�3 [-1.01, 1.13] ⇥10�4

C(3)
Q1L1 [-8.92, -0.54] ⇥10�4 [-3.99, 3.93] ⇥10�5

CuRL1 [-0.19, 1.92] ⇥10�3 [-1.56, 1.92] ⇥10�4

CuReR [0.15, 2.06] ⇥10�3 [-7.89, 8.23] ⇥10�5

CQ1eR
[-0.40, 1.37] ⇥10�3 [-1.8, 2.85] ⇥10�4

CdRL1 [-2.1, 1.04] ⇥10�3 [-7.59, 4.23] ⇥10�4

CdReR [-2.55, 0.46] ⇥10�3 [-3.37, 2.59] ⇥10�4

C(1)
Q2L1 [-6.62, 4.36] ⇥10�3 [-3.31, 1.92] ⇥10�3

C(3)
Q2L1 [-8.24, 2.05] ⇥10�3 [-8.87, 7.90] ⇥10�4

CQ2eR
[-4.67, 6.34] ⇥10�3 [-2.11, 3.30] ⇥10�3

CsRL1 [-7.4 , 5.9] ⇥10�3 [-3.96, 2.8] ⇥10�3

CsReR [-8.17, 5.06] ⇥10�3 [-3.82, 2.13] ⇥10�3

CcRL1 [-0.83, 1.13] ⇥10�2 [-3.74, 5.77] ⇥10�3

CcReR [-0.67, 1.27] ⇥10�2 [-2.59, 4.17] ⇥10�3

CbLL1 [-1.93, 1.19] ⇥10�2 [-8.62, 4.82] ⇥10�3

CbLeR [-1.47, 1.67] ⇥10�2 [-7.29, 8.99] ⇥10�3

CbRL1 [-1.65, 1.49] ⇥10�2 [-8.86, 7.48] ⇥10�3

CbReR [-1.73, 1.40] ⇥10�2 [-9.38, 6.63] ⇥10�3

Table 1 One-parameter 2s limits from pp ! µ+µ�,e+e�.
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36. D. Bečirević and O. Sumensari, arXiv:1704.05835 [hep-ph].
37. R. Gauld, F. Goertz and U. Haisch, JHEP 1401 (2014) 069

[arXiv:1310.1082 [hep-ph]].
38. A. J. Buras, F. De Fazio and J. Girrbach, JHEP 1402 (2014) 112

[arXiv:1311.6729 [hep-ph]].

7

studied in details in Refs. [59,60]. We would like to point
out that similar limits would apply even for a relatively
light LQ (in the ⇠ TeV range). As an illustration, the fit to
low-energy anomalies in the model of Ref. [36] (where the
effect is loop-generated), requires large charm-muon-LQ
coupling, leading to a potentially observable c c̄ ! µ+µ�

production at high-pT . We also note that the single LQ pro-
duction at the LHC can constrain similar couplings [61].

4 Conclusions

In this work we discuss the contribution from flavour non-
universal new physics to the high-pT dilepton tails in pp!
`+`�, where ` = e,µ . In particular, we set the best up-to-
date limits on all 36 four-fermion operators in the SMEFT
which contribute to these processes by recasting the recent
13 TeV ATLAS analysis with 36.1 fb�1 of data, as well as
estimate the final sensitivity for the high-luminosity phase
at the LHC.

Recent results in rare semileptonic B meson decays
show some intriguing hints for possible violation of lepton-
flavour universality. It is particularly interesting to notice
that all the different anomalies can be coherently described
by a new physics contribution to the left-handed bL ! sLµ+

L µ�
L

contact interaction. In most flavour models, the flavour-
changing interactions are related (and usually suppressed
with respect) to the flavour diagonal ones. These, in turn,
are probed via the high-pT dimuon tail, allowing us to set
limits which are already probing interesting regions of pa-
rameter space of some models.

In particular, our limits exclude, or put in strong ten-
sion, scenarios which aim to describe the flavour anoma-
lies using MFV structure that directly relates the bsµµ
contact interaction to the ones involving first generation
quarks, tightly constrained from pp! µ+µ�. On the other
hand, scenarios with U(2)Q flavour symmetry predomi-
nantly coupled to the third generation quarks lead to milder
constraints. We also briefly discuss a few explicit examples
with heavy mediator states (colourless vectors and lepto-
quarks), and show a comparison of the limits obtained in
the EFT with those obtained directly in the model.

If these flavour anomalies will be confirmed with more
data, correlated signals at high-pT processes at LHC will
be crucial in order to decipher the responsible dynamics.
We show that the high energy dilepton tails can provide
very valuable information in this direction.
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Appendix A: dilepton cross section

The unpolarized partonic differential cross section follow-
ing from Eq. (2) is given by

dŝ
dt

=
1

48ps2 u2 �|FqL`L(s)|
2 + |FqR`R(s)|

2�

+
1

48ps2 t2 �|FqL`R(s)|
2 + |FqR`L(s)|

2� ,
(A.1)

where s, t, and u are the Mandelstam variables. The total
partonic cross section is

ŝ =
s

144p
�
|FqL`L (s)|

2 + |FqR`R (s)|
2 + |FqL`R (s)|

2 + |FqR`L (s)|
2� ,

(A.2)

while the hadronic cross section is obtained after convolut-
ing the partonic one with the corresponding parton lumi-
nosity functions

Lqq̄(t,µF) =
Z 1

t

dx
x

fq(x,µF) fq̄(t/x,µF) . (A.3)

In particular, the cross section in the dilepton invariant mass
bin

⇥
tbin

min,tbin
max

⇤
is given by

sbin(p p ! `+`�) = Â
q

Z tbin
max

tbin
min

dt 2Lqq̄(t,µF) ŝ(ts0) .

(A.4)

Appendix B: Operator limits

In Table 1 we show the present 2s limits on the 36 inde-
pendent four-fermion operators contributing to pp! `+`�

from the 13 TeV ATLAS analysis [11] with 36.1 fb�1 of
data, as well as projections for 3000 fb�1, where only one
operator is turned on at a time. The notation used is as in
Eq. (1) but the cutoff dependence has been reabsorbed as
Cx ⌘ v2

L 2 cx. In the case of operators involving bL quark, in-
stead, we keep only the combination of triplet and singlet
aligned with it, since the top quark does not enter in this
observable. In the Gaussian approximation we derived the
correlation matrix in the 36 coefficients and checked that
the only non-negligible correlation is the one among the
triplet and singlet (L̄L)(L̄L) operators with same fermion
content. This correlation is shown explicitly in the 2d fit of
Fig. 3.
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Q1L2 [-5.73, 14.2] ⇥10�4 [-1.30, 1.51] ⇥10�4
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CbRµR [-2.47, 2.23] ⇥10�2 [-10.5, 7.97] ⇥10�3
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Q1L1 [-8.92, -0.54] ⇥10�4 [-3.99, 3.93] ⇥10�5

CuRL1 [-0.19, 1.92] ⇥10�3 [-1.56, 1.92] ⇥10�4

CuReR [0.15, 2.06] ⇥10�3 [-7.89, 8.23] ⇥10�5

CQ1eR
[-0.40, 1.37] ⇥10�3 [-1.8, 2.85] ⇥10�4

CdRL1 [-2.1, 1.04] ⇥10�3 [-7.59, 4.23] ⇥10�4

CdReR [-2.55, 0.46] ⇥10�3 [-3.37, 2.59] ⇥10�4

C(1)
Q2L1 [-6.62, 4.36] ⇥10�3 [-3.31, 1.92] ⇥10�3

C(3)
Q2L1 [-8.24, 2.05] ⇥10�3 [-8.87, 7.90] ⇥10�4

CQ2eR
[-4.67, 6.34] ⇥10�3 [-2.11, 3.30] ⇥10�3

CsRL1 [-7.4 , 5.9] ⇥10�3 [-3.96, 2.8] ⇥10�3

CsReR [-8.17, 5.06] ⇥10�3 [-3.82, 2.13] ⇥10�3

CcRL1 [-0.83, 1.13] ⇥10�2 [-3.74, 5.77] ⇥10�3

CcReR [-0.67, 1.27] ⇥10�2 [-2.59, 4.17] ⇥10�3

CbLL1 [-1.93, 1.19] ⇥10�2 [-8.62, 4.82] ⇥10�3

CbLeR [-1.47, 1.67] ⇥10�2 [-7.29, 8.99] ⇥10�3

CbRL1 [-1.65, 1.49] ⇥10�2 [-8.86, 7.48] ⇥10�3

CbReR [-1.73, 1.40] ⇥10�2 [-9.38, 6.63] ⇥10�3

Table 1 One-parameter 2s limits from pp ! µ+µ�,e+e�.

3. R. Aaij et al. [LHCb Collaboration], Phys. Rev. Lett. 111 (2013)
191801 [arXiv:1308.1707 [hep-ex]].

4. R. Aaij et al. [LHCb Collaboration], JHEP 1602 (2016) 104
[arXiv:1512.04442 [hep-ex]].

5. S. Bifani, in Seminar at CERN, April 18th (2017).
6. V. Cirigliano, M. Gonzalez-Alonso and M. L. Graesser, JHEP

1302 (2013) 046 [arXiv:1210.4553 [hep-ph]].
7. M. Gonzlez-Alonso and J. Martin Camalich, arXiv:1606.06037

[hep-ph].

8. J. de Blas, M. Chala and J. Santiago, Phys. Rev. D 88 (2013)
095011 [arXiv:1307.5068 [hep-ph]].

9. M. Farina, G. Panico, D. Pappadopulo, J. T. Ruderman, R. Torre
and A. Wulzer, arXiv:1609.08157 [hep-ph].

10. D. A. Faroughy, A. Greljo and J. F. Kamenik, Phys. Lett. B 764
(2017) 126 [arXiv:1609.07138 [hep-ph]].

11. The ATLAS collaboration [ATLAS Collaboration], ATLAS-
CONF-2017-027.

12. B. Grzadkowski, M. Iskrzynski, M. Misiak and J. Rosiek, JHEP
1010 (2010) 085 [arXiv:1008.4884 [hep-ph]].

13. A. Efrati, A. Falkowski and Y. Soreq, JHEP 1507 (2015) 018
[arXiv:1503.07872 [hep-ph]].

14. G. Cowan, K. Cranmer, E. Gross and O. Vitells, Eur. Phys. J.
C 71 (2011) 1554 Erratum: [Eur. Phys. J. C 73 (2013) 2501]
[arXiv:1007.1727 [physics.data-an]].

15. L. A. Harland-Lang, A. D. Martin, P. Motylinski and
R. S. Thorne, Eur. Phys. J. C 75 (2015) no.5, 204
[arXiv:1412.3989 [hep-ph]].

16. A. Alloul, N. D. Christensen, C. Degrande, C. Duhr and B. Fuks,
Comput. Phys. Commun. 185 (2014) 2250 [arXiv:1310.1921
[hep-ph]].

17. J. Alwall et al., JHEP 1407 (2014) 079 [arXiv:1405.0301 [hep-
ph]].

18. B. Capdevila, A. Crivellin, S. Descotes-Genon, J. Matias and
J. Virto, arXiv:1704.05340 [hep-ph].

19. W. Altmannshofer, P. Stangl and D. M. Straub,
arXiv:1704.05435 [hep-ph].

20. L. S. Geng, B. Grinstein, S. Jager, J. Martin Camalich, X. L. Ren
and R. X. Shi, arXiv:1704.05446 [hep-ph].

21. S. Descotes-Genon, J. Matias, M. Ramon and J. Virto, JHEP
1301 (2013) 048 [arXiv:1207.2753 [hep-ph]].

22. G. Hiller and F. Kruger, Phys. Rev. D 69 (2004) 074020 [hep-
ph/0310219].

23. C. Bobeth, G. Hiller and G. Piranishvili, JHEP 0712 (2007) 040
[arXiv:0709.4174 [hep-ph]].

24. M. Bordone, G. Isidori and A. Pattori, Eur. Phys. J. C 76 (2016)
no.8, 440 [arXiv:1605.07633 [hep-ph]].

25. A. Celis, J. Fuentes-Martin, A. Vicente and J. Virto,
arXiv:1704.05672 [hep-ph].

26. B. Bhattacharya, A. Datta, D. London and S. Shivashankara,
Phys. Lett. B 742 (2015) 370 [arXiv:1412.7164 [hep-ph]].

27. R. Alonso, B. Grinstein and J. Martin Camalich, JHEP 1510
(2015) 184 [arXiv:1505.05164 [hep-ph]].

28. A. Greljo, G. Isidori and D. Marzocca, JHEP 1507 (2015) 142
[arXiv:1506.01705 [hep-ph]].

29. C. Patrignani et al. [Particle Data Group], Chin. Phys. C 40
(2016) no.10, 100001.

30. G. D’Ambrosio, G. F. Giudice, G. Isidori and A. Strumia, Nucl.
Phys. B 645 (2002) 155 [hep-ph/0207036].

31. R. Barbieri, G. Isidori, J. Jones-Perez, P. Lodone and
D. M. Straub, Eur. Phys. J. C 71 (2011) 1725 [arXiv:1105.2296
[hep-ph]].

32. D. Buttazzo, A. Greljo, G. Isidori and D. Marzocca, JHEP 1608
(2016) 035 [arXiv:1604.03940 [hep-ph]].

33. M. Bordone, G. Isidori and S. Trifinopoulos, arXiv:1702.07238
[hep-ph].

34. J. F. Kamenik, Y. Soreq and J. Zupan, arXiv:1704.06005 [hep-
ph].

35. P. Arnan, L. Hofer, F. Mescia and A. Crivellin, JHEP 1704
(2017) 043 doi:10.1007/JHEP04(2017)043 [ arXiv:1608.07832
[hep-ph]].
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studied in details in Refs. [59,60]. We would like to point
out that similar limits would apply even for a relatively
light LQ (in the ⇠ TeV range). As an illustration, the fit to
low-energy anomalies in the model of Ref. [36] (where the
effect is loop-generated), requires large charm-muon-LQ
coupling, leading to a potentially observable c c̄ ! µ+µ�

production at high-pT . We also note that the single LQ pro-
duction at the LHC can constrain similar couplings [61].

4 Conclusions

In this work we discuss the contribution from flavour non-
universal new physics to the high-pT dilepton tails in pp!
`+`�, where ` = e,µ . In particular, we set the best up-to-
date limits on all 36 four-fermion operators in the SMEFT
which contribute to these processes by recasting the recent
13 TeV ATLAS analysis with 36.1 fb�1 of data, as well as
estimate the final sensitivity for the high-luminosity phase
at the LHC.

Recent results in rare semileptonic B meson decays
show some intriguing hints for possible violation of lepton-
flavour universality. It is particularly interesting to notice
that all the different anomalies can be coherently described
by a new physics contribution to the left-handed bL ! sLµ+

L µ�
L

contact interaction. In most flavour models, the flavour-
changing interactions are related (and usually suppressed
with respect) to the flavour diagonal ones. These, in turn,
are probed via the high-pT dimuon tail, allowing us to set
limits which are already probing interesting regions of pa-
rameter space of some models.

In particular, our limits exclude, or put in strong ten-
sion, scenarios which aim to describe the flavour anoma-
lies using MFV structure that directly relates the bsµµ
contact interaction to the ones involving first generation
quarks, tightly constrained from pp! µ+µ�. On the other
hand, scenarios with U(2)Q flavour symmetry predomi-
nantly coupled to the third generation quarks lead to milder
constraints. We also briefly discuss a few explicit examples
with heavy mediator states (colourless vectors and lepto-
quarks), and show a comparison of the limits obtained in
the EFT with those obtained directly in the model.

If these flavour anomalies will be confirmed with more
data, correlated signals at high-pT processes at LHC will
be crucial in order to decipher the responsible dynamics.
We show that the high energy dilepton tails can provide
very valuable information in this direction.

Acknowledgements We would like to thank Martı́n González-Alonso
and Gino Isidori for useful discussions. This work is supported in
part by the Swiss National Science Foundation (SNF) under contract
200021-159720.

Appendix A: dilepton cross section

The unpolarized partonic differential cross section follow-
ing from Eq. (2) is given by

dŝ
dt

=
1

48ps2 u2 �|FqL`L(s)|
2 + |FqR`R(s)|

2�

+
1

48ps2 t2 �|FqL`R(s)|
2 + |FqR`L(s)|

2� ,
(A.1)

where s, t, and u are the Mandelstam variables. The total
partonic cross section is

ŝ =
s

144p
�
|FqL`L (s)|

2 + |FqR`R (s)|
2 + |FqL`R (s)|

2 + |FqR`L (s)|
2� ,

(A.2)

while the hadronic cross section is obtained after convolut-
ing the partonic one with the corresponding parton lumi-
nosity functions

Lqq̄(t,µF) =
Z 1

t

dx
x

fq(x,µF) fq̄(t/x,µF) . (A.3)

In particular, the cross section in the dilepton invariant mass
bin

⇥
tbin

min,tbin
max

⇤
is given by

sbin(p p ! `+`�) = Â
q

Z tbin
max

tbin
min

dt 2Lqq̄(t,µF) ŝ(ts0) .

(A.4)

Appendix B: Operator limits

In Table 1 we show the present 2s limits on the 36 inde-
pendent four-fermion operators contributing to pp! `+`�

from the 13 TeV ATLAS analysis [11] with 36.1 fb�1 of
data, as well as projections for 3000 fb�1, where only one
operator is turned on at a time. The notation used is as in
Eq. (1) but the cutoff dependence has been reabsorbed as
Cx ⌘ v2

L 2 cx. In the case of operators involving bL quark, in-
stead, we keep only the combination of triplet and singlet
aligned with it, since the top quark does not enter in this
observable. In the Gaussian approximation we derived the
correlation matrix in the 36 coefficients and checked that
the only non-negligible correlation is the one among the
triplet and singlet (L̄L)(L̄L) operators with same fermion
content. This correlation is shown explicitly in the 2d fit of
Fig. 3.
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FIG. 3. Projected bounds as a function of a cuto↵ on the mass variable. The gray region corresponds to ⇤cut > ⇤max from

Eq. 2. Left: Bounds on W(with Y = 0) or Y(with W = 0) from neutral DY including only events with the dilepton invariant

mass smaller than ⇤cut. Right: Bounds on W from charged DY including only events with the lepton transverse mass smaller

than ⇤cut.

dramatic improvement of reach with
p
s is a direct conse-

quence of how the relevant bins scale with
p
s, as visible

in Fig. 3, leading to an improvement of sensitivity to W or
Y that scales as q2/m2

W / s. By highlighting the relevant
bins, Fig. 3 illustrates the ranges of invariant/transverse
mass where percent-level experimental systematics will
be important. The e↵ect of varying the systematic un-
certainties down (2%) or up (10%) with respect to our
estimate (i.e., 5% for charged DY) is shown on the right
panel of Fig. 3.

The shape of the limit/reach contours in the W-Y
plane can be understood as follows. The interference
term in the partonic neutral DY cross section depends on
a q2-independent linear combination of W and Y, when
integrated over angles. The orthogonal combination is
only constrained when W and Y are large enough for
quadratic terms to be relevant. In view of the strong con-
straint expected on W from charged DY, this flat direc-
tion is irrelevant in practice. However, we note that the
flat direction can in principle be constrained with neutral
DY only, using angular information such as the energy
dependence of forward-backward asymmetries [35]. In
practice, this does not improve the 8TeV limits (due to
the dominance of the qLqR ! l�L l

+
R amplitude), but may

be significant at higher energies/luminosities. We leave a
full study of the power of angular distributions to future
work.

Beyond EFT’s.— When using EFTs to describe high
energy processes, one has to keep in mind that an EFT
provides an accurate description of the underlying new
physics only at energies below the new physics scale. The
latter scale is the EFT cuto↵ and it should be regarded
as a free parameter of the EFT [55]. A related concept
is that of “maximal cuto↵”, which is the maximal new
physics scale that can produce an EFT operator of a
given magnitude (e.g., a given value of W or Y). The
EFT limits become inconsistent if they come from ener-
gies above the cuto↵. This concept has been addressed

in DM EFT searches [55, 56] and electroweak EFT stud-
ies [57]. Depending on whether we consider new physics
that directly generates contact interactions (L0), or mod-
ifies the vacuum polarizations (L), the maximal cuto↵
estimate is,

⇤0 ⌘ 4⇡mW /g2

max(
p
W, t

p
Y)

, ⇤ ⌘ mW

max(
p
W,

p
Y)

< ⇤0 . (2)

The first estimate comes from demanding 2 ! 2 ampli-
tudes induced by L0 not to exceed the 16⇡2 perturbativity
bound, the second one from the validity of the deriva-
tive expansion, taking into account that L is a higher-
derivative correction to the (canonically normalized) vec-
tor boson kinetic terms. There is no contradiction in the
fact that the two pictures have di↵erent cuto↵s since L
and L0 are equivalent only if the d > 6 operators induced
by the field redefinition are negligible (as is the case when
q < ⇤).
In order to quantify the impact of the limited EFT

validity, Fig. 3 shows how the reach deteriorates when
only data below the cuto↵ are employed.2 If the resulting
curve stays below the maximal cuto↵ lines corresponding
to Eq. (2), as in our case, the EFT limit is self-consistent.
The right panel of Fig. 3 also shows how lowering the
systematic uncertainties moves the limit curve far from
the maximal cuto↵ line. This allows to test EFTs with
below maximal cuto↵s.
Our results can be applied to various new physics sce-

narios. Higher derivative corrections to the SM gauge bo-
son kinetic terms directly test their compositeness above
a scale ⇤2 ⇡ mW /

p
W for the SU(2) gauge fields and

2 This is not completely correct in the charged DY case because low
transverse mass bins might in principle still receive contributions
from reactions that occur at very high center of mass energies,
well above the cuto↵. A careful assessment of this point goes
beyond the purpose of the present article.
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(6)
i

) ' �iĉ
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How do the limits vary when using only events with

Limits saturate at Λcut ~ 2-3 TeV at 13TeV.
(more luminosity → more events at high energy)
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The result of the fit is compatible 
with the observed anomaly in P’5.

Required EFT operator
Altmannshofer, Stangl, Straub 2017; etc….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
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the LFU di↵erences of B ! K
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`
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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 ��
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0 µ
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Application to B anomalies
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anomaly in Sec. 3. The resulting constraints coming from existing 
τ+τ− searches by ATLAS and CMS are presented in Sec. 4. Future 
experimental prospects as well as possible directions for model 
building in order to alleviate τ+τ− constraints are discussed in 
Sec. 5.

2. Effective field theory

At sufficiently low energies, the exchange of new massive parti-
cles induces effects which can be fully captured by the appearance 
of local higher dimensional operators within an effective field the-
ory description where the SM contains all the relevant degrees 
of freedom. The leading contributions appear at operator dimen-
sion six. While the effects in semileptonic B decays can without 
loss of generality be described in terms of effective operators re-
specting the QCD and QED gauge symmetries relevant below the 
electroweak breaking scale vEW ≃ 246 GeV, this is certainly not 
suitable for processes occurring at LHC energies. To fully explore 
the possible high-pT signatures associated with effects in R(D(∗)), 
a set of semileptonic dimension six operators invariant under the 
full SM gauge symmetry is required. In the following we adopt the 
following complete basis [25,26]

Leff ⊃ ci jkl
Q Q LL(Q̄ iγµσ a Q j)(L̄kγ

µσa Ll)

+ ci jkl
Q uLe(Q̄ iu

j
R)iσ 2(L̄kℓ

l
R) + ci jkl

dQ Le(d̄
i
R Q j)(L̄kℓ

l
R)

+ ci jkl
Q uLe′(Q̄ σµνu j

R)iσ 2(L̄σµνℓl
R) + h.c. , (3)

where Q i = (V ∗
jiu

j
L, d

i
L)

T and Li = (U∗
jiν

j, ℓi
L)

T are the SM quark 
and lepton weak doublets in a basis which coincides with the 
mass-ordered mass-eigenbasis of down-like quarks (di ) and charged 
leptons (ℓi ), V (U ) is the CKM (PMNS) flavor mixing matrix 
and σ a are the Pauli matrices acting on SU (2)L indices (sup-
pressed). Note that we have omitted a fifth possible operator 
(d̄i

Rσµν Q j)(L̄kσ
µνℓl

R), which can be shown to be redundant.
First observation that can be made at this point is that in addi-

tion to charged current (ui → d jℓkνl) transitions, all operators pre-
dict the appearance of neutral quark and lepton currents (ui ū j →
ℓkℓ̄l and/or did̄ j → ℓkℓ̄l). We note however that this would no 
longer be true in presence of additional light neutral fermions (νR ) 
which could mimic the missing energy signature of SM neutrinos 
in B → D(∗)τν decays. Additional operators can namely be con-
structed by the simultaneous substitution ℓR ↔ νR and uR ↔ dR

in Eq. (3), plus the operator (d̄i
Rγµu j

R)(ν̄Rγ µℓk
R) which can affect 

R(D(∗)) [15] but do not contribute to neutral currents involving 
charged leptons. In the EFT approach such contributions thus seem 
to be transparent to the tauonic high-pT probes discussed in the 
following. Consequently we do not include operators involving νR
in our EFT discussion. In Sec. 3 however, we use an explicit dy-
namical model to show that specific UV solutions of the R(D(∗))
puzzle involving νR can still be susceptible to our constraints.

To proceed further, we need to specify the flavor structure of 
the operators. We work with a particular choice of flavor alignment 
(consistent with an U (2) flavor symmetry acting on the first two 
generations of SM fermions), namely ci jkl

Q Q LL ≃ cQ Q LLδi3δ j3δk3δl3, 
ci jkl

dQ Le ≃ cdQ Leδi3δ j3δk3δl3, which is motivated by (1) the require-
ment that the dominant effects appear in charged currents cou-
pling to b-quarks and tau-leptons, and (2) stringent constraints on 
flavor changing neutral currents (FCNCs) (see Refs. [15,19,26] for 
more detailed discussion on this point). Small deviations from this 
limit, consistent with existing flavor constraints, would however 
not affect our conclusions. A common and crucial consequence of 
these flavor structures is that b → c quark currents always carry 
additional flavor suppression of the order ∼|V cb| ≃ 0.04 compared 

to the dominant b → t (charged current) and b → b, t → t (neutral 
current) transitions.

The flavor structure of cQ uLe and cQ uLe′ requires a separate dis-
cussion. In the down-quark mass basis used in Eq. (3), the simplest 
choice ensuring dominant effects appear in b → cτν would be 
ci jkl

Q uLe(′) ≃ cQ uLe(′)δi3δ j2δk3δl3. However this flavor structure leads to 
potentially dangerous c → u FCNCs, suppressed only by order of 
∼|V ub| ≃ 0.004 compared to the leading charged current effects. 
A safer choice with respect to flavor constraints would be to im-
pose flavor alignment in the mass basis of up-like quarks. In both 
cases the dominant induced neutral current is in the t → c sec-
tor, while c → c is suppressed or completely absent. However, it 
has been shown previously [26], that non-zero cQ uLe alone can-
not accommodate both R(D(∗)) and be consistent with the mea-
surements of the corresponding decay spectra. While cQ uLe′ can 
provide a good fit in the EFT [27], it cannot be matched alone 
onto single-mediator models in the UV. In the next section we 
provide the matching relations for suitable combinations of EFT 
operators within explicit NP models. It turns out that models ad-
dressing R(D(∗)) through cQ uLe(′) contributions generically induce 
additional operators at low energies which do lead to sizeable 
b → b and/or c → c neutral current transitions.

We are now in a position to identify the relevant LHC sig-
natures at high pT . The main focus of this work is on τ+τ−

production from heavy flavor annihilation in the colliding protons 
(bb̄ → τ+τ− and cc̄ → τ+τ−). Even though it is suppressed by 
small heavy quark PDFs, this signature has been demonstrated pre-
viously to be extremely constraining for a particular explicit NP 
model addressing the R(D(∗)) anomaly [19], owing in particular 
to the ∼1/|V cb| enhancement of the relevant bb̄ → τ+τ− neutral 
current process over the charged b → cτν transition, as dictated by 
flavor constraints. As discussed above, in the EW preserving limit 
and in absence of cancellations (to be discussed later) a similar 
conclusion can be reached individually for terms in Eq. (3) propor-
tional to cQ Q LL and cdQ Le but not the ones proportional to cQ uLe
and cQ uLe′ . Obviously, no such flavor enhancement is there for the 
related charged current mediated process of τ+ν production from 
b̄c annihilation. The resulting constraints thus turn out not to be 
competitive. All other signatures involve at least three particles in 
the final state of the high energy collision and are thus expected 
to be phase-space suppressed.1 As we demonstrate in the next sec-
tion using explicit models, these conclusions hold generally even in 
presence of on-shell production of heavy NP mediators. A notable 
exception are top quark decays, which do present an orthogo-
nal sensitive high-pT probe, relevant especially for light mediator 
masses below the top quark mass [28]. In the following we thus 
restrict our analysis to mediator masses above ∼200 GeV.

3. Models

The different chiral structures being probed by R(D(∗)) single 
out a handful of simplified single mediator models [26]. In the fol-
lowing we consider the representative cases, where we extend the 
SM by a single field transforming non-trivially under the SM gauge 
group.

First categorization of single mediators is by color. While col-
orless intermediate states can only contribute to b → cτν tran-
sitions in the s ≡(pb − pc)

2-channel, colored ones can be ex-
changed in the t ≡(pb − pτ )2- or u ≡(pb − pν)2-channels. The 
colorless fields thus need to appear in non-trivial SU (2)L mul-

1 Exceptions arise in case of on-shell QCD or EW pair production of new parti-
cles, which is not captured by the EFT in Eq. (3) and which we discuss on explicit 
simplified model examples in Sec. 3.

b → s μ μ anomaly & SM EFT

• Data points towards
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first row of Eq. (1) (see for example [25]). Moreover, the
triplet operator could at the same time solve the anomalies
in charged-currrent (RD(⇤) ) , see e.g. Refs. [26,27,28].

Matching at the tree level this operator to the standard
effective weak Hamiltonian describing b ! s transitions,
one finds

DCµ
9 =�DCµ

10 =
p

aVtbV ⇤
ts

Cbsµ , (9)

where a is the electromagnetic fine structure constant while
|Vts| = (40.0± 2.7)⇥ 10�3 and |Vtb| = 1.009± 0.031 are
CKM matrix elements [29].

The recent combined fit of Ref. [18] reported the best
fit value and 1s preferred range

DCµ
9 =�DCµ

10 =�0.61±0.12 . (10)

Using this result and Eq. (9), one can estimate the scale of
the relevant new physics by defining Cbsµ = g2

⇤v2/L 2, ob-
taining L/g⇤ ⇡ 32+4

�3 TeV. Depending on the value of g⇤,
i.e. from the particular UV origin of the operator, the scale
of new physics L can be within or out of the reach of LHC
direct searches. We show that even in the latter case, under
some assumptions it can be possible to observe an effect
in the dimuon high energy tail. When comparing low and
high-energy measurements, the renormalisation group ef-
fects should in principle be taken into account. Since these
effects are small in this case, we neglect it in what follows
(see for example [25]).

We concentrate on UV models in which new particles
are above the scale of threshold production at the LHC,
such that the EFT approach is applicable in the most en-
ergetic dilepton events. We stress however that even for
models with light new physics these searches can be rele-
vant.

Let us discuss the flavour structure of the CD(U)µ
i j matri-

ces in Eqs. (6,7). New physics aligned only to the strange-
bottom coupling Cbsµ will not be probed at the LHC, in
fact the present (projected) 95% CL limits from the 13 TeV
ATLAS pp ! µ+µ� analysis with 36 fb�1 (3000 fb�1) of
luminosity are
����

p
aVtbV ⇤

ts
Cbsµ

����< 100 (39) , (11)

which should be compared with the value extracted from
the global flavour fits in Eq. (10). Such a peculiar flavour
structure is possible, but not very motivated from the model
building point of view.

On the other hand, taking the b! sµ+µ� flavour anoma-
lies at face value provides a measurement of the Cbsµ coef-
ficient (via Eq. (9)). In most flavour models flavour-violating
couplings are related (by symmetry or dynamics) to flavour-
diagonal one(s). In this case we can use the LHC upper

Fig. 3 Present and projected 95% CL limits from pp ! µ+µ� in the
MFV case defined by Eq. (14).

limit on |Cqµ | from the dimuon high-pT tail in order to set
a lower bound on |l q

bs|, defined as the ratio

l q
bs ⌘Cbsµ/Cqµ . (12)

In the following we study such limits for several particu-
larly interesting scenarios.

1) Minimal flavour violation
Under this assumption [30] the only source of flavour vio-
lation are the SM Yukawa matrices Yu ⌘ V †diag(yu,yc,yt)
and Yd ⌘ diag(yd ,ys,yb). Using a spurion analysis one can
estimate

c(3,1)Qi jL22
⇠
⇣

1+aYuY †
u +bYdY †

d

⌘

i j
, (13)

where a,b ⇠O(1), which implies the following structure:

Cuµ =Ccµ =Ctµ ⌘CUµ ,

Cdµ =Csµ =Cbµ ⌘CDµ ,
(14)

while flavour-violating terms are expected to be CKM sup-
pressed, for example |Cbsµ | ⇠ |VtbV ⇤

tsy2
t CDµ |. In this case

the contribution to rare B meson decays has a Vts sup-
pression, while the dilepton signal at high-pT receives an
universal contribution dominated by the valence quarks in
the proton. The flavour fit in Eq. (10) combined with this
flavour structure would imply a value of |CDµ | ⇠ 1.4 ⇥
10�3 which, as can be seen from the limits in Fig. 3, is
already probed by the ATLAS dimuon search [11] depend-
ing on the origin of the operator (i.e. from the SU(2) sin-
glet or triplet structure) and will definitely be investigated
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This is a ‘measurement’ of non-zero Cbsµ.
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The result of the fit is compatible 
with the observed anomaly in P’5.

In the SM EFT at the EW scale:

JHEP11(2017)044

3. operators containing flavour-blind contractions of the light fields have vanishing Wil-

son coefficients.

We first discuss the consequences of these hypotheses on the structure of the relevant effec-

tive operators and then proceed analysing the experimental constraints on their couplings.

2.1 The effective Lagrangian

According to the first hypothesis listed above, we consider the following effective Lagrangian

at a scale Λ above the electroweak scale

Leff = LSM− 1

v2
λq
ijλ

ℓ
αβ

[
CT (Q̄i

Lγµσ
aQj

L)(L̄
α
Lγ

µσaLβ
L) + CS (Q̄i

LγµQ
j
L)(L̄

α
Lγ

µLβ
L)
]
, (2.1)

where v ≈ 246GeV. For simplicity, the definition of the EFT cutoff scale and the nor-

malisation of the two operators is reabsorbed in the flavour-blind adimensional coefficients

CS and CT .

The flavour structure in eq. (2.1) is contained in the Hermitian matrices λq
ij , λ

ℓ
αβ and

follows from the assumed U(2)q × U(2)ℓ flavour symmetry and its breaking. The flavour

symmetry is defined as follows: the first two generations of left-handed quarks and leptons

transform as doublets under the corresponding U(2) groups, while the third generation

and all the right-handed fermions are singlets. Motivated by the observed pattern of the

quark Yukawa couplings (both mass eigenvalues and mixing matrix), it is further assumed

that the leading breaking terms of this flavour symmetry are two spurion doublets, Vq and

Vℓ, that give rise to the mixing between the third generation and the other two [31, 32].

The normalisation of Vq is conventionally chosen to be Vq ≡ (V ∗
td, V

∗
ts), where Vji denote

the elements of the Cabibbo-Kobayashi-Maskawa (CKM) matrix. In the lepton sector we

assume Vℓ ≡ (0, V ∗
τµ) with |Vτµ| ≪ 1. We adopt as reference flavour basis the down-

type quark and charged-lepton mass eigenstate basis, where the SU(2)L structure of the

left-handed fields is

Qi
L =

(
V ∗
jiu

j
L

diL

)
, Lα

L =

(
ναL
ℓαL

)
. (2.2)

A detailed discussion about the most general flavour structure of the semi-leptonic

operators compatible with the U(2)q×U(2)ℓ flavour symmetry and the assumed symmetry-

breaking terms is presented in appendix A. The main points can be summarised as follows:

1. The factorised flavour structure in eq. (2.1) is not the most general one; however,

it is general enough given that the available data are sensitive only to the flavour-

breaking couplings λq
sb and λℓ

µµ (and, to a minor extent, also to λℓ
τµ). By construction,

λq
bb = λℓ

ττ = 1.

2. The choice of basis in eq. (2.2) to define the U(2)q ×U(2)ℓ singlets (i.e. to define the

“third generation” dominantly coupled to NP) is arbitrary. This ambiguity reflects

itself in the values of λq
sb, λ

ℓ
µµ, and λℓ

τµ, that, in absence of a specific basis alignment,

are expected to be

λq
sb = O(|Vcb|) , λℓ

τµ = O(|Vτµ|) , λℓ
µµ = O(|Vτµ|2) . (2.3)

– 4 –

Required EFT operator
Altmannshofer, Stangl, Straub 2017; etc….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 C

µ
9 and C

µ
10 (top), in C

µ
9 and

C
e
9 (center), or in C

µ
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 C

µ
9 and positive C

µ
10 decrease

both B(B ! Kµ
+
µ

�) and B(B ! K
⇤
µ

+
µ

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

Application to B anomalies

21

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

the x- axis. Explicitly computing
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2
= 4E

2
,

t = (p1 � p
0
1)

2
=

= �

⇣
� sin ✓

p
E2 � (m0)2

⌘2
�

⇣p
E2 �m2 � cos ✓

p
E2 � (m0)2

⌘2
,

= �

⇣
E

2
�m

2
+ E

2
� (m

0
)
2
� 2 cos ✓

p
E2 �m2

p
E2 � (m0)2

⌘
,

= �2E
2

 
1�

m
2
+ (m

0
)
2

2E2
� cos ✓

r
1�

m2

E2

r
1�

(m0)2

E2

!
,

u = (p1 � p
0
2)

2
=

= �

⇣
sin ✓

p
E2 � (m0)2

⌘2
�

⇣p
E2 �m2 + cos ✓

p
E2 � (m0)2

⌘2
,

= �2E
2

 
1�

m
2
+ (m

0
)
2

2E2
+ cos ✓

r
1�

m2

E2

r
1�

(m0)2

E2

!
.

(17)

✏q,` ⇡ �
q,`
33 v/mZ0 (18)

H
0
= (1,2, 1/2) (19)

W
0
= (1,3, 0) (20)

Z
0
= (1,1, 0) (21)

OSL +
1

4
OT (22)

�cQQLLv
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(23)
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anomaly in Sec. 3. The resulting constraints coming from existing 
τ+τ− searches by ATLAS and CMS are presented in Sec. 4. Future 
experimental prospects as well as possible directions for model 
building in order to alleviate τ+τ− constraints are discussed in 
Sec. 5.

2. Effective field theory

At sufficiently low energies, the exchange of new massive parti-
cles induces effects which can be fully captured by the appearance 
of local higher dimensional operators within an effective field the-
ory description where the SM contains all the relevant degrees 
of freedom. The leading contributions appear at operator dimen-
sion six. While the effects in semileptonic B decays can without 
loss of generality be described in terms of effective operators re-
specting the QCD and QED gauge symmetries relevant below the 
electroweak breaking scale vEW ≃ 246 GeV, this is certainly not 
suitable for processes occurring at LHC energies. To fully explore 
the possible high-pT signatures associated with effects in R(D(∗)), 
a set of semileptonic dimension six operators invariant under the 
full SM gauge symmetry is required. In the following we adopt the 
following complete basis [25,26]

Leff ⊃ ci jkl
Q Q LL(Q̄ iγµσ a Q j)(L̄kγ

µσa Ll)

+ ci jkl
Q uLe(Q̄ iu

j
R)iσ 2(L̄kℓ

l
R) + ci jkl

dQ Le(d̄
i
R Q j)(L̄kℓ

l
R)

+ ci jkl
Q uLe′(Q̄ σµνu j

R)iσ 2(L̄σµνℓl
R) + h.c. , (3)

where Q i = (V ∗
jiu

j
L, d

i
L)

T and Li = (U∗
jiν

j, ℓi
L)

T are the SM quark 
and lepton weak doublets in a basis which coincides with the 
mass-ordered mass-eigenbasis of down-like quarks (di ) and charged 
leptons (ℓi ), V (U ) is the CKM (PMNS) flavor mixing matrix 
and σ a are the Pauli matrices acting on SU (2)L indices (sup-
pressed). Note that we have omitted a fifth possible operator 
(d̄i

Rσµν Q j)(L̄kσ
µνℓl

R), which can be shown to be redundant.
First observation that can be made at this point is that in addi-

tion to charged current (ui → d jℓkνl) transitions, all operators pre-
dict the appearance of neutral quark and lepton currents (ui ū j →
ℓkℓ̄l and/or did̄ j → ℓkℓ̄l). We note however that this would no 
longer be true in presence of additional light neutral fermions (νR ) 
which could mimic the missing energy signature of SM neutrinos 
in B → D(∗)τν decays. Additional operators can namely be con-
structed by the simultaneous substitution ℓR ↔ νR and uR ↔ dR

in Eq. (3), plus the operator (d̄i
Rγµu j

R)(ν̄Rγ µℓk
R) which can affect 

R(D(∗)) [15] but do not contribute to neutral currents involving 
charged leptons. In the EFT approach such contributions thus seem 
to be transparent to the tauonic high-pT probes discussed in the 
following. Consequently we do not include operators involving νR
in our EFT discussion. In Sec. 3 however, we use an explicit dy-
namical model to show that specific UV solutions of the R(D(∗))
puzzle involving νR can still be susceptible to our constraints.

To proceed further, we need to specify the flavor structure of 
the operators. We work with a particular choice of flavor alignment 
(consistent with an U (2) flavor symmetry acting on the first two 
generations of SM fermions), namely ci jkl

Q Q LL ≃ cQ Q LLδi3δ j3δk3δl3, 
ci jkl

dQ Le ≃ cdQ Leδi3δ j3δk3δl3, which is motivated by (1) the require-
ment that the dominant effects appear in charged currents cou-
pling to b-quarks and tau-leptons, and (2) stringent constraints on 
flavor changing neutral currents (FCNCs) (see Refs. [15,19,26] for 
more detailed discussion on this point). Small deviations from this 
limit, consistent with existing flavor constraints, would however 
not affect our conclusions. A common and crucial consequence of 
these flavor structures is that b → c quark currents always carry 
additional flavor suppression of the order ∼|V cb| ≃ 0.04 compared 

to the dominant b → t (charged current) and b → b, t → t (neutral 
current) transitions.

The flavor structure of cQ uLe and cQ uLe′ requires a separate dis-
cussion. In the down-quark mass basis used in Eq. (3), the simplest 
choice ensuring dominant effects appear in b → cτν would be 
ci jkl

Q uLe(′) ≃ cQ uLe(′)δi3δ j2δk3δl3. However this flavor structure leads to 
potentially dangerous c → u FCNCs, suppressed only by order of 
∼|V ub| ≃ 0.004 compared to the leading charged current effects. 
A safer choice with respect to flavor constraints would be to im-
pose flavor alignment in the mass basis of up-like quarks. In both 
cases the dominant induced neutral current is in the t → c sec-
tor, while c → c is suppressed or completely absent. However, it 
has been shown previously [26], that non-zero cQ uLe alone can-
not accommodate both R(D(∗)) and be consistent with the mea-
surements of the corresponding decay spectra. While cQ uLe′ can 
provide a good fit in the EFT [27], it cannot be matched alone 
onto single-mediator models in the UV. In the next section we 
provide the matching relations for suitable combinations of EFT 
operators within explicit NP models. It turns out that models ad-
dressing R(D(∗)) through cQ uLe(′) contributions generically induce 
additional operators at low energies which do lead to sizeable 
b → b and/or c → c neutral current transitions.

We are now in a position to identify the relevant LHC sig-
natures at high pT . The main focus of this work is on τ+τ−

production from heavy flavor annihilation in the colliding protons 
(bb̄ → τ+τ− and cc̄ → τ+τ−). Even though it is suppressed by 
small heavy quark PDFs, this signature has been demonstrated pre-
viously to be extremely constraining for a particular explicit NP 
model addressing the R(D(∗)) anomaly [19], owing in particular 
to the ∼1/|V cb| enhancement of the relevant bb̄ → τ+τ− neutral 
current process over the charged b → cτν transition, as dictated by 
flavor constraints. As discussed above, in the EW preserving limit 
and in absence of cancellations (to be discussed later) a similar 
conclusion can be reached individually for terms in Eq. (3) propor-
tional to cQ Q LL and cdQ Le but not the ones proportional to cQ uLe
and cQ uLe′ . Obviously, no such flavor enhancement is there for the 
related charged current mediated process of τ+ν production from 
b̄c annihilation. The resulting constraints thus turn out not to be 
competitive. All other signatures involve at least three particles in 
the final state of the high energy collision and are thus expected 
to be phase-space suppressed.1 As we demonstrate in the next sec-
tion using explicit models, these conclusions hold generally even in 
presence of on-shell production of heavy NP mediators. A notable 
exception are top quark decays, which do present an orthogo-
nal sensitive high-pT probe, relevant especially for light mediator 
masses below the top quark mass [28]. In the following we thus 
restrict our analysis to mediator masses above ∼200 GeV.

3. Models

The different chiral structures being probed by R(D(∗)) single 
out a handful of simplified single mediator models [26]. In the fol-
lowing we consider the representative cases, where we extend the 
SM by a single field transforming non-trivially under the SM gauge 
group.

First categorization of single mediators is by color. While col-
orless intermediate states can only contribute to b → cτν tran-
sitions in the s ≡(pb − pc)

2-channel, colored ones can be ex-
changed in the t ≡(pb − pτ )2- or u ≡(pb − pν)2-channels. The 
colorless fields thus need to appear in non-trivial SU (2)L mul-

1 Exceptions arise in case of on-shell QCD or EW pair production of new parti-
cles, which is not captured by the EFT in Eq. (3) and which we discuss on explicit 
simplified model examples in Sec. 3.

b → s μ μ anomaly & SM EFT

• Data points towards

4

first row of Eq. (1) (see for example [25]). Moreover, the
triplet operator could at the same time solve the anomalies
in charged-currrent (RD(⇤) ) , see e.g. Refs. [26,27,28].

Matching at the tree level this operator to the standard
effective weak Hamiltonian describing b ! s transitions,
one finds

DCµ
9 =�DCµ

10 =
p

aVtbV ⇤
ts

Cbsµ , (9)

where a is the electromagnetic fine structure constant while
|Vts| = (40.0± 2.7)⇥ 10�3 and |Vtb| = 1.009± 0.031 are
CKM matrix elements [29].

The recent combined fit of Ref. [18] reported the best
fit value and 1s preferred range

DCµ
9 =�DCµ

10 =�0.61±0.12 . (10)

Using this result and Eq. (9), one can estimate the scale of
the relevant new physics by defining Cbsµ = g2

⇤v2/L 2, ob-
taining L/g⇤ ⇡ 32+4

�3 TeV. Depending on the value of g⇤,
i.e. from the particular UV origin of the operator, the scale
of new physics L can be within or out of the reach of LHC
direct searches. We show that even in the latter case, under
some assumptions it can be possible to observe an effect
in the dimuon high energy tail. When comparing low and
high-energy measurements, the renormalisation group ef-
fects should in principle be taken into account. Since these
effects are small in this case, we neglect it in what follows
(see for example [25]).

We concentrate on UV models in which new particles
are above the scale of threshold production at the LHC,
such that the EFT approach is applicable in the most en-
ergetic dilepton events. We stress however that even for
models with light new physics these searches can be rele-
vant.

Let us discuss the flavour structure of the CD(U)µ
i j matri-

ces in Eqs. (6,7). New physics aligned only to the strange-
bottom coupling Cbsµ will not be probed at the LHC, in
fact the present (projected) 95% CL limits from the 13 TeV
ATLAS pp ! µ+µ� analysis with 36 fb�1 (3000 fb�1) of
luminosity are
����

p
aVtbV ⇤

ts
Cbsµ

����< 100 (39) , (11)

which should be compared with the value extracted from
the global flavour fits in Eq. (10). Such a peculiar flavour
structure is possible, but not very motivated from the model
building point of view.

On the other hand, taking the b! sµ+µ� flavour anoma-
lies at face value provides a measurement of the Cbsµ coef-
ficient (via Eq. (9)). In most flavour models flavour-violating
couplings are related (by symmetry or dynamics) to flavour-
diagonal one(s). In this case we can use the LHC upper

Fig. 3 Present and projected 95% CL limits from pp ! µ+µ� in the
MFV case defined by Eq. (14).

limit on |Cqµ | from the dimuon high-pT tail in order to set
a lower bound on |l q

bs|, defined as the ratio

l q
bs ⌘Cbsµ/Cqµ . (12)

In the following we study such limits for several particu-
larly interesting scenarios.

1) Minimal flavour violation
Under this assumption [30] the only source of flavour vio-
lation are the SM Yukawa matrices Yu ⌘ V †diag(yu,yc,yt)
and Yd ⌘ diag(yd ,ys,yb). Using a spurion analysis one can
estimate

c(3,1)Qi jL22
⇠
⇣

1+aYuY †
u +bYdY †

d

⌘

i j
, (13)

where a,b ⇠O(1), which implies the following structure:

Cuµ =Ccµ =Ctµ ⌘CUµ ,

Cdµ =Csµ =Cbµ ⌘CDµ ,
(14)

while flavour-violating terms are expected to be CKM sup-
pressed, for example |Cbsµ | ⇠ |VtbV ⇤

tsy2
t CDµ |. In this case

the contribution to rare B meson decays has a Vts sup-
pression, while the dilepton signal at high-pT receives an
universal contribution dominated by the valence quarks in
the proton. The flavour fit in Eq. (10) combined with this
flavour structure would imply a value of |CDµ | ⇠ 1.4 ⇥
10�3 which, as can be seen from the limits in Fig. 3, is
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glet or triplet structure) and will definitely be investigated
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first row of Eq. (1) (see for example [25]). Moreover, the
triplet operator could at the same time solve the anomalies
in charged-currrent (RD(⇤) ) , see e.g. Refs. [26,27,28].

Matching at the tree level this operator to the standard
effective weak Hamiltonian describing b ! s transitions,
one finds

DCµ
9 =�DCµ

10 =
p

aVtbV ⇤
ts

Cbsµ , (9)

where a is the electromagnetic fine structure constant while
|Vts| = (40.0± 2.7)⇥ 10�3 and |Vtb| = 1.009± 0.031 are
CKM matrix elements [29].

The recent combined fit of Ref. [18] reported the best
fit value and 1s preferred range

DCµ
9 =�DCµ

10 =�0.61±0.12 . (10)

Using this result and Eq. (9), one can estimate the scale of
the relevant new physics by defining Cbsµ = g2

⇤v2/L 2, ob-
taining L/g⇤ ⇡ 32+4

�3 TeV. Depending on the value of g⇤,
i.e. from the particular UV origin of the operator, the scale
of new physics L can be within or out of the reach of LHC
direct searches. We show that even in the latter case, under
some assumptions it can be possible to observe an effect
in the dimuon high energy tail. When comparing low and
high-energy measurements, the renormalisation group ef-
fects should in principle be taken into account. Since these
effects are small in this case, we neglect it in what follows
(see for example [25]).

We concentrate on UV models in which new particles
are above the scale of threshold production at the LHC,
such that the EFT approach is applicable in the most en-
ergetic dilepton events. We stress however that even for
models with light new physics these searches can be rele-
vant.

Let us discuss the flavour structure of the CD(U)µ
i j matri-

ces in Eqs. (6,7). New physics aligned only to the strange-
bottom coupling Cbsµ will not be probed at the LHC, in
fact the present (projected) 95% CL limits from the 13 TeV
ATLAS pp ! µ+µ� analysis with 36 fb�1 (3000 fb�1) of
luminosity are
����

p
aVtbV ⇤

ts
Cbsµ

����< 100 (39) , (11)

which should be compared with the value extracted from
the global flavour fits in Eq. (10). Such a peculiar flavour
structure is possible, but not very motivated from the model
building point of view.

On the other hand, taking the b! sµ+µ� flavour anoma-
lies at face value provides a measurement of the Cbsµ coef-
ficient (via Eq. (9)). In most flavour models flavour-violating
couplings are related (by symmetry or dynamics) to flavour-
diagonal one(s). In this case we can use the LHC upper

Fig. 3 Present and projected 95% CL limits from pp ! µ+µ� in the
MFV case defined by Eq. (14).

limit on |Cqµ | from the dimuon high-pT tail in order to set
a lower bound on |l q

bs|, defined as the ratio

l q
bs ⌘Cbsµ/Cqµ . (12)

In the following we study such limits for several particu-
larly interesting scenarios.

1) Minimal flavour violation
Under this assumption [30] the only source of flavour vio-
lation are the SM Yukawa matrices Yu ⌘ V †diag(yu,yc,yt)
and Yd ⌘ diag(yd ,ys,yb). Using a spurion analysis one can
estimate

c(3,1)Qi jL22
⇠
⇣

1+aYuY †
u +bYdY †

d

⌘

i j
, (13)

where a,b ⇠O(1), which implies the following structure:

Cuµ =Ccµ =Ctµ ⌘CUµ ,

Cdµ =Csµ =Cbµ ⌘CDµ ,
(14)

while flavour-violating terms are expected to be CKM sup-
pressed, for example |Cbsµ | ⇠ |VtbV ⇤

tsy2
t CDµ |. In this case

the contribution to rare B meson decays has a Vts sup-
pression, while the dilepton signal at high-pT receives an
universal contribution dominated by the valence quarks in
the proton. The flavour fit in Eq. (10) combined with this
flavour structure would imply a value of |CDµ | ⇠ 1.4 ⇥
10�3 which, as can be seen from the limits in Fig. 3, is
already probed by the ATLAS dimuon search [11] depend-
ing on the origin of the operator (i.e. from the SU(2) sin-
glet or triplet structure) and will definitely be investigated

The present (future) direct bound 
on ΔC9μ from ATLAS dimuon search No sensitivity.

|ΔC9µ| =
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v2/L 2. Therefore we neglect them and focus on the four-
fermion interactions which comprise of four classes de-
pending on the chirality: (L̄L)(L̄L), (R̄R)(R̄R), (R̄R)(L̄L),
and (L̄L)(R̄R). In particular, the relevant set of operators
is:

L
SMEFT �

c(3)Qi jLkl

L 2 (Q̄igµ saQ j)(L̄kgµ saLl)+
c(1)Qi jLkl

L 2 (Q̄igµ Q j)(L̄kgµ Ll)+

cui jekl

L 2 (ūigµ u j)(ēkgµ el)+
cdi jLkl

L 2 (d̄igµ d j)(ēkgµ el)+

cui jLkl

L 2 (ūigµ u j)(L̄kgµ Ll)+
cdi jLkl

L 2 (d̄igµ d j)(L̄kgµ Ll)+

cQi jekl

L 2 (Q̄igµ Q j)(ēkgµ el) (1)

where i, j,k, l are flavour indices, Qi =(V ⇤
jiu

j
L,d

i
L)

T and Li =

(n i
L,`

i
L)

T are the SM left-handed quark and lepton weak
doublets, while di, ui, ei 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
! `�p01

`+p02
) = i Â

qL,qR
Â
`L,`R

(q̄igµ q j) ( ¯̀gµ`) Fq`(p2) ,

(2)

where p ⌘ p1 + p2 = p01 + p02, and the form factor Fq`(p2)
can be expanded around the propagating physical poles
(photon and Z boson), leading to

Fq`(p2) = d i j e2QqQ`

p2 +d i j gq
Zg`Z

p2 �m2
Z + imZGZ

+
eq`

i j

v2 . (3)

Here, Qq(`) is the quark (lepton) electric charge, while gq(`)
Z

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

Z = 2mZ
v (T 3

f �Q f sin2 qW ). The contact terms eq`
i j are related

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

L 2 cx, with v' 246 GeV. The only constraint on the contact

terms imposed by SU(2)L invariance are edLek
R

i j = euLek
R

i j =

cQi jekk v2/L 2.
The dilepton invariant mass spectrum can be written as

(see Appendix A),

ds
dt

=

✓
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◆

SM
⇥ Âq,`Lqq̄(t,µF)|Fq`(ts0)|2

Âq,`Lqq̄(t,µF)|FSM
q` (ts0)|2

, (4)

where t ⌘ m2
`+`�/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 factorize (to a large ex-
tent). Therefore, consistently including those corrections

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.

in the SM prediction is enough to achieve good theoreti-
cal accuracy. It is still useful to define the differential LFU
ratio,

Rµ+µ�/e+e�(m``)⌘
dsµµ
dm``

/
dsee

dm``
=

=
Âq,µ Lqq̄(m2

``/s0,µF)|Fqµ(m2
``)|2

Âq,e Lqq̄(m2
``/s0,µF)|Fqe(m2

``)|2
,

(5)

which is a both theoretically and experimentally cleaner
observable. As an illustration, we show in Fig. 1 the pre-
dictions for Rµ+µ�/e+e� at

p
s0 = 13 TeV, assuming new

physics in three benchmark operators. The parton lumi-
nosities used to derive these predictions are discussed in
the next chapter.

A goal of this work is to connect the high-pT dilep-
ton tails measurements with the recent experimental hints
on lepton flavour universality violation in rare semilep-
tonic B meson decays. The pattern of observed deviations
points towards new physics contributions in left-handed
quark currents involving muons, as discussed in the next
section in more details. For this reason, when discussing
the connection to flavour in Section 3, we limit our atten-
tion to the (L̄L)(L̄L) operators with muons given in the first
line of Eq. (1). For this purpose, it is useful to rearrange the
terms relevant to p p ! µ+µ� as:1

L
eff �

CUµ
i j

v2 (ūi
Lgµ u j

L)(µ̄Lgµ µL)+
CDµ

i j

v2 (d̄i
Lgµ d j

L)(µ̄Lgµ µL) , (6)

The CUµ and CDµ matrices carry the flavour structure of
the operators. Since the top quark does not appear in the
process under study we can neglect the corresponding terms.
Regarding the off-diagonal elements, we keep only the b�
s one since it is where the flavour anomalies appear, while

1The 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 = v2/L 2(c(1)Qi jL22
± c(3)Qi jL22

).

3

we set the others to zero. In summary:

CUµ
i j =

0

@
Cuµ 0 0

0 Ccµ 0
0 0 Ctµ

1

A , CDµ
i j =

0

@
Cdµ 0 0

0 Csµ C⇤
bsµ

0 Cbsµ Cbµ

1

A .

(7)

2.2 Present limits and HL-LHC projections

In this section we derive limits on the flavour non-universal
quark-lepton contact interactions by looking in the tails of
dilepton invariant mass distributions in p p ! `+`� at the
LHC. In our analysis, we closely follow the recent ATLAS
search [11] performed at 13 TeV with 36.1 fb�1 of data.
We digitise Figure 1 of Ref. [11], which shows the dis-
tribution of dielectron and dimuon reconstructed invariant
masses after the final event selection. We perform a profile
likelihood fit to a binned histogram distribution adopting
the method from Ref. [14]. The number of signal events,
as well as the expected signal events in the SM and back-
ground processes, are directly taken from the Figure 1 of
Ref. [11]. The likelihood function (L) is constructed treat-
ing every bin as an independent Poisson variable, with the
expected number of events,

DNbin = DNbin
SM ⇥

Âq,`
R tbin

max
tbin

min
dt t Lqq̄(t,µF ) |Fq`(ts0)|2

Âq,`
R tbin

max
tbin

min
dt t Lqq̄(t,µF ) |FSM

q` (ts0)|2
, (8)

which is a function of the contact interactions. The best fit
point corresponds to the global minimum of c2 ⌘�2logL,
while ns C.L. regions are given as D c2 ⌘ c2 � c2

min <
Dns , where Dns are defined with the appropriate cumula-
tive distribution functions. In the numerical study, we use
the NNLO118 MMHT2014 parton distribution functions
set [15]. We checked that our results have a very small de-
pendence on the factorization scale variation.

Furthermore, we independently cross-check the results
by implementing the subset of operators in Eqs. (6,7) in
a FEYNRULES [16] model, and generating pp ! µ+µ�

events at 13 TeV with the same acceptance cuts as in the
ATLAS search [11] using MADGRAPH5 AMC@NLO [17].
We find good agreement between the fits performed in both
ways.

In the SMEFT, neglecting flavour-violating interactions,
there are 18 independent four-fermion operators for muons
and 18 for electrons relevant to pp ! `+`� (see Eq. (1)).
In Appendix B (Tab. 1) we provide present and projected
2s limits on all these coefficients, using the recent ATLAS
search [11]. While these limits are obtained in the sce-
nario where only one operator is considered at a time, we
checked that the 18⇥ 18 correlation matrix derived in the
Gaussian approximation does not contain any large value
(the only non-negligible correlations are among the triplet
and singlet operators with the same flavour content, which

Fig. 2 In blue (red) we show the present (projected) 2s limits on Cqµ
(flavour conserving (L̄L)(L̄L) operators) where q = u,d,s,c and b,
using 13 TeV ATLAS search in pp ! µ+µ� channel [11]. Dashed
lines show the limits when all other coefficients are marginalised,
while the solid ones show the results of one-parameter fits.

is discussed in more details below). The absence of flat di-
rections can be understood by the fact that operators with
fermions of different flavour or chirality do not interfere
with each other.

Focusing only on the (L̄L)(L̄L) operators (in the nota-
tion of Eq. (6)), the 2s limits, both from the present AT-
LAS search (blue) and projected for 3000 fb�1 (red), are
shown in Fig. 2. The solid lines show the 2s bounds when
operators are taken one at a time, while the dashed ones
show the limits when all the others are marginalised. The
small difference between the two, especially with present
accuracy, confirms what we commented above.

3 Implications for R(K) and R(K⇤)

3.1 Effective field theory discussion

Recent measurements in rare semileptonic b ! s transi-
tions provide strong hints for a new physics contribution to
bsµµ local interactions (see for example the recent anal-
yses in Refs. [18,19,20]). In particular, a good fit of the
anomaly in the differential observable P0

5 [21], together
with the hints on LFU violation in RK and RK⇤ [22,23,24],
is obtained by considering a new physics contribution to
the Cbsµ coefficient in Eqs. (6,7). In terms of the SMEFT
operators at the electroweak scale, this corresponds to a
contribution to (at least) one of the two operators in the

In a complete flavour model, such a flavour-violating operator will 
be related to the flavour-conserving ones:

This structure is predicted in a given model.

4

first row of Eq. (1) (see for example [25]). Moreover, the
triplet operator could at the same time solve the anomalies
in charged-currrent (RD(⇤) ) , see e.g. Refs. [26,27,28].

Matching at the tree level this operator to the standard
effective weak Hamiltonian describing b ! s transitions,
one finds

DCµ
9 =�DCµ

10 =
p

aVtbV ⇤
ts

Cbsµ , (9)

where a is the electromagnetic fine structure constant while
|Vts| = (40.0± 2.7)⇥ 10�3 and |Vtb| = 1.009± 0.031 are
CKM matrix elements [29].

The recent combined fit of Ref. [18] reported the best
fit value and 1s preferred range

DCµ
9 =�DCµ

10 =�0.61±0.12 . (10)

Using this result and Eq. (9), one can estimate the scale of
the relevant new physics by defining Cbsµ = g2

⇤v2/L 2, ob-
taining L/g⇤ ⇡ 32+4

�3 TeV. Depending on the value of g⇤,
i.e. from the particular UV origin of the operator, the scale
of new physics L can be within or out of the reach of LHC
direct searches. We show that even in the latter case, under
some assumptions it can be possible to observe an effect
in the dimuon high energy tail. When comparing low and
high-energy measurements, the renormalisation group ef-
fects should in principle be taken into account. Since these
effects are small in this case, we neglect it in what follows
(see for example [25]).

We concentrate on UV models in which new particles
are above the scale of threshold production at the LHC,
such that the EFT approach is applicable in the most en-
ergetic dilepton events. We stress however that even for
models with light new physics these searches can be rele-
vant.

Let us discuss the flavour structure of the CD(U)µ
i j matri-

ces in Eqs. (6,7). New physics aligned only to the strange-
bottom coupling Cbsµ will not be probed at the LHC, in
fact the present (projected) 95% CL limits from the 13 TeV
ATLAS pp ! µ+µ� analysis with 36 fb�1 (3000 fb�1) of
luminosity are
����

p
aVtbV ⇤

ts
Cbsµ

����< 100 (39) , (11)

which should be compared with the value extracted from
the global flavour fits in Eq. (10). Such a peculiar flavour
structure is possible, but not very motivated from the model
building point of view.

On the other hand, taking the b! sµ+µ� flavour anoma-
lies at face value provides a measurement of the Cbsµ coef-
ficient (via Eq. (9)). In most flavour models flavour-violating
couplings are related (by symmetry or dynamics) to flavour-
diagonal one(s). In this case we can use the LHC upper

Fig. 3 Present and projected 95% CL limits from pp ! µ+µ� in the
MFV case defined by Eq. (14).

limit on |Cqµ | from the dimuon high-pT tail in order to set
a lower bound on |l q

bs|, defined as the ratio

l q
bs ⌘Cbsµ/Cqµ . (12)

In the following we study such limits for several particu-
larly interesting scenarios.

1) Minimal flavour violation
Under this assumption [30] the only source of flavour vio-
lation are the SM Yukawa matrices Yu ⌘ V †diag(yu,yc,yt)
and Yd ⌘ diag(yd ,ys,yb). Using a spurion analysis one can
estimate

c(3,1)Qi jL22
⇠
⇣

1+aYuY †
u +bYdY †

d

⌘

i j
, (13)

where a,b ⇠O(1), which implies the following structure:

Cuµ =Ccµ =Ctµ ⌘CUµ ,

Cdµ =Csµ =Cbµ ⌘CDµ ,
(14)

while flavour-violating terms are expected to be CKM sup-
pressed, for example |Cbsµ | ⇠ |VtbV ⇤

tsy2
t CDµ |. In this case

the contribution to rare B meson decays has a Vts sup-
pression, while the dilepton signal at high-pT receives an
universal contribution dominated by the valence quarks in
the proton. The flavour fit in Eq. (10) combined with this
flavour structure would imply a value of |CDµ | ⇠ 1.4 ⇥
10�3 which, as can be seen from the limits in Fig. 3, is
already probed by the ATLAS dimuon search [11] depend-
ing on the origin of the operator (i.e. from the SU(2) sin-
glet or triplet structure) and will definitely be investigated
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first row of Eq. (1) (see for example [25]). Moreover, the
triplet operator could at the same time solve the anomalies
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some assumptions it can be possible to observe an effect
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effects are small in this case, we neglect it in what follows
(see for example [25]).

We concentrate on UV models in which new particles
are above the scale of threshold production at the LHC,
such that the EFT approach is applicable in the most en-
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vant.
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bottom coupling Cbsµ will not be probed at the LHC, in
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ATLAS pp ! µ+µ� analysis with 36 fb�1 (3000 fb�1) of
luminosity are
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which should be compared with the value extracted from
the global flavour fits in Eq. (10). Such a peculiar flavour
structure is possible, but not very motivated from the model
building point of view.

On the other hand, taking the b! sµ+µ� flavour anoma-
lies at face value provides a measurement of the Cbsµ coef-
ficient (via Eq. (9)). In most flavour models flavour-violating
couplings are related (by symmetry or dynamics) to flavour-
diagonal one(s). In this case we can use the LHC upper
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larly interesting scenarios.

1) Minimal flavour violation
Under this assumption [30] the only source of flavour vio-
lation are the SM Yukawa matrices Yu ⌘ V †diag(yu,yc,yt)
and Yd ⌘ diag(yd ,ys,yb). Using a spurion analysis one can
estimate

c(3,1)Qi jL22
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where a,b ⇠O(1), which implies the following structure:

Cuµ =Ccµ =Ctµ ⌘CUµ ,

Cdµ =Csµ =Cbµ ⌘CDµ ,
(14)

while flavour-violating terms are expected to be CKM sup-
pressed, for example |Cbsµ | ⇠ |VtbV ⇤

tsy2
t CDµ |. In this case

the contribution to rare B meson decays has a Vts sup-
pression, while the dilepton signal at high-pT receives an
universal contribution dominated by the valence quarks in
the proton. The flavour fit in Eq. (10) combined with this
flavour structure would imply a value of |CDµ | ⇠ 1.4 ⇥
10�3 which, as can be seen from the limits in Fig. 3, is
already probed by the ATLAS dimuon search [11] depend-
ing on the origin of the operator (i.e. from the SU(2) sin-
glet or triplet structure) and will definitely be investigated

The present (future) direct bound 
on ΔC9μ from ATLAS dimuon search No sensitivity.

|ΔC9µ| =

2

v2/L 2. Therefore we neglect them and focus on the four-
fermion interactions which comprise of four classes de-
pending on the chirality: (L̄L)(L̄L), (R̄R)(R̄R), (R̄R)(L̄L),
and (L̄L)(R̄R). In particular, the relevant set of operators
is:

L
SMEFT �

c(3)Qi jLkl

L 2 (Q̄igµ saQ j)(L̄kgµ saLl)+
c(1)Qi jLkl

L 2 (Q̄igµ Q j)(L̄kgµ Ll)+

cui jekl

L 2 (ūigµ u j)(ēkgµ el)+
cdi jLkl

L 2 (d̄igµ d j)(ēkgµ el)+

cui jLkl

L 2 (ūigµ u j)(L̄kgµ Ll)+
cdi jLkl

L 2 (d̄igµ d j)(L̄kgµ Ll)+

cQi jekl

L 2 (Q̄igµ Q j)(ēkgµ el) (1)

where i, j,k, l are flavour indices, Qi =(V ⇤
jiu

j
L,d

i
L)

T and Li =

(n i
L,`

i
L)

T are the SM left-handed quark and lepton weak
doublets, while di, ui, ei 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
! `�p01

`+p02
) = i Â

qL,qR
Â
`L,`R

(q̄igµ q j) ( ¯̀gµ`) Fq`(p2) ,

(2)

where p ⌘ p1 + p2 = p01 + p02, and the form factor Fq`(p2)
can be expanded around the propagating physical poles
(photon and Z boson), leading to

Fq`(p2) = d i j e2QqQ`

p2 +d i j gq
Zg`Z

p2 �m2
Z + imZGZ

+
eq`

i j

v2 . (3)

Here, Qq(`) is the quark (lepton) electric charge, while gq(`)
Z

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

Z = 2mZ
v (T 3

f �Q f sin2 qW ). The contact terms eq`
i j are related

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

L 2 cx, with v' 246 GeV. The only constraint on the contact

terms imposed by SU(2)L invariance are edLek
R

i j = euLek
R

i j =

cQi jekk v2/L 2.
The dilepton invariant mass spectrum can be written as

(see Appendix A),

ds
dt

=

✓
ds
dt

◆

SM
⇥ Âq,`Lqq̄(t,µF)|Fq`(ts0)|2

Âq,`Lqq̄(t,µF)|FSM
q` (ts0)|2

, (4)

where t ⌘ m2
`+`�/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 factorize (to a large ex-
tent). Therefore, consistently including those corrections

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.

in the SM prediction is enough to achieve good theoreti-
cal accuracy. It is still useful to define the differential LFU
ratio,

Rµ+µ�/e+e�(m``)⌘
dsµµ
dm``

/
dsee

dm``
=

=
Âq,µ Lqq̄(m2

``/s0,µF)|Fqµ(m2
``)|2

Âq,e Lqq̄(m2
``/s0,µF)|Fqe(m2

``)|2
,

(5)

which is a both theoretically and experimentally cleaner
observable. As an illustration, we show in Fig. 1 the pre-
dictions for Rµ+µ�/e+e� at

p
s0 = 13 TeV, assuming new

physics in three benchmark operators. The parton lumi-
nosities used to derive these predictions are discussed in
the next chapter.

A goal of this work is to connect the high-pT dilep-
ton tails measurements with the recent experimental hints
on lepton flavour universality violation in rare semilep-
tonic B meson decays. The pattern of observed deviations
points towards new physics contributions in left-handed
quark currents involving muons, as discussed in the next
section in more details. For this reason, when discussing
the connection to flavour in Section 3, we limit our atten-
tion to the (L̄L)(L̄L) operators with muons given in the first
line of Eq. (1). For this purpose, it is useful to rearrange the
terms relevant to p p ! µ+µ� as:1

L
eff �

CUµ
i j

v2 (ūi
Lgµ u j

L)(µ̄Lgµ µL)+
CDµ

i j

v2 (d̄i
Lgµ d j

L)(µ̄Lgµ µL) , (6)

The CUµ and CDµ matrices carry the flavour structure of
the operators. Since the top quark does not appear in the
process under study we can neglect the corresponding terms.
Regarding the off-diagonal elements, we keep only the b�
s one since it is where the flavour anomalies appear, while

1The 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 = v2/L 2(c(1)Qi jL22
± c(3)Qi jL22

).

3

we set the others to zero. In summary:

CUµ
i j =

0

@
Cuµ 0 0

0 Ccµ 0
0 0 Ctµ

1

A , CDµ
i j =

0

@
Cdµ 0 0

0 Csµ C⇤
bsµ

0 Cbsµ Cbµ

1

A .

(7)

2.2 Present limits and HL-LHC projections

In this section we derive limits on the flavour non-universal
quark-lepton contact interactions by looking in the tails of
dilepton invariant mass distributions in p p ! `+`� at the
LHC. In our analysis, we closely follow the recent ATLAS
search [11] performed at 13 TeV with 36.1 fb�1 of data.
We digitise Figure 1 of Ref. [11], which shows the dis-
tribution of dielectron and dimuon reconstructed invariant
masses after the final event selection. We perform a profile
likelihood fit to a binned histogram distribution adopting
the method from Ref. [14]. The number of signal events,
as well as the expected signal events in the SM and back-
ground processes, are directly taken from the Figure 1 of
Ref. [11]. The likelihood function (L) is constructed treat-
ing every bin as an independent Poisson variable, with the
expected number of events,

DNbin = DNbin
SM ⇥

Âq,`
R tbin

max
tbin

min
dt t Lqq̄(t,µF ) |Fq`(ts0)|2

Âq,`
R tbin

max
tbin

min
dt t Lqq̄(t,µF ) |FSM

q` (ts0)|2
, (8)

which is a function of the contact interactions. The best fit
point corresponds to the global minimum of c2 ⌘�2logL,
while ns C.L. regions are given as D c2 ⌘ c2 � c2

min <
Dns , where Dns are defined with the appropriate cumula-
tive distribution functions. In the numerical study, we use
the NNLO118 MMHT2014 parton distribution functions
set [15]. We checked that our results have a very small de-
pendence on the factorization scale variation.

Furthermore, we independently cross-check the results
by implementing the subset of operators in Eqs. (6,7) in
a FEYNRULES [16] model, and generating pp ! µ+µ�

events at 13 TeV with the same acceptance cuts as in the
ATLAS search [11] using MADGRAPH5 AMC@NLO [17].
We find good agreement between the fits performed in both
ways.

In the SMEFT, neglecting flavour-violating interactions,
there are 18 independent four-fermion operators for muons
and 18 for electrons relevant to pp ! `+`� (see Eq. (1)).
In Appendix B (Tab. 1) we provide present and projected
2s limits on all these coefficients, using the recent ATLAS
search [11]. While these limits are obtained in the sce-
nario where only one operator is considered at a time, we
checked that the 18⇥ 18 correlation matrix derived in the
Gaussian approximation does not contain any large value
(the only non-negligible correlations are among the triplet
and singlet operators with the same flavour content, which

Fig. 2 In blue (red) we show the present (projected) 2s limits on Cqµ
(flavour conserving (L̄L)(L̄L) operators) where q = u,d,s,c and b,
using 13 TeV ATLAS search in pp ! µ+µ� channel [11]. Dashed
lines show the limits when all other coefficients are marginalised,
while the solid ones show the results of one-parameter fits.
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rections can be understood by the fact that operators with
fermions of different flavour or chirality do not interfere
with each other.

Focusing only on the (L̄L)(L̄L) operators (in the nota-
tion of Eq. (6)), the 2s limits, both from the present AT-
LAS search (blue) and projected for 3000 fb�1 (red), are
shown in Fig. 2. The solid lines show the 2s bounds when
operators are taken one at a time, while the dashed ones
show the limits when all the others are marginalised. The
small difference between the two, especially with present
accuracy, confirms what we commented above.
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3.1 Effective field theory discussion

Recent measurements in rare semileptonic b ! s transi-
tions provide strong hints for a new physics contribution to
bsµµ local interactions (see for example the recent anal-
yses in Refs. [18,19,20]). In particular, a good fit of the
anomaly in the differential observable P0

5 [21], together
with the hints on LFU violation in RK and RK⇤ [22,23,24],
is obtained by considering a new physics contribution to
the Cbsµ coefficient in Eqs. (6,7). In terms of the SMEFT
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first row of Eq. (1) (see for example [25]). Moreover, the
triplet operator could at the same time solve the anomalies
in charged-currrent (RD(⇤) ) , see e.g. Refs. [26,27,28].

Matching at the tree level this operator to the standard
effective weak Hamiltonian describing b ! s transitions,
one finds
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Cbsµ , (9)

where a is the electromagnetic fine structure constant while
|Vts| = (40.0± 2.7)⇥ 10�3 and |Vtb| = 1.009± 0.031 are
CKM matrix elements [29].

The recent combined fit of Ref. [18] reported the best
fit value and 1s preferred range

DCµ
9 =�DCµ

10 =�0.61±0.12 . (10)

Using this result and Eq. (9), one can estimate the scale of
the relevant new physics by defining Cbsµ = g2

⇤v2/L 2, ob-
taining L/g⇤ ⇡ 32+4

�3 TeV. Depending on the value of g⇤,
i.e. from the particular UV origin of the operator, the scale
of new physics L can be within or out of the reach of LHC
direct searches. We show that even in the latter case, under
some assumptions it can be possible to observe an effect
in the dimuon high energy tail. When comparing low and
high-energy measurements, the renormalisation group ef-
fects should in principle be taken into account. Since these
effects are small in this case, we neglect it in what follows
(see for example [25]).

We concentrate on UV models in which new particles
are above the scale of threshold production at the LHC,
such that the EFT approach is applicable in the most en-
ergetic dilepton events. We stress however that even for
models with light new physics these searches can be rele-
vant.

Let us discuss the flavour structure of the CD(U)µ
i j matri-

ces in Eqs. (6,7). New physics aligned only to the strange-
bottom coupling Cbsµ will not be probed at the LHC, in
fact the present (projected) 95% CL limits from the 13 TeV
ATLAS pp ! µ+µ� analysis with 36 fb�1 (3000 fb�1) of
luminosity are
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p
aVtbV ⇤

ts
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����< 100 (39) , (11)

which should be compared with the value extracted from
the global flavour fits in Eq. (10). Such a peculiar flavour
structure is possible, but not very motivated from the model
building point of view.

On the other hand, taking the b! sµ+µ� flavour anoma-
lies at face value provides a measurement of the Cbsµ coef-
ficient (via Eq. (9)). In most flavour models flavour-violating
couplings are related (by symmetry or dynamics) to flavour-
diagonal one(s). In this case we can use the LHC upper
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Under this assumption [30] the only source of flavour vio-
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where a,b ⇠O(1), which implies the following structure:
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while flavour-violating terms are expected to be CKM sup-
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t CDµ |. In this case

the contribution to rare B meson decays has a Vts sup-
pression, while the dilepton signal at high-pT receives an
universal contribution dominated by the valence quarks in
the proton. The flavour fit in Eq. (10) combined with this
flavour structure would imply a value of |CDµ | ⇠ 1.4 ⇥
10�3 which, as can be seen from the limits in Fig. 3, is
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we set the others to zero. In summary:

CUµ
i j =
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0 0 Ctµ
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A , CDµ
i j =

0

@
Cdµ 0 0

0 Csµ C⇤
bsµ

0 Cbsµ Cbµ

1

A .

(7)

2.2 Present limits and HL-LHC projections

In this section we derive limits on the flavour non-universal
quark-lepton contact interactions by looking in the tails of
dilepton invariant mass distributions in p p ! `+`� at the
LHC. In our analysis, we closely follow the recent ATLAS
search [11] performed at 13 TeV with 36.1 fb�1 of data.
We digitise Figure 1 of Ref. [11], which shows the dis-
tribution of dielectron and dimuon reconstructed invariant
masses after the final event selection. We perform a profile
likelihood fit to a binned histogram distribution adopting
the method from Ref. [14]. The number of signal events,
as well as the expected signal events in the SM and back-
ground processes, are directly taken from the Figure 1 of
Ref. [11]. The likelihood function (L) is constructed treat-
ing every bin as an independent Poisson variable, with the
expected number of events,

DNbin = DNbin
SM ⇥

Âq,`
R tbin

max
tbin

min
dt t Lqq̄(t,µF ) |Fq`(ts0)|2

Âq,`
R tbin

max
tbin

min
dt t Lqq̄(t,µF ) |FSM

q` (ts0)|2
, (8)

which is a function of the contact interactions. The best fit
point corresponds to the global minimum of c2 ⌘�2logL,
while ns C.L. regions are given as D c2 ⌘ c2 � c2

min <
Dns , where Dns are defined with the appropriate cumula-
tive distribution functions. In the numerical study, we use
the NNLO118 MMHT2014 parton distribution functions
set [15]. We checked that our results have a very small de-
pendence on the factorization scale variation.

Furthermore, we independently cross-check the results
by implementing the subset of operators in Eqs. (6,7) in
a FEYNRULES [16] model, and generating pp ! µ+µ�

events at 13 TeV with the same acceptance cuts as in the
ATLAS search [11] using MADGRAPH5 AMC@NLO [17].
We find good agreement between the fits performed in both
ways.

In the SMEFT, neglecting flavour-violating interactions,
there are 18 independent four-fermion operators for muons
and 18 for electrons relevant to pp ! `+`� (see Eq. (1)).
In Appendix B (Tab. 1) we provide present and projected
2s limits on all these coefficients, using the recent ATLAS
search [11]. While these limits are obtained in the sce-
nario where only one operator is considered at a time, we
checked that the 18⇥ 18 correlation matrix derived in the
Gaussian approximation does not contain any large value
(the only non-negligible correlations are among the triplet
and singlet operators with the same flavour content, which

Fig. 2 In blue (red) we show the present (projected) 2s limits on Cqµ
(flavour conserving (L̄L)(L̄L) operators) where q = u,d,s,c and b,
using 13 TeV ATLAS search in pp ! µ+µ� channel [11]. Dashed
lines show the limits when all other coefficients are marginalised,
while the solid ones show the results of one-parameter fits.

is discussed in more details below). The absence of flat di-
rections can be understood by the fact that operators with
fermions of different flavour or chirality do not interfere
with each other.

Focusing only on the (L̄L)(L̄L) operators (in the nota-
tion of Eq. (6)), the 2s limits, both from the present AT-
LAS search (blue) and projected for 3000 fb�1 (red), are
shown in Fig. 2. The solid lines show the 2s bounds when
operators are taken one at a time, while the dashed ones
show the limits when all the others are marginalised. The
small difference between the two, especially with present
accuracy, confirms what we commented above.

3 Implications for R(K) and R(K⇤)

3.1 Effective field theory discussion

Recent measurements in rare semileptonic b ! s transi-
tions provide strong hints for a new physics contribution to
bsµµ local interactions (see for example the recent anal-
yses in Refs. [18,19,20]). In particular, a good fit of the
anomaly in the differential observable P0

5 [21], together
with the hints on LFU violation in RK and RK⇤ [22,23,24],
is obtained by considering a new physics contribution to
the Cbsµ coefficient in Eqs. (6,7). In terms of the SMEFT
operators at the electroweak scale, this corresponds to a
contribution to (at least) one of the two operators in the

Assumption: The only breaking of the SU(3)5 
flavour symmetry is via the SM Yukawas.

4

first row of Eq. (1) (see for example [25]). Moreover, the
triplet operator could at the same time solve the anomalies
in charged-currrent (RD(⇤) ) , see e.g. Refs. [26,27,28].

Matching at the tree level this operator to the standard
effective weak Hamiltonian describing b ! s transitions,
one finds

DCµ
9 =�DCµ

10 =
p

aVtbV ⇤
ts

Cbsµ , (9)

where a is the electromagnetic fine structure constant while
|Vts| = (40.0± 2.7)⇥ 10�3 and |Vtb| = 1.009± 0.031 are
CKM matrix elements [29].

The recent combined fit of Ref. [18] reported the best
fit value and 1s preferred range

DCµ
9 =�DCµ

10 =�0.61±0.12 . (10)

Using this result and Eq. (9), one can estimate the scale of
the relevant new physics by defining Cbsµ = g2

⇤v2/L 2, ob-
taining L/g⇤ ⇡ 32+4

�3 TeV. Depending on the value of g⇤,
i.e. from the particular UV origin of the operator, the scale
of new physics L can be within or out of the reach of LHC
direct searches. We show that even in the latter case, under
some assumptions it can be possible to observe an effect
in the dimuon high energy tail. When comparing low and
high-energy measurements, the renormalisation group ef-
fects should in principle be taken into account. Since these
effects are small in this case, we neglect it in what follows
(see for example [25]).

We concentrate on UV models in which new particles
are above the scale of threshold production at the LHC,
such that the EFT approach is applicable in the most en-
ergetic dilepton events. We stress however that even for
models with light new physics these searches can be rele-
vant.

Let us discuss the flavour structure of the CD(U)µ
i j matri-

ces in Eqs. (6,7). New physics aligned only to the strange-
bottom coupling Cbsµ will not be probed at the LHC, in
fact the present (projected) 95% CL limits from the 13 TeV
ATLAS pp ! µ+µ� analysis with 36 fb�1 (3000 fb�1) of
luminosity are
����

p
aVtbV ⇤

ts
Cbsµ

����< 100 (39) , (11)

which should be compared with the value extracted from
the global flavour fits in Eq. (10). Such a peculiar flavour
structure is possible, but not very motivated from the model
building point of view.

On the other hand, taking the b! sµ+µ� flavour anoma-
lies at face value provides a measurement of the Cbsµ coef-
ficient (via Eq. (9)). In most flavour models flavour-violating
couplings are related (by symmetry or dynamics) to flavour-
diagonal one(s). In this case we can use the LHC upper

Fig. 3 Present and projected 95% CL limits from pp ! µ+µ� in the
MFV case defined by Eq. (14).

limit on |Cqµ | from the dimuon high-pT tail in order to set
a lower bound on |l q

bs|, defined as the ratio

l q
bs ⌘Cbsµ/Cqµ . (12)

In the following we study such limits for several particu-
larly interesting scenarios.

1) Minimal flavour violation
Under this assumption [30] the only source of flavour vio-
lation are the SM Yukawa matrices Yu ⌘ V †diag(yu,yc,yt)
and Yd ⌘ diag(yd ,ys,yb). Using a spurion analysis one can
estimate

c(3,1)Qi jL22
⇠
⇣

1+aYuY †
u +bYdY †

d

⌘

i j
, (13)

where a,b ⇠O(1), which implies the following structure:

Cuµ =Ccµ =Ctµ ⌘CUµ ,

Cdµ =Csµ =Cbµ ⌘CDµ ,
(14)

while flavour-violating terms are expected to be CKM sup-
pressed, for example |Cbsµ | ⇠ |VtbV ⇤

tsy2
t CDµ |. In this case

the contribution to rare B meson decays has a Vts sup-
pression, while the dilepton signal at high-pT receives an
universal contribution dominated by the valence quarks in
the proton. The flavour fit in Eq. (10) combined with this
flavour structure would imply a value of |CDµ | ⇠ 1.4 ⇥
10�3 which, as can be seen from the limits in Fig. 3, is
already probed by the ATLAS dimuon search [11] depend-
ing on the origin of the operator (i.e. from the SU(2) sin-
glet or triplet structure) and will definitely be investigated
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we set the others to zero. In summary:
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0 Cbsµ Cbµ
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2.2 Present limits and HL-LHC projections

In this section we derive limits on the flavour non-universal
quark-lepton contact interactions by looking in the tails of
dilepton invariant mass distributions in p p ! `+`� at the
LHC. In our analysis, we closely follow the recent ATLAS
search [11] performed at 13 TeV with 36.1 fb�1 of data.
We digitise Figure 1 of Ref. [11], which shows the dis-
tribution of dielectron and dimuon reconstructed invariant
masses after the final event selection. We perform a profile
likelihood fit to a binned histogram distribution adopting
the method from Ref. [14]. The number of signal events,
as well as the expected signal events in the SM and back-
ground processes, are directly taken from the Figure 1 of
Ref. [11]. The likelihood function (L) is constructed treat-
ing every bin as an independent Poisson variable, with the
expected number of events,
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min
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which is a function of the contact interactions. The best fit
point corresponds to the global minimum of c2 ⌘�2logL,
while ns C.L. regions are given as D c2 ⌘ c2 � c2

min <
Dns , where Dns are defined with the appropriate cumula-
tive distribution functions. In the numerical study, we use
the NNLO118 MMHT2014 parton distribution functions
set [15]. We checked that our results have a very small de-
pendence on the factorization scale variation.

Furthermore, we independently cross-check the results
by implementing the subset of operators in Eqs. (6,7) in
a FEYNRULES [16] model, and generating pp ! µ+µ�

events at 13 TeV with the same acceptance cuts as in the
ATLAS search [11] using MADGRAPH5 AMC@NLO [17].
We find good agreement between the fits performed in both
ways.

In the SMEFT, neglecting flavour-violating interactions,
there are 18 independent four-fermion operators for muons
and 18 for electrons relevant to pp ! `+`� (see Eq. (1)).
In Appendix B (Tab. 1) we provide present and projected
2s limits on all these coefficients, using the recent ATLAS
search [11]. While these limits are obtained in the sce-
nario where only one operator is considered at a time, we
checked that the 18⇥ 18 correlation matrix derived in the
Gaussian approximation does not contain any large value
(the only non-negligible correlations are among the triplet
and singlet operators with the same flavour content, which

Fig. 2 In blue (red) we show the present (projected) 2s limits on Cqµ
(flavour conserving (L̄L)(L̄L) operators) where q = u,d,s,c and b,
using 13 TeV ATLAS search in pp ! µ+µ� channel [11]. Dashed
lines show the limits when all other coefficients are marginalised,
while the solid ones show the results of one-parameter fits.
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fermions of different flavour or chirality do not interfere
with each other.

Focusing only on the (L̄L)(L̄L) operators (in the nota-
tion of Eq. (6)), the 2s limits, both from the present AT-
LAS search (blue) and projected for 3000 fb�1 (red), are
shown in Fig. 2. The solid lines show the 2s bounds when
operators are taken one at a time, while the dashed ones
show the limits when all the others are marginalised. The
small difference between the two, especially with present
accuracy, confirms what we commented above.
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while flavour-violating terms are expected to be CKM sup-
pressed, for example |Cbsµ | ⇠ |VtbV ⇤
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t CDµ |. In this case

the contribution to rare B meson decays has a Vts sup-
pression, while the dilepton signal at high-pT receives an
universal contribution dominated by the valence quarks in
the proton. The flavour fit in Eq. (10) combined with this
flavour structure would imply a value of |CDµ | ⇠ 1.4 ⇥
10�3 which, as can be seen from the limits in Fig. 3, is
already probed by the ATLAS dimuon search [11] depend-
ing on the origin of the operator (i.e. from the SU(2) sin-
glet or triplet structure) and will definitely be investigated

qqμμ operators with valence quarks 
are tested better than per-mille level.

The MFV solution is already in 
strong tension with LHC
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- LHC measurements of high-pT tails of 2 → 2  processes offer strong 
probes of new physics, 
complementing (and often surpassing) limits derived from LEP. 

- Care must be taken to understand the typical energy scale of the 
experiment and making sure that, at the interpretation level, 

- This allows us to probe mass scales often higher than the reach of 
direct searches. 

- The limits are already relevant for models addressing B-anomalies.

Conclusions

Eexp ≪ ΛNP

Thank you!
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Backup
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We study BSM effects in the SMEFT (for the moment at LO). 
Dimension-6 operators can contribute in many ways:

The only physical (basis indep.) quantity is the total on-shell amplitude

aTGC

I take Z(W)-pole bounds and approximate: 
fix those SMEFT directions as SM-like. 

Note that this is a basis-independent statement. 
Indeed, in our work we use both SILH and Warsaw bases.

SMEFT contributions
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After imposing Z(W)-pole limits, Three unconstrained combinations of 
SMEFT coefficients contribute to the process:

form,
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where ↵,�, �,’s are numerical O(1) coe�cients (in general depending on s✓) whose exact

values are not relevant for this discussion, and the vectors of Wilson coe�cients are defined

as
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In a similar way we can find how the SILH basis [32] operators a↵ect which helicity am-

plitude by using the map
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(B.6)

where we use the notation and normalizations of Ref. [42]. In the SILH basis the helicity

cross sections take the same form as in Eq. (B.4) with c3W ! gSMc3W and

cLL = (c̄0Hq, c̄Hq, c̄2B, c̄2W , c̄W , c̄B, c̄HB, c̄HW ) ,

cLT = (c̄0Hq, c̄Hq, c̄2B, c̄2W , c̄W , c̄B, c̄HB, c̄HW , c̄3W ) ,

cTT = (c̄0Hq, c̄Hq, c̄2B, c̄2W , c̄W , c̄B, c̄T ) .

(B.7)
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note that here

Not only 3 operators contribute to diboson production, but 
the independent, unconstrained, combinations are 3 (in any basis).

We are interested in diboson production at the LHC, which in general is sensitive to

many (linear combinations of) e↵ective operators. They can a↵ect the process through

their modifications of the couplings of gauge bosons to fermions, the gauge boson propa-

gators or the cubic interactions of the gauge bosons. However, once we take into account

LEP1 constraints [1, 2], CP-conserving observables in diboson production are e↵ectively

controlled by 3 combinations of EFT parameters at O(⇤�2) in the SMEFT, which we can

choose to be the 3 anomalous Triple Gauge Couplings (aTGC), {�g1,z, �� ,�z}, defined as
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�� . These aTGC can be computed in function of

Wilson coe�cients of D = 6 operators in Eq. (1.1), and they are formally of order
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so that in the SM limit all three aTGC vanish. Let us stress that in deriving this matching

one should be careful to redefine fields and input parameters in a way which satisfies the

property that after imposing LEP-1 bounds the aTGC are the only three unconstrained

parameters relevant to diboson production (see e.g. Refs. [1, 5–7]). The dictionary between

the aTGCs and Wilson coe�cients of D = 6 operators in various bases can also be found

in Appendix B (from Ref. [5]).

Any experimental observable (such as di↵erential cross section, number of signal events

in a bin, etc.) obtained from the e↵ective Lagrangian in Eq. (1.1) takes the following form
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It is important to notice that the D = 6 squared terms are of the same order in the EFT

expansion parameter ⇤ as the (neglected) interference of the D = 8 with the SM.

Precision constraints on aTGCs can be derived from W+W� production in LEP-

2 [8], see e.g. [1, 9] for EFT interpretations. Meanwhile, it has been pointed out that

the LHC Higgs data can also lead to meaningful indirect constraints on the aTGC in the

context of SMEFT [7, 10–14]. Recently, Ref. [15] reported a global fit in the SMEFT to

LEP-2 WW and LHC Higgs signal-strength data, by working consistently at O(⇤�2). In

particular, the analysis considered only D = 6 operator interference with the SM, under

the Minimal Flavor Violation (MFV) assumption, in which case the full set of relevant

linear combinations of D = 6 operator a↵ecting that analysis is limited to ten. The result
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where we use the original operator normalization of Ref. [5] (and [7, 8]). See also Ref. [7]

for the relation between the vertex correction �gV q and the Wilson coe�cients. Plugging

in these formulas in the helicity amplitudes above, the helicity cross sections schematically

take the form,
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where ↵,�, �,’s are numerical O(1) coe�cients (in general depending on s✓) whose exact

values are not relevant for this discussion, and the vectors of Wilson coe�cients are defined

as

cLL =
v2

⇤2
(w(3)

�q
, w(1)

�q
) ,

cLT =
v2

⇤2
(w(3)

�q
, w(1)

�q
, w�WB, wW ) ,

cTT =
v2

⇤2
(w(3)

�q
, w(1)

�q
, w�WB, w

(3)
�`

, w�D, [w``]1221) .
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In a similar way we can find how the SILH basis [6] operators a↵ect which helicity ampli-

tude by using the map [7, 8]

�g1z = �
g2
L
+ g2

Y

g2
L
� g2

Y


g2
L
� g2

Y

g2
L

c̄HW + c̄W + c̄2W +
g2
Y

g2
L

c̄B +
g2
Y

g2
L

c̄2B �
1

2
c̄T+

1

2
[c̄0
H`

]22

�
,

�� = �c̄HW � c̄HB , �z = �6g2Lc̄3W ,

(B.6)

where we use the notation and normalizations of Ref. [49]. In the SILH basis the helicity

cross sections take the same form as in Eq. (B.4) with c3W ! gSMc3W and

cLL = (c̄0Hq, c̄Hq, c̄2B, c̄2W , c̄W , c̄B, c̄HB, c̄HW ) ,

cLT = (c̄0Hq, c̄Hq, c̄2B, c̄2W , c̄W , c̄B, c̄HB, c̄HW , c̄3W ) ,

cTT = (c̄0Hq, c̄Hq, c̄2B, c̄2W , c̄W , c̄B, c̄T ) .

(B.7)
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Warsaw 
basis:

SILH
basis:
Falkowski, Gonzalez-Alonso, Greljo, D.M., Son JHEP [1609.06312]

Let us call them:

SMEFT contributions
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Applications & Validity
Model with a vector triplet + singlet. 
No vertex corrections, at low energy
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Figure 8: Limits on the H coupling as a function of vector boson mass in the model

discussed in this section. Di↵erent lines correspond to 0
H

= 3H (red), 0
H

= H (brown),

and 0
H

= �3H (orange). The solid lines turn into dashed ones at the scale when the UV

model becomes non-perturbative, which we estimate as the scale where the total width of

at least one of the heavy vectors exceeds mV /2. The blue region is the parameter space

excluded by recasting the EFT limits on �g1,z as limits on H/mV using the matching in

Eq. (4.5).

be even larger. For a lower cut-o↵, the limits on BSM models derived by recasting limits

on the aTGC may have an order 1 error. Since the parameters of the low-energy EFT at

the leading order depend on the cut-o↵ as 1/⇤2, they carry a large suppression factor for

⇤ & 3 TeV. Given that the diboson measurements are currently sensitive to the aTGC

of order 0.01, only rather strongly coupled UV theories can be e�ciently constrained by

the LHC using the EFT approach. This can be seen in Fig. 8, where only H & 3 can

be probed in the EFT validity regime of the LHC. Even larger couplings are needed if the

aTGC are induced at the 1-loop level. Obviously, when the couplings are too large the

UV model becomes non-perturbative, and then this particular description is no longer a

useful UV completion. In this example the onset of a non-perturbative behavior occurs

for H between 2 and 5, depending on 0
H
. Thus, the parameter window where the EFT

description is useful is rather limited, at least for this particular UV completion.

5 Conclusions

On the one hand, it is well known that the EFT interpretation of (relatively) high-pT
processes at the LHC – such as diboson production, associated and VBF Higgs production,

or even dark matter searches – presents some challenges. On the other hand, the large

– 18 –

One can show that this tuning ensures that the couplings of the light gauge boson eigen-

states (identified with the SM gauge bosons) to the fermions are not shifted at tree level

from their SM value.8

With these conditions imposed, the parameters space is 3-dimensional and can be

characterized by the couplings H , 0
H

and the mass mV . The latter is approximately the

mass of the two neutral and one charged heavy vector eigenstates, up to small corrections

of order v4/m4
V
. In the low-energy EFT below the scale mV one finds aTGC of the SM

gauge bosons described by9

�g1,z = �2H
m2

W

2s2
✓
m2

V

+O(m�4
V

), (4.5)

while �� = �z = 0 at tree level. Note that �g1,z is sensitive to the UV physics only via the

combination H/mV , and is independent of 0
H
. Thus, for large mV , diboson production at

the LHC is sensitive only to this particular combination. On the other hand, for mV in the

kinematic range of the LHC all the 3 parameters can be probed via diboson production.

We are ready to discuss the validity range of the EFT for the model described above.

We will illustrate the quantitative determination of the validity range using as example the

limits set by the CMS analysis of W+W� production at
p
s = 8 TeV [17]. The results are

summarized in Fig. 8. We plot the direct limits on the parameter H as a function of mV

for three di↵erent choices of the ratio 0
H
/H . Since the aTGC in the leading-order SMEFT

is independent of 0
H

we expect that, for large enough mV , the limits are independent of

that ratio. This is indeed the case for mV & 3 TeV. On the other hand, for mV . 3 TeV,

when the new vectors enter the kinematic range of the
p
s = 8 TeV LHC, the limits on H

may easily vary by a factor of 2 depending on 0
H
.

In Fig. 8 we also show the parameter space excluded by recasting EFT limits on

aTGCs using Eq. (4.5) and the bounds obtained without any upper cut on mWW . In this

case, the limits, by construction, are independent of 0
H
. As expected, the EFT and the

direct approach yield consistent limits for mV & 3 TeV. Therefore, the scale of 3 TeV is an

approximate lower limit on the EFT cut-o↵ ⇤ such that, for this particular UV completion,

the SMEFT provides a valid description of diboson production at the
p
s = 8 TeV LHC.

Note that, for this example, the true (direct) limits are always stronger than the ones

derived indirectly by recasting the limits on the aTGC. Thus, the EFT approach provides

a conservative limit on the parameters, even without restricting the kinematic range of

experimental data used in the analysis.

This example suggests that diboson measurements at the
p
s = 8 TeV LHC can be

adequately described using the SMEFT provided the EFT cut-o↵ (or the scale of the BSM

particles) is at least 3 TeV. For
p
s = 13 TeV LHC the necessary cut-o↵ is expected to

8
There remains a correction to GF which, indirectly, also a↵ects the measured value of the gauge

couplings to fermions. To get rid of it, one needs to invoke another fine-tuned UV contribution to the

4-fermion operator (¯̀1�̄µ`2)(
¯̀
2�̄µ`1) responsible for the muon beta decay from which GF is extracted. For

this reason we do not consider its contribution to �g1,z, even though according to the matching of Eq. (B.3)

it should be there.
9
In this EFT there are also corrections to the Higgs couplings (which depend also on the combination


0
H/mV ), but they are not important for the following discussion.

– 17 –

Limits directly from the model
(different benchmarks points 
with same low energy EFT)

EFT Limits (no high-E cut) 
from CMS WW @ 8TeV.

1) For MV ≳ 3TeV the EFT approximates well the model. 
2) For lower masses, the EFT gives conservative bounds (in this case).

CMS WW @ 8TeV
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Universal Scenario
Assuming that New Physics is “universal"  —

1 Introduction and statement of the problem

The physical mechanism underlying Electroweak Symmetry Breaking (EWSB) remains unknown. Its
description in the Standard Model (SM) is not fully satisfactory, with reasons that motivate a modifica-
tion of the SM at energies close to the Fermi scale. Examples of recent theoretical attempts along these
directions include little Higgs models [1] and models in 5D with or without a Higgs [2, 3].

While waiting for the LHC to provide a thorough experimental exploration of the energy scales
relevant to EWSB, we find it useful to reconsider the problem of describing the phenomenology of EWSB
in a rather model independent way. There is one main reason for doing this. In the analysis of some
models, as we are going to see, the traditional use of 3 parameters, S, T and U [4, 5, 6] is determined more
by the limited information provided by the measurements around the Z-pole rather than by a satisfactory
theoretical background. It is therefore important that this information can now be complemented by the
one available from LEP2, which requires a suitable extension of the standard analysis. The comparison
of the models mentioned above with current experimental constraints, where the use of the traditional
parameters may also be a source of conceptual confusion, provides clear examples for the usefulness of
this extension.

As physically motivated and customary, we shall consider “universal” theories, where the deviations
from the SM reside only in the self-energies of the vector bosons. Moreover we want to focus on the
case in which these deviations are associated with new physics at an energy scale sensibly higher than
the LEP2 energy. Then it is useful to split the exact vacuum polarizations as the sum of two pieces.
The first is a local tree level term, while the second is purely due to SM loops (this second term is also
non-analytic due to the presence of light fermions). In an effective Lagrangian approach, the effects of
new physics can then be fully parametrized by the first term, corresponding to the tree level transverse
vacuum polarization amplitudes ΠV (q2) where V = {W+W−,W3W3, BB,W3B}. These amplitudes,
according to our assumptions, can be expanded in q2

ΠV (q2) ≃ ΠV (0) + q2Π′
V (0) +

(q2)2

2!
Π′′

V (0) + · · · . (1)

It is important to realize that the category of “universal” models is broader than often thought. In
particular it includes the possibility that new heavy vector states exist, as long as they are coupled to
the SM fermions via the usual SU(2)L⊗U(1)Y currents. This just means than the only gauge interaction
of the light fermions (apart from QCD) is

Lint = Ψ̄γµ
(
T aW̄ a

µ + Y B̄µ

)
Ψ , (2)

though W̄ a and B̄ do not coincide in general with the “light” vector bosons of the SM. Instead they
are a mixture of the light with new heavy vector bosons. The self-energies we refer to in eq. (1) are
therefore the self-energies of these interpolating fields, as they are defined by the very eq. (2) including
their normalization. This will be further illustrated in section 5.

As we shall explain below, in a wide class of models satisfying some reasonable requirements, it is
necessary and sufficient, for a consistent analysis of the electroweak data, to consider the expansion in
eq. (1) up to O(q4). At this order, given the four self-energies, there is naively a total of 12 coefficients.
Three of them, however, are absorbed in the definition of

1

g2
= Π′

W+W−(0),
1

g′2
= Π′

BB(0), v2 = −2ΠW+W−(0) ≈ (174GeV)2 . (3)

(notice that we find convenient to choose a non canonical normalization of the vector bosons). Further-
more, requiring the masslessness of the photon, coupled to Q = T3 + Y , implies two relations among the

1

D
⌫
W

a
⌫µ = �

ig

2
(H†

�
a

$
D

µ
H)�

g

2

 
X

i

Q̄i�µ�
a
Qi + L̄i�µ�

a
Li

!
+O(1/⇤2) (1)

J
a
µ (2)

ig(H†
�
a

$
D

µ
H)Ja

µ (3)

�g1,z, �� , �z (4)

hVµ(�q)V 0
⌫(q)i / ⇧V V 0(q2) (5)

1

Adimensional form factors operators custodial SU(2)L
g−2Ŝ = Π′

W3B(0) OWB = (H†τaH)W a
µνBµν/gg′ + −

g−2M2
W T̂ = ΠW3W3

(0) − ΠW+W−(0) OH = |H†DµH|2 − −
−g−2Û = Π′

W3W3
(0) − Π′

W+W−(0) − − −
2g−2M−2

W V = Π′′
W3W3

(0) − Π′′
W+W−(0) − − −

2g−1g′−1M−2
W X = Π′′

W3B(0) − + −
2g′−2M−2

W Y = Π′′
BB(0) OBB = (∂ρBµν)2/2g′2 + +

2g−2M−2
W W = Π′′

W3W3
(0) OWW = (DρW a

µν)2/2g2 + +

2g−2
s M−2

W Z = Π′′
GG(0) OGG = (DρGA

µν)2/2g2
s + +

Table 1: The first column defines the adimensional form factors. The second column defines the SU(2)L-
invariant universal dimension-6 operators, which contribute to the form-factors on the same row. We
use non canonically normalized fields and Π, see eq. (3). The Ŝ, T̂ , Û are related to the usual S, T,U
parameters [5] as: S = 4s2

WŜ/α ≈ 119 Ŝ, T = T̂ /α ≈ 129 T̂ , U = −4s2
WÛ/α. The last row defines one

additional form-factor in the QCD sector.

zeroth order coefficients ΠV (0). Altogether this leaves 7 undetermined parameters, Ŝ, T̂ , Û , V,X, Y,W ,
defined in Table 1. The notation for the 3 residual coefficients up to order q2 makes clear reference
to the traditional ones, S, T,U [5]: the actual relation is S = 4s2

WŜ/α ≈ 119 Ŝ, T = T̂ /α ≈ 129 T̂ ,
U = −4s2

WÛ/α. As a natural extension of this formalism, Table 1 also includes an additional form
factor in the QCD sector, which is not related to EWSB and which we will henceforth neglect.

As we shall now explain, the subset Ŝ, T̂ , Y,W represents the most general parametrization of new
physics effects in Electroweak Precision Tests (EWPT). Notice that we can group the various form factors
in 3 different classes according to their symmetry properties. The first class is given by T̂ , Û and V as
they have the same custodial and weak isospin breaking quantum numbers. The second class is given
by Ŝ and X, which are custodially symmetric but weak isospin breaking (and odd under the spurionic
symmetry which reverses the sign of Bµ and of the hypercharges of matter fields). Finally W and Y ,
which preserve both custodial and weak isospin, make up the third class. By going to O(q6) and higher
there would arise no new class but only higher derivative terms in each of the above 3 classes. It is
reasonable to expect that coefficients with the same symmetry properties will be related to each other
up to trivial factors associated to the number of derivatives: in a model where the new physics comes
in at a scale Λ we expect Û ∼ (MW /Λ)2T̂ , V ∼ (MW /Λ)4T̂ . Similarly we expect X ∼ (MW /Λ)2Ŝ.
On the other hand, W and Y are the lowest in their class.1 As soon as the gap between MW and Λ
is big enough, it should be reasonable to retain only the lowest derivative term in each class: Ŝ, T̂ ,
W and Y . Neglecting Û , V,X when they are parametrically suppressed also makes sense because the
experimental sensitivity on them is not higher than for the other four. Of course one can imagine fine-
tuned situations where this reasoning fails. On the contrary, although Ŝ, T̂ and W , Y have a different
number of derivatives there is no deep physical reason, in general, to expect T̂ to be bigger than Ŝ and
in turn Ŝ to be bigger than W,Y . Indeed there are several explicit models where these 4 quantities
give comparable effects. Basically we can associate Ŝ and T̂ to new physics in the electroweak breaking
sector (both effects break weak isospin), which is the case of technicolor. On the other hand W and
Y are associated to new structure in the vector channels, like for instance vector compositeness or new
gauge bosons. To conclude, we stress, as is made evident from our discussion, that no additional relevant

1The leading term in their class is truly represented by the SM gauge kinetic coefficients 1/g2 and 1/g′2.

2
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affects only gauge boson 
self-energies

At dim-6 in SM EFT only these are generated:
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SU(2)V ⇥ U(1)B

SU(2)L ⇥ SU(2)R ⇥ U(1)B

QCD

SU(2)L ⇥ U(1)Y

⇡

Figure 2: Cartoon of QCD with part of its chiral symmetry gauged by the weak interactions.

. . .

= +

+ +

Gµ⌫(q) =
�i

q2 � g2⇧(q2)/2
(PT )µ⌫ , (PT )µ⌫ ⌘ ⌘µ⌫ �

qµq⌫
q2

, (19)

where

i⇧µ⌫(q) = �

Z
d4x e�iq·x

h0|T
�
J+

µ (x)J�
⌫ (0)

�
|0i

⇧µ⌫(q) =

✓
⌘µ⌫ �

qµq⌫
q2

◆
⇧(q2) .

(20)

Then, a mass for the W arises if ⇧µ⌫(q2) has a pole at q2 = 0. The pole in fact exists
as a result of the symmetry breaking, due to the exchange of the pion:

h0|J+

µ |⇡�(p)i = i
f⇡
p

2
pµ (21)

=) ⇧(q2) =
f 2

⇡

2
.

This implies that the W acquires a mass

mW =
gf⇡
2

' 29 MeV .

Although this number is far from the experimental value, the above discussion shows
that QCD is, at the qualitative level, a good example of electroweak symmetry breaking
sector. This is even more true considering that the unbroken SU(2)V isospin invariance
acts as a custodial symmetry so that ⇢ = 1 at tree level in the QCD vacuum.
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