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Most general renormalisable Quantum Field Theory with given:

- field content 
- Poincaré and local (gauge) symmetries: SU(3)C×SU(2)L×U(1)Y

The Flavour of the Standard Model
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Most general renormalisable Quantum Field Theory with given:

- field content 
- Poincaré and local (gauge) symmetries: SU(3)C×SU(2)L×U(1)Y

The Flavour of the Standard Model

Most of the richness and complexity of the Theory comes from the Yukawa sector:

All lepton masses, proton-neutron mass difference, 
the QCD mass gap (pion mass), 0 < me ≪ mp,n , CKM mixing, …
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The Flavour of the Standard Model

- hierarchical fermion masses

The Yukawa sector also shows a very peculiar structure:

(mν ~ 10-11 GeV)
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The Flavour of the Standard Model

- hierarchical fermion masses

The Yukawa sector also shows a very peculiar structure:

- hierarchical quark mixing matrix
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A very predictive and successful structure!
The CKM picture of quark mixing and CP 
violation has now been tested to an 
impressive level of precision:
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The Flavour of the Standard Model

- hierarchical fermion masses

The Yukawa sector also shows a very peculiar structure:

However, the theory gives no explanation for these hierarchies.

Is there a more fundamental underlying theory which does?


SM Flavour Puzzle

- hierarchical quark mixing matrix

(mν ~ 10-11 GeV)

A very predictive and successful structure!
The CKM picture of quark mixing and CP 
violation has now been tested to an 
impressive level of precision:
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The Standard Model as an EFT
We know that the Standard Model must be extended at some high energy scale Λ.

If we are interested in physics at energies E ≪ Λ we can write the low-energy Lagrangian 
as a series expanded in powers of 1/Λ: the Standard Model Effective Field Theory.

E

— Λ

— mEW

UV theory

SMEFT
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The Standard Model as an EFT
We know that the Standard Model must be extended at some high energy scale Λ.

If we are interested in physics at energies E ≪ Λ we can write the low-energy Lagrangian 
as a series expanded in powers of 1/Λ: the Standard Model Effective Field Theory.

E

— Λ

— mEW

UV theory

SMEFT At low energies, the effects from higher-dimension 
operators are suppressed by powers of

The SM is just the renormalisable IR remnant of the more fundamental UV theory.

The limited set of operators allowed at d ≤ 4 automatically 
endows the SM with accidental features & symmetries.
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The constrained structure of the Standard Model implies several accidental features & symmetries, 
i.e. properties that arise automatically, not imposed by hand.

Symmetries & conservation laws: conservation of   B,   Le,   Lμ,   Lτ 

Absence of FCNC at tree-level: Z boson, photon and gluon couple in a flavour-conserving way + 
Higgs Yukawa couplings are small.

Small CP-violation effects, even though the CP-phase is large: small quark masses and mixing angles.

Lepton-Flavour Universality: SM gauge couplings are generation-independent + 
Yukawa couplings are small and hierarchical (e.g. me,μ ≪ mb)

Massless neutrinos:    a neutrino mass term is forbidden by gauge symmetries.

Custodial symmetry: An approximate global SU(2)C symmetry in the Higgs sector.

Protects the ratio mW / (cos θW mZ) ≈ 1.

The Standard Model as an EFT



6

The Standard Model as an EFT
We know that the Standard Model must be extended at some high energy scale Λ.

SM dim-6 SMEFTWeinberg operator 
→ neutrino masses *

* naturally small if the corresponding scale, at which L is violated, is very large. For neutrino pheno see talks by J. Lagoda and E. Resconi

higher order 
effects

E

— Λ

— mEW

UV theory

SMEFT

If we are interested in physics at energies E ≪ Λ we can write the low-energy Lagrangian 
as a series expanded in powers of 1/Λ: the Standard Model Effective Field Theory.
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The Standard Model as an EFT
E

— Λ

— mEW

UV theory

SMEFT
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The Standard Model as an EFT

Lepton Flavour Violation,

deviations from LFU,

unsuppressed FCNC and CP effects,

B and L violation, etc..

in general violate all the 
accidental symmetries and 
properties of the SM

E.g.: 
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Precision tests of forbidden or suppressed processes in the SM 
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The Standard Model as an EFT

Lepton Flavour Violation,

deviations from LFU,

unsuppressed FCNC and CP effects,

B and L violation, etc..

in general violate all the 
accidental symmetries and 
properties of the SM

E.g.: 

Precision tests of forbidden or suppressed processes in the SM 
are powerful probes of physics Beyond the Standard Model.

 >> Flavour Physics !  <<

There can be different scales Λ associated to the violation of different SM properties: 
quark flavour, lepton flavour, L and B violation, etc..

Remember:

E

— Λ

— mEW

UV theory

SMEFT
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The Standard Model as an EFT

How BIG or small should Λ be?
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The Standard Model as an EFT

How BIG or small should Λ be?

E

— Λ

— mEW

UV theory

SMEFT

OK, but..

Since the SM is renormalisable, we don’t have a clear target  (except Λ ≲ MPl)

Hierarchy problem 
of the EW scale,

Motivated Reasons for a “low” Λ:

Experimental signatures 
of BSM physics (anomalies)Λ ~ TeV

Λ ~ ? (it depends on 
the measurement)

WIMP miracle  
for Dark Matter
Λ ~ 0.1 - O(10) TeV
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The BSM Flavour Problem
Flavour in the SM has a rigid structure.

Measuring flavour transitions puts strong constraints 
on New Physics with generic flavour structure.
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Physics Briefing Book 1910.11775

FCNC LFV CP

LFV FCNC

CKM suppression of the ci(6)

Near-future 
prospects

Precision tests push Λ to be very high
Bounds on Λ (taking ci(6) = 1) from various processes
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The BSM Flavour Problem
Flavour in the SM has a rigid structure.

Measuring flavour transitions puts strong constraints 
on New Physics with generic flavour structure.

Physics Briefing Book 1910.11775

FCNC LFV CP

LFV FCNC

CKM suppression of the ci(6)

Near-future 
prospects

Precision tests push Λ to be very high
Bounds on Λ (taking ci(6) = 1) from various processes

If New Physics is present at the TeV scale, 
its flavour structure should be constrained  
by some “protecting” principle (symmetry or dynamics): 
the BSM Flavour Problem.

→ the c(6) coefficients should be suppressed.
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The BSM Flavour Problem
Let us consider the hypothetical case Λ ~ 1 - 10 TeV

• Solutions to the Hierarchy Problem

• Reach of present/future colliders

• Experimental anomalies
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The BSM Flavour Problem
Let us consider the hypothetical case Λ ~ 1 - 10 TeV

• Solutions to the Hierarchy Problem

• Reach of present/future colliders

• Experimental anomalies

With this low scale, flavour-violating operators should be suppressed, e.g. by small CKM elements.

Need some Flavour Protection
Typically, a good flavour structure for a quark-current operator is:

U(2)-like:

MFV-like:
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Probing New Physics with flavour
Consider a rare low-energy process in the SM 
Short-distance low-energy EFT coefficient

Example:
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Probing New Physics with flavour
Consider a rare low-energy process in the SM 
Short-distance low-energy EFT coefficient

Let us add a BSM EFT contribution:

+

Relative deviation in the short-distance coefficient

Measuring this precisely puts strong constraints on the EFT combination c/Λ2, 
the better the smallest λSM is.

Example:
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Probing New Physics with flavour
Typical EFT scales probed by different low-energy flavour physics measurements:
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Probing New Physics with flavour
Typical EFT scales probed by different low-energy flavour physics measurements:

Assuming the CKM-like flavour structure (i.e. MFV, U(2)3, etc..):

The bounds on the scale go down to Λ ~ O(1) TeV  for all (except Λµ ~ 10 TeV )
See also: Bordone, Buttazzo, Isidori, Monnard [1705.10729], Borsato, Gligorov, Guadagnoli, Martinez Santos, Sumensari [1808.02006], Fajfer, Kosnik, 
Vale-Silva [1802.00786], DM, Trifinopoulos, Venturini [2106.15630]
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Crossing 
symmetry

Drell-Yan tailMeson decays
If  mEW < Eℓℓ ≪ MNP 
we can use an 
EFT approach

[Greljo, DM 1704.09015]

B

D(*)

τ

νb

c

Crossing 
symmetry

ν      

τ      
b

c

Drell-Yan tail

τ      
  

  τ      

[Faroughy, Greljo, Kamenik 
1609.07138]

Now also a public tool:

HighpT:


[2207.10714, 
2207.10756 ]

[Greljo, Camalich, Ruiz-Alvarez 1811.07920]

[DM, Min, Son, 2008.07541]

From low to high energy
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High-Energy dilepton tails
The effect of heavy New Physics grows with the energy 
until the scale of new states is reached.

mEW ≪ E ≪ MNP
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EFT enhancement 
in high-pT tails

vs.

SM less suppressed

mEW ≪ E ≪ MNP
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High-Energy dilepton tails
The effect of heavy New Physics grows with the energy 
until the scale of new states is reached.

EFT enhancement 
in high-pT tails

vs.

SM less suppressed

mEW ≪ E ≪ MNP

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

Expected reach:
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E ~ 2 TeV
Λ ≳ 6 TeVAt LHC:

Less precise measurements at high 
energy can be competitive with 
very precise ones at low energy.
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Protons contain all flavors

The differential cross section is approximately

quark-antiquark luminosities

[1709.04922]

(HL-)LHC as a “Flavor collider”

LHC 13TeV

Lqq̅
uu̅

√ŝ [GeV]

dd̅
ss̅

cc̅

bb̅
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uc

ds

ss

sb

bb

Let us estimate the reach of high-pT tails

Relative deviation in a bin, due to EFT 
(assuming quadratic terms are dominant)

(HL-)LHC as a “Flavor collider”
The differential cross section is approximately
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uc

ds

ss

sb

bb

Let us estimate the reach of high-pT tails

Relative deviation in a bin, due to EFT 
(assuming quadratic terms are dominant) Example:

(HL-)LHC as a “Flavor collider”
The differential cross section is approximately
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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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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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� 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.
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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.
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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.
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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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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.
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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
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observed in the data.
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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.
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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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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.
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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
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Approximately:

5-10 -fold improvement 
at HL-LHC

Limits on flavor-conserving operators, recasting ATLAS 13TeV analysis:    [Greljo, D.M. 1704.09015]

Di-lepton tails at LHC
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Di-lepton tails at LHC
More recent developments

[Greljo, Salko, Smolkovic, Stangl 2212.10497]

Implemented analyses with NC and CC channels with muons and electrons

and ~140 fb-1 of luminosity. All relevant SMEFT operators included.

[Allwicher, Faroughy, Jaffredo, Sumensary, Wilsch 2207.10714, 2207.10756]

Implemented analyses with NC and CC channels with muons, electrons, and taus.

and ~140 fb-1 of luminosity. 
All relevant SMEFT operators included, plus also some explicit mediator models.

Tool included 
in flavio.

Mathematica package.

LHC bounds saturate at 
E~2TeV → relevant scale.



19

Taus present more experimental challenges 
in regards to their reconstruction and 
backgrounds.

 
This implies slightly larger uncertainties and 
therefore somewhat weaker constraints on New 
Physics.

[Faroughy, Greljo, Kamenik 1609.07138; Greljo et al. 1811.07920; DM, Min, Son 2008.07541; Allwicher et al. 2207.10714, Greljo et al 2212.10497]

e e qi qj τ τ qi qj

e e qi qj + e ν qi qj τ τ qi qj + τ ν qi qj

C / Λ2 [Λ=1TeV]

Stronger constraints for light quarks, 
due to PDF enhancement, 
as seen before.

[Λ=1TeV]

Di-lepton tails at LHC

[2207.10714]
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To test directly deviations from LFU we can define the differential LFU ratio:

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

).

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

[Greljo, D.M. 1704.09015]

LFU in dilepton tails
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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
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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

(4 TeV)-2 (Q3γαQ3 )(L2γαL2 )

-(30 TeV)-2 (Q1γασaQ1 )(L2γασaL2 )

(4 TeV)-2 (Q2γαQ2 )(L2γαL2 )

500 1000 1500 2000 2500 3000 3500 4000
0.7

0.8

0.9

1.0

1.1

1.2

1.3

m ℓ+ ℓ- [GeV]

R μ
+
μ-

/e
+
e-

dσ (pp→ μ+μ-) / dσ (pp→ e+e-) , s0 = (13 TeV)2

Fig. 1 Rµ+µ�/e+e� as a function of the dilepton invariant mass m`+`�

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

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
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To test directly deviations from LFU we can define the differential LFU ratio:
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Z
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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-
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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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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):
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such ratios will reduce theory uncertainties in the SM 
prediction (including pdf).
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in the SM prediction is enough to achieve good theoreti-
cal accuracy. It is still useful to define the differential LFU
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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
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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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EFT validity
The EFT description is only valid if  E ≪ MNP.


With EFT measurements we can only access the 
combination   ci/M2NP, 
→ to assess the validity of the EFT an input from a specific 
UV-completion is needed, for example the size of the 
NP couplings (ci).
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EFT validity
The EFT description is only valid if  E ≪ MNP.


With EFT measurements we can only access the 
combination   ci/M2NP, 
→ to assess the validity of the EFT an input from a specific 
UV-completion is needed, for example the size of the 
NP couplings (ci).

Limit consistent

with EFT

This region is possibly excluded by same 
search, but a ‘direct search’ approach should 
be used with the specific model.

Any experimental limit in the EFT 
approach will be on the combination
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Option 1) 
Constraining directly the flavour-violating couplings

Low-E

Using high-pT for Flavour
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Option 1) 
Constraining directly the flavour-violating couplings

Low-E

High-pT(*) Cbcτν ≲ (3 TeV)-2 Csbµµ ≲ (2 TeV)-2 Csdℓℓ/ ≲ (6-10 TeV)-2

(*) These numbers are approximate. Precise ones depend on the specific gauge and flavour structures.

Good prospects to obtain complementary measurements for charged-current processes like R(D(*)), 
No hope to compete directly with rare FCNC ones at (HL-)LHC.

Using high-pT for Flavour
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Using high-pT for Flavour
Option 2) 

Constraining the flavour-diagonal contributions

Low-E

Assuming the CKM-like flavour structure (i.e. MFV, U(2)3, etc..):

Λ ~ O(1) TeV  and Λµ ~ 10 TeV
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Using high-pT for Flavour
Option 2) 

Constraining the flavour-diagonal contributions

Low-E

Assuming the CKM-like flavour structure (i.e. MFV, U(2)3, etc..):

Λ ~ O(1) TeV  and Λµ ~ 10 TeV

High-pT

[C(3)ℓq]3311 ≲ (15 TeV)-2 
[C(3)ℓq]3322 ≲ (5 TeV)-2  
[C(3)ℓq]3333 ≲ (1.4 TeV)-2

[C(3)ℓq]2211 ≲ (24 TeV)-2 
[C(3)ℓq]2222 ≲ (8 TeV)-2  
[C(3)ℓq]2233 ≲ (2 TeV)-2

A non-universal structure 
like U(2)3 allows to relax 
the high-pT constraints.
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High-pT Flavour at Future Colliders
Hadron Colliders

Drell-Yan

- (+) All quark flavors available in PDFs

- (+) Possibility to use jet tagging to improve signal

- (-) q-q̅ PDFs suppressed at large √s

- (+) All possible leptonic final states available

- (+) Possibility to test 4q interactions

Muon Colliders

“Inverse Drell-Yan”

- (+) All quark flavors available in final state jets.

- (+) Possibility to use jet tagging to improve signal

- (+) µ+µ- PDF enhanced at √s = Ecollider.

- (-) Only µ+µ- initial state viable at large energy

- (+) Possibility to test µµℓℓ’ interactions.

ℓ j

ν j
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Figure 3. Sensitivity reach (95%CL) for the (s̄L�↵bL)(µ̄L�↵µL) contact interaction as function
of the upper cut on the final-state invariant mass, compared to the value required to fit NCBAs
(dashed orange line).

Figure 4. Sensitivity reach (95%CL) for the (b̄L�↵bL)(µ̄L�↵µL) contact interaction as function of
the upper cut on the final-state invariant mass. Solid (dashed) lines represent the limit for positive
(negative) values of Cbb. The orange dotted and dashed lines shows reference values in relation to
the NCBAs fit, with or without a 1/Vts enhancement of the bb operator compared to the bs one,
respectively.
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High-pT Flavour at Future Colliders
95%CL limits as function of the invariant mass cut.
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Discovering a new contact interaction, albeit at high energies, would still provide a valuable
piece of information about the new physics. For example, measuring the contact interactions
in the high-pT tails and establishing a correlation with B-meson decays would exclude light
mediators and narrow down the set of possible ultraviolet completions. In particular, two
effective operators in the SMEFT that match at tree-level to the low-energy operators
relevant for bsµµ anomalies (and semileptonic decays in general) are

LSMEFT � [C(1)

`q
]22ij(L̄

2

L�↵L
2

L)(Q̄
i
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j
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L
) , (4.1)

where Qi

L
and L

i

L
are the SM left-handed quark and lepton weak doublets and i, j = 1, 2, 3 are

flavour indices. The flavour alignment is to the down-quark mass basis, Qi

L
= (V ⇤

ji
u
j

L
, d

i

L
)T ,

L
i

L
= (⌫i

L
, e

i

L
)T , where u

i

L
, di

L
, ei

L
fields are already the mass-eigenstates and the neutrinos

are assumed to be massless.
At the LHC and the FCC-hh, these operators give a correction to the high invariant

mass neutral-current DY tails pp ! µ
+
µ
� [15] as well as to charged-current DY pp ! µ⌫.

For the latter we adapt the prospects derived in Ref. [75].4 At muon colliders these
operators contribute to the high invariant mass di-jet production from both the neutral-
current (µ+

µ
�

! jj) and charged-current processes (µ+
⌫µ ! jj + h.c.). The details of

our numerical calculations (di-muon and di-jet resolution, PDFs, systematics, statistical
treatment, etc.) are collected in the Appendices. A further improvement in sensitivity, that
we do not pursue in this work, could be obtained by asking one jet to be b-tagged when
the dominant interaction involves bottom quarks, see [89, 90]. The high-energy tails are
thus a complementary probe of new physics to mesonic decays and are particularly useful to
understand the flavour structure of new physics.

4.1 MFV scenario

To begin with, we first study the MFV scenario in the quark sector. We assume the
U(3)Q flavour symmetry in Eq. (4.1), leaving us with two universal and real parameters:
[C(1)

lq
]22ij = C

(1)

lq
�ij and [C(3)

lq
]22ij = C

(3)

lq
�ij . Breaking the symmetry by the insertions

of the quark Yukawa matrices does not impact the Drell-Yan bound, however it induces
contributions to mesonic decays [15].

In Fig. 6 we show the projected 95% CL limits for various future colliders, compared
with the present exclusion from the recast of the CMS search [109] (solid black line). Shown
in the right plot is a zoom-in view around the origin of the left plot.

Interestingly, MuC and FCC-hh probe complementary directions in the parameter space.
While the MuC3 shows just slightly better sensitivity than the HL-LHC, the MuC10 is
comparable with the FCC-hh. One of the reason for this is that at hadron colliders the
production cross section is enhanced by the valence quarks. As we show in the next Section,
when the dominant interaction is to heavy quark flavours, already MuC3 is comparable with
the FCC-hh.

4We translate [C(3)
`q ]ijkl = W/(2v2)�ij�kl, where W is the oblique EW parameter defined in Ref. [108],

and rescale the bound by factor 1/
p
2 to account for the fact that we have no contribution to the electron

channel.
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Figure 6. Sensitivity reach (95 % CL) for the quark flavour-universal scenario on the two EFT
coefficients C

(1)
lq and C

(3)
lq , in TeV�2, for different future colliders. The right plot is a zoomed-in

version near the origin of the left plot. For future prospects at hadron colliders we also include the
sensitivity on C

(3)
lq from the charged-current channel pp ! µ⌫ (dashed lines), adapting the bound

from Ref. [75]. The dotted orange line shows the values of coefficients required to reproduce the
best-fit value of Csbµµ from the bsµµ anomalies, Eq. (4.4), assuming a suppression of exactly |Vts|

for the flavour-violating bs operator compared to the flavour-diagonal ones.

4.2 Addressing bsµµ anomalies

Matching Eq. (4.1) to the low-energy EFT at tree-level gives the relevant operator controlling
the b ! sµ

+
µ
� decays,

Csbµµ =
⇣
[C(1)

`q
]2223 + [C(3)

`q
]2223

⌘
. (4.2)

In realistic models the sbµµ interaction is rarely generated alone; it comes along with the
flavour-diagonal interactions, such as bbµµ. In motivated flavour scenarios that aim at
addressing the flavour puzzle and providing sufficient protection for approximate accidental
symmetries, such as the U(2)3 flavour symmetry in the quark sector [16], the bbµµ contact
interaction is expected to be enhanced with respect to the sbµµ. We consider both cases for
comparison. Assuming the C

(1)

`q
= C

(3)

`q
alignment, we study high-energy constraints on the

following effective Lagrangian:

LEFT = Cbbµµ (b̄L�↵bL)(µ̄L�
↵
µL) + (Csbµµ (s̄L�↵bL)(µ̄L�

↵
µL) + h.c.) . (4.3)

This choice of contact interactions has recently gained attention due to the LHCb
anomalies. What LHCb reported so far are discrepancies in rare semileptonic B meson
decays with the underlying quark level transition b ! sµ

+
µ
�. The anomalous observables

include: branching ratios [110–116]; angular distributions [117, 118]; and the theoretically
very clean [119–121] LFU ratios, R

K(⇤) [3, 4]. When interpreting all of the data in a
low-energy effective field theory, a consistent picture of NP emerges (for recent global
fits see [122–129]). The global significance of the NP hypothesis, including the look-
elsewhere effect, was conservatively estimated to be 4.3� [130]. Considering a single non-zero
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Conclusions

Probing rare flavour-violating processes allows to test large New Physics scales. 
 
If NP is present at the TeV scale, its flavour structure should be hierarchical: Flavour Problem.


A complementary tool for testing such New Physics is by looking for deviations in the high-pT tails of 
Drell-Yan dilepton and mono-lepton production. Effects due to heavy NP are enhanced by E2/M2. 
 
Typical LHC bounds range from O(1) to O(10) TeV, depending if the operator involves heavy or light 
quarks. This offers very good constraints for MFV-type scenarios, slightly worse for U(2)-like setups. 
 
HL-LHC is expected to improve the constraints on Λ by a factor ~ 2, 
FCC-hh by one order of magnitude. 

Muon Colliders offer very good prospects for 4-fermion operators involving muons.
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If NP is present at the TeV scale, its flavour structure should be hierarchical: Flavour Problem.


A complementary tool for testing such New Physics is by looking for deviations in the high-pT tails of 
Drell-Yan dilepton and mono-lepton production. Effects due to heavy NP are enhanced by E2/M2. 
 
Typical LHC bounds range from O(1) to O(10) TeV, depending if the operator involves heavy or light 
quarks. This offers very good constraints for MFV-type scenarios, slightly worse for U(2)-like setups. 
 
HL-LHC is expected to improve the constraints on Λ by a factor ~ 2, 
FCC-hh by one order of magnitude. 

Muon Colliders offer very good prospects for 4-fermion operators involving muons.

Thank you!
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Backup
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Quadratic vs. Linear fit
The EFT expansion is valid only if


the energy scale the experiment is below the NP mass scale

What about dim-8 interference w.r.t  |dim-6|2 terms?

take e.g.

The dim-8 interference is necessarily smaller than dim-6 interference if

since .     For a single mediator

[See discussion in Fuentes-Martin, Greljo, Camalich, Ruiz-Alvarez 2003.12421]
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CMS di-electron excess

Electron excess at 700GeV:

local 3.1σ, 
global in the whole mass range -1.4σ, 
global in the vicinity 0.9σ.

[2103.02708]
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CMS di-electron excess
[2103.02708]

[2006.12946]
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[CMS 2103.02708]
CMS di-electron excess

[CMS 2103.02708]

“At very high masses, the statistical 
uncertainties are large. Here, some 
deviations from unity are observed, caused 
by the slight excess in the dielectron channel 
discussed above. A χ2 test for the mass range 
above 400 GeV is performed. 
The resulting χ2/dof values are 11.2/7 for the 
events with two barrel leptons, 9.4/7 for 
those with at least one lepton in the endcaps, 
and 17.9/7 for the combined distribution. 
These correspond to one-sided p-values of 
0.130 and 0.225, and 0.012, respectively.”
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Mono-tau tails at LHC
[DM, Min, Son, 2008.07541]

•Improves the Signal/Background ratio

•Selects only operators with b-quark

Optimise the sensitivity to b → c τ ν 
operators requiring b-jet tagging:

95%CL limits

By comparing 3rd and 4th 
columns:

b-tagging improves the 
limits by at least ~30%
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Flavor at High vs. Low Energy
[D.M., Min, Son, 2008.07541]

Mono-tau tails are (or will be in the future) competitive with low-energy limits from

semileptonic τ decays

and charm physics

R(D(*))

B→τν
τ→νK
τ→νπ

charm

[Fuentes-Martin, Greljo, Camalich, Ruiz-Alvarez, 2003.12421]

How do these LHC limits compare 
with bounds from low energy?

[A. Pich 1310.7922]

  

Let us focus for simplicity on LL operators.
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Di-tau high-pT tail
If R(D(*)) is addressed by this operator

A sizeable effect is also induced 
in at least one of these:

SU(2)L

[Faroughy, Greljo, Kamenik 1609.07138]

These can be looked for in 
ττ high-pT searches

τ      
  

  τ      

[Buttazzo, Greljo, Isidori, DM 1706.07808,

see also 1808.08179, 1810.10017 for more general scenarios]
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b → c τ ν̅τSemi-leptonic b to c decays

Charged-current interaction: tree-level effect 
in the SM, with mild CKM suppression


 
LFU ratios:

b

c

ν̄

τ

W

Vcb

R(D)
0.2 0.3 0.4 0.5 0.6

R
(D

*)

0.2
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0.3

0.35

0.4

0.45

0.5 BaBar, PRL109,101802(2012)
Belle, PRD92,072014(2015)
LHCb, PRL115,111803(2015)
Belle, PRD94,072007(2016)
Belle, PRL118,211801(2017)
LHCb, FPCP2017
Average

SM Predictions

 = 1.0 contours2χ∆

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

HFLAV

FPCP 2017

) = 71.6%2χP(

σ4

σ2

HFLAV
FPCP 2017

• RH & scalar currents disfavoured 


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


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


• Large backgrounds & systematic errors

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

RD(⇤) =
BR(B ! D(⇤)⌧ ⌫̄)/SM

BR(B ! D(⇤)`⌫̄)/SM
= 1.237± 0.053

He↵ =
GF
p
2
V ⇤
cb(b̄L�µcL)(⌧̄L�

µ⌫⌧ )

Tree-level SM process 
with Vcb suppression.

Lepton Flavour Universality

B-anomalies in charged current
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Application: LQ and R(D(*))

Electroweak measurements (mainly Z → ττ, νν) and high-pT di-tau tails 
put strong constraints on models addressing the LFU violation in charged-current B decays.

[<too many papers to cite them all> + Allwicher, Faroughy, Jaffredo, Sumensary, Wilsch 2207.10714]


