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Ŝ = a
m

2
W

m2
⇢

(9)

c
(6)
i

⇠ c
(8)
j

⇠ g
2
⇤ � 1 (10)

Gµ =
1

p
2v2

! v
2 =

p
2Gµ (11)

Gµ =
1

p
2v2

+
kic

(6)
i

⇤2
! v

2 = f(Gµ, c
(6)
i

) (12)

(czz, cz2) ! (�g1,z, ��) (13)
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LHC strongly hints to the existence of a mass gap between the SM 
degrees of freedom and the (unknown) mass scale of new states.

Precision measurements can allow to test New Physics 
at scales not reachable by direct searches



David Marzocca Beauty 2020

Indirect searches of New Physics

2

E,mZ ⌧ ⇤ (1)

ci ⇠ g
2
⇤ O

✓
g
2
⇤
m

2
Z

⇤2

◆
O

✓
g
2
⇤
p
2

⇤2

◆
(2)

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) (3)

J
a

µ (4)

ig(H†
�
a

$
D

µ
H)Ja

µ (5)

�g1,z, �� , �z (6)

hVµ(�q)V 0
⌫(q)i / ⇧V V 0(q2) (7)

mV V < m
max
V V (8)
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LHC strongly hints to the existence of a mass gap between the SM 
degrees of freedom and the (unknown) mass scale of new states.

Precision measurements can allow to test New Physics 
at scales not reachable by direct searches
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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 –

For this talk, we focus on four-fermion semi-leptonic operators

Effective Field Theories allow to describe the low-energy 
effects of heavy states  —  expansion in powers of 1/Λ 
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(semi-)leptonic ΔF=1 decays 
(CC and NC)

LHC High-pT tails

Contact 
interactions

Can be probed at both low and high energies
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Deviations in the tails of differential distributions

EFT in the high-pT tails

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

The EFT contribution to the scattering amplitude grows with energy, 
compared with the SM.

NP enhancement in 
high-pT tails
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Deviations in the tails of differential distributions

EFT in the high-pT tails

Quark luminosity SM partonic xsec

(kinematics) SM Z, γ, or W 


couplings

g2Vij for CC

NP operators

interfering 
with SM

NP operators

not interfering with 

SM

(e.g. scalar, tensor, 

flavor-violating)

For the differential cross section we have, schematically:
^
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Neutral current 
pp → ℓ+ ℓ-

With present accuracy, the limits are mainly driven by the quadratic terms. *

EFT in the high-pT tails

Relative 
deviation 
from SM

* see backup slides for implications regarding EFT validity.
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Neutral current 
pp → ℓ+ ℓ-

With present accuracy, the limits are mainly driven by the quadratic terms. *

EFT in the high-pT tails

uc

ds

ss

sb

bb

A back-of-the-envelope estimate of the bound can 
be obtained by the ratio of quark luminosities

Estimating the reach

Relative 
deviation 
from SM

* see backup slides for implications regarding EFT validity.
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Limits on semi-leptonic operators
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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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NP above the TeV scale should satisfy SM gauge invariance, 
thus the correct EFT to describe it is the SM EFT
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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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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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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.
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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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[ATLAS- CONF-2017-027]

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

- Limits including flavor-violation, recasting ATLAS Drell-Yan 8TeV analysis: 
[Les Houches 2002.12220 (Sec.2)]

Operators interfering with SM:
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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
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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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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]].

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�.

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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No hope to see this directly…. but…
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From b→ sµµ transitions 
B→ K(*)µµ: R(K(*)), P5’, ..



David Marzocca Beauty 2020 10

Flavour in dimuon tails?

In most flavour models, this flavour-violating 
operator is related to flavour-conserving 
ones via a small coupling
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← New Physics for R(K(*))



David Marzocca Beauty 2020 10

Flavour in dimuon tails?

In most flavour models, this flavour-violating 
operator is related to flavour-conserving 
ones via a small coupling

1

⇤2
bsµ

=
�
q

bs

⇤2
qqµ

(1)

Cbsµ

v2
=

�
q

bs

v2
Cqµ (2)

1

⇤2
bsµ

(s̄L�µbL)(µ̄L�
µ
µL) (3)

�
µ

bs
⌧ 1 (4)

1

⇤2
qqµ

⇥
�
q

bs
(s̄L�µbL) + (q̄L�µqL)

⇤
(µ̄L�

µ
µL) (5)

L �
ci

⇤2
(s̄L�

↵
bL)(µ̄L�↵µL) + h.c. (6)

�C
µ

9 = ��C
µ

10 = �0.61± 0.12 (7)

R(K(⇤)) =
B(B ! K

(⇤)
µ
+
µ
�)

B(B ! K(⇤)e+e�)
(8)

�1,s⌧ ⇠ ��3,s⌧ ⇠ (few)⇥ Vcb (9)

(CT + CS)�bs(b̄L�µsL)(⌧̄L�
µ
⌧L) (10)

(CT � CS)�bs(b̄L�µsL)(⌫̄⌧�
µ
⌫⌧ ) (11)

⇠
3y2t
16⇡2

log
M

2
X

m
2
t

CT

v2
(H†

�
a
i

$
Dµ H)(L̄3

L�
µ
�
a
L
3
L) (12)

�
CT

v2
(Q̄3

L�µ�
a
Q

3
L)(L̄

3
L�

µ
�
a
L
3
L) (13)

CT ⇠ g
2
X

v
2

M
2
X

(14)

Q
3
L = (V ⇤

tb
tL + V

⇤
cb
cL + V

⇤
ub
uL, bL)

T
(15)

R
D(⇤) ⌘ R(D(⇤))/R(D(⇤))SM = 1.234± 0.052 (16)

OVL = (b̄L�µcL)(⌫̄L�
µ
⌧L) + h.c. (17)

⇠
3y2t
16⇡2

GF
p
2
�
`

ijR0 log

✓
⇤2

m
2
t

◆
(H†

T
a
i

$
DµH)L̄i�µ�

a
L
j

(18)

R0 ⌘
g`gq

g2

m
2
W

m
2
V

' 0.13 (19)

✏H =
gHmW

gmV

(20)

RV V ⌘
�(⌘ ! V V )

�(⌘ ! ��)
=

�(pp ! ⌘ ! V V )

�(pp ! ⌘ ! ��)
(21)

1

199µs NP.iqnn32TeV

t fHlI

o auf Fb Is

199µs NP.iqrn32TeV

t I IHl
o w w INT

all dd bb bs

Excl by LHC

We can test models which relate the bs coupling 
to unsuppressed flavour-diagonal ones. e.g.  λqbs ~ Vts in Minimal     
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The NP scale is much lower 
In flavour-conserving channels
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Minimal Flavour Violation
Assumption: The only breaking of the SU(3)5 
flavour symmetry is via the SM Yukawas.

|CDµ| ⇠ 1.4⇥ 10�3
(1)

L �
Cbsµ

v2
(b̄L�µsL)(µ̄L�

µ
µL) + h.c. (2)

Cbsµ =
↵

⇡
VtbV

⇤
ts�C

µ

9 ' 9.3⇥ 10�5�C
µ

9 . (3)

⇠
3y2t
16⇡2

GF
p
2
�
`

ijR0 log

✓
⇤2

m
2
t

◆
(H†

T
a
i

$
DµH)L̄i�µ�

a
L
j

(4)

R0 ⌘
g`gq

g2

m
2
W

m
2
V

' 0.13 (5)

RV V ⌘
�(⌘ ! V V )

�(⌘ ! ��)
=
�(pp ! ⌘ ! V V )

�(pp ! ⌘ ! ��)
(6)

L⇢BB = g⇢a
⇢

 
B̄ �

µ
⌧
a
B ⇢

a

µ (7)

L
e↵

⇠
1

⇤2
F

   �  
SM

(8)

c
ij

f

⇤2
F

( ̄TC�µ TC)(f̄
i

SM�µf
j

SM) (9)

|Bdi(3,1,�1/3) / |QLLi ⇠ dR (10)

R
⌧/`

D⇤ =
B(B ! D

⇤
⌧⌫)exp/B(B ! D

⇤
⌧⌫)SM

B(B ! D⇤`⌫)exp/B(B ! D⇤`⌫)SM
= 1.25± 0.08 , (11)

R
⌧/`

D
=

B(B ! D⌧⌫)exp/B(B ! D⌧⌫)SM
B(B ! D`⌫)exp/B(B ! D`⌫)SM

= 1.32± 0.17 , (12)

R
⌧/`(D)

R
⌧/`

SM(D)
=

R
⌧/`(D⇤)

R
⌧/`

SM(D⇤)
(13)

R0 =
1

2

 
R
⌧/`(D(⇤))

R
⌧/`

SM(D(⇤))

!
' 0.13 + 0.03 (14)

⇠ �
4GF
p
2
Vcb(c̄L�µbL)(⌧̄L�

µ
⌫⌧ ) (15)

�L = �
4GF
p
2
R0�

q

ij
�
`

kl
(q̄iLT

a
�µq

j

L
)(¯̀kLT

a
�
µ
`
l

L) (16)

gqg`

⇤2
�
q

ij
�
`

kl
(q̄iLT

a
�µq

j

L
)(¯̀kLT

a
�
µ
`
l

L) (17)

1

m
2
V

gq�
q

ij
(q̄iLT

a
�µq

j

L
) g`�

`

kl
(¯̀kLT

a
�
µ
`
l

L) (18)

1

We get a prediction for CDµ 
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Assumption: The only breaking of the SU(3)5 
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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
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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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Charm physics vs. dilepton tails
[Fuentes-Martin, Greljo, Camalich, Ruiz-Alvarez 2003.12421]

Due to larger theory and experimental uncertainties, FCNC decays in 
charm are less precise than those in the Kaon or Bottom sector.

Limits from high-energy tails at LHC are 
thus competitive with those from decays, 
 
except in the case of scalar operators due to the 
chiral enhancement in leptonic D0 decays.

c → u ℓ+ℓ-
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Charged Current ui di → τ ν

This channel is particularly interesting now due to the 
connection with R(D(*))

B

D(*)

τ
ν

ν      

τ      
ui
di

Can LHC mono-tau tails test this?
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1

if  c = 1      →   ΛR(D) ~ 4.5 TeV

[Fuentes-Martin, Greljo, Camalich, Ruiz-Alvarez 1811.0792, 2003.12421;  D.M., Min, Son, 2008.07541]
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Mono-tau tails

ν      

τ      
ui

dj

LHC mono-tau tails probes all quark flavours except top. 
Different flavours and chiralities do not interfere: can put limits on all operators.

  

[Fuentes-Martin, Greljo, Camalich, Ruiz-Alvarez 1811.0792, 2003.12421;  D.M., Min, Son, 2008.07541]
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Mono-tau tails

ν      

τ      
ui

dj

LHC mono-tau tails probes all quark flavours except top. 
Different flavours and chiralities do not interfere: can put limits on all operators.

  

[Fuentes-Martin, Greljo, Camalich, Ruiz-Alvarez 1811.0792, 2003.12421;  D.M., Min, Son, 2008.07541]

• Improves the Signal/Background ratio 
• Selects only operators with b-quark

The sensitivity to operators involving a b-quark can be improved by adding 
a b-jet tagging.

How big is the improvement?
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Analysis details
We recast CMS τν analysis at 13 TeV and 35.9fb-1 [1807.11421]

Bins in “transverse mass"
For each bin we get the xsection:

… which we use to build the likelihood
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Analysis details
We recast CMS τν analysis at 13 TeV and 35.9fb-1 [1807.11421]

Bins in “transverse mass"
For each bin we get the xsection:

… which we use to build the likelihood

After validating with CMS τν analysis, 
we devise our own τν+b analysis
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EFT limits and prospects [D.M., Min, Son, 2008.07541]

95%CL limits

  
By comparing 
3rd and 4th columns: 
b-tagging improves the 
limits by at least ~30%
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EFT limits and prospects [D.M., Min, Son, 2008.07541]

95%CL limits

  

Relevant for R(D(*))
The best-fit for the anomaly is for

In order to probe this directly HL-LHC 
and further optimisation is needed.

By comparing 
3rd and 4th columns: 
b-tagging improves the 
limits by at least ~30%
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Flavor at Low vs. High Energy
[D.M., Min, Son, 2008.07541]

Let us focus for simplicity on LL operators.

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

[for more details on this see Fuentes-Martin, Greljo, Camalich, Ruiz-Alvarez, 2003.12421]

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

[A. Pich 1310.7922]
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Possible Future Improvements
[D.M., Min, Son, 2008.07541]

LHC limits on mono-tau tails can be improved by 
increased statistics and lower systematic (and theory) uncertainties, 
finer binning at large mT, 
and study of angular distributions:

pp → τ ν b From partonic events:
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Conclusions

Our recasts are available in terms of the general χ2 functions of all EFT coefficients: 

- pp→µµ/ee: ATLAS Drell-Yan analysis at 8TeV, 20.3fb-1 [https://arxiv.org/abs/2002.12220] 
    https://people.sissa.it/~dmarzocc/dileptonATLAS8TeVchiSQ.zip 

- pp→τν: CMS 13TeV, 35.9fb-1 ancillary files in arXiv https://arxiv.org/abs/2008.07541

High-energy tails of scattering processes at LHC can provide strong tests for 
New Physics heavier than the direct-searches reach. 

The limits in both neutral-current and charged-current channels are 
complementary with those coming from low-energy flavour measurements

https://arxiv.org/abs/2002.12220
https://people.sissa.it/~dmarzocc/dileptonATLAS8TeVchiSQ.zip
https://arxiv.org/abs/2008.07541
https://arxiv.org/abs/2002.12220
https://people.sissa.it/~dmarzocc/dileptonATLAS8TeVchiSQ.zip
https://arxiv.org/abs/2008.07541
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Backup
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The EFT expansion is valid only if 
the energy scale the experiment is below the NP mass scale

EFT Validity

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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Model with a spin-1 singlet MFV Z'.

ATLAS 13 TeV, 36.1 fb-1

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

For MZ' ≳ 4-5 TeV the EFT expansion 
is OK (still weak coupling).Limit in the model

EFT limit

Such an explanation of the 
anomalies, with λbs = Vts, 

is excluded for any mass.

Compare to explicit model

Limit from
on-shell production

searches
in NW approx.

V

Ytd

t.tt tIHl

o w w NT
du dd bb bs

i

Beyond the 
σ × Br 

approximation

Interference with SM 
is the leading term
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Estimating the reach

Charged-current 
pp → ℓ ν

Presently, the limits are dominated by the quadratic terms.

EFT in the high-pT tails

cs

ud

us

cd

cb

ub
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SMEFT limits [D.M., Min, Son, 2008.07541]

NP above the TeV scale should satisfy SM gauge invariance. 
Operator in the SMEFT framework (we use the Warsaw basis)
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[D.M., Min, Son, 2008.07541]

Due to CKM misalignment, each 
operator induces correlated effects 
with different quark flavors.

The limit from mono-tau tails can in 
some cases be complementary to 
limits from low-energy processes.

SMEFT limits


