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ABSTRACT: We investigate the high-pp tails of the pp — fv and pp — #¢ Drell-Yan
processes as probes of New Physics in semileptonic interactions with an arbitrary flavor
structure. For this purpose, we provide a general decomposition of the 2 — 2 scattering am-
plitudes in terms of form-factors that we match to specific scenarios, such as the Standard
Model Effective Field Theory (SMEFT), including all relevant operators up to dimension-8,
as well as ultraviolet scenarios giving rise to tree-level exchange of new bosonic mediators
with masses at the TeV scale. By using the latest LHC run-II data in the monolepton (ev,
puv, Tv) and dilepton (ee, up, 77, ep, er, ur) production channels, we derive constraints
on the SMEFT Wilson coefficients for semileptonic four-fermion and dipole operators with
the most general flavor structure, as well as on all possible leptoquark models. For the
SMEFT, we discuss the range of validity of the EFT description, the relevance of O(1/A?)
and O(1/A*) truncations, the impact of d = 8 operators and the effects of different quark-
flavor alignments. Finally, as a highlight, we extract for several New Physics scenarios the
combined limits from high-pp processes, electroweak pole measurements and low-energy
flavor data for the b — c7v transition, showing the complementarity between these differ-
ent observables. Our results are compiled in HighPT (https://highpt.github.io), a package
in Mathematica which provides a simple way for users to extract the Drell-Yan tails like-
lihoods for semileptonic effective operators and for leptoquark models.
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1 Introduction

Semileptonic transitions are powerful probes of physics beyond the Standard Model (SM)
which can indirectly access new phenomena arising at scales well beyond the reach of the
direct searches at particle colliders. The most sensitive observables are those suppressed in
the SM, such as Flavor Changing Neutral Currents (FCNC), which allow us to indirectly
probe New Physics scales (A) up to O(10° TeV) with the current precision [1]. The physics
of low-energy semileptonic transitions has recently attracted a lot of attention thanks to
the rich program of experiments studying K- [2, 3], D- [4] and B-meson [5, 6] decays,
which will offer many opportunities to probe New Physics in the near future. In particular,
current data with loop-level [7-11] and tree-level [12-19] induced B-meson decays already
shows intriguing patterns of deviations from the SM which are under scrutiny at LHCb
and Belle-II.

Although low-energy flavor observables provide the most stringent constraints on
semileptonic transitions, their sensitivity depends fundamentally on the assumption re-
garding the (unknown) flavor structure of physics Beyond the SM (BSM). New Physics
scenarios based on Minimal Flavor Violation [20] or the U(2) symmetry [21] can be fully
compatible with current flavor data for much lower values of A, in the O(1 TeV) range,
due to the symmetry protection of quark-flavor violation. These scales are currently being
directly probed at the LHC, which can provide useful complementary probes to flavor ob-
servables. In particular, this is the case for operators that are unconstrained or that can
only be weakly constrained by low-energy processes, see e.g. refs. [22, 23].

Measurements in the tails of momentum-dependent distributions in pp — fv and
pp — UL processes at the LHC have proven to be powerful probes of flavor physics at hadron
colliders. Effective Field Theory (EFT) contributions to the Drell-Yan cross-sections can
be energy enhanced, as long as the EFT approach is valid, being potentially larger than
the SM background in the tails of the distributions [24]. Furthermore, the parton content
of the proton includes five different quark flavors that can be exploited to indirectly probe
various semileptonic transitions in high-energy proton collisions. A notable example con-
cerns the discrepancies observed in b — crv [12-19], for which LHC data from pp — 77
at high-pr was used to discard several putative BSM explanations of these anomalies, see
e.g. ref. [25] and following works. Furthermore, Drell-Yan measurements at the LHC are
important probes for leptoquark states with masses in the TeV range, and in particular, for
those coupling to third generation fermions. Indeed, it was pointed out long ago in ref. [26]
that leptoquarks can contribute non-resonantly to dilepton production pp — #¢ at hadron



colliders when exchanged in the t- or u-channels. These indirect processes provide an ad-
ditional experimental handle that can complement the existing leptoquark pair-production
searches, in some cases more efficiently than the leptoquark single-production processes,
see e.g. refs. [27, 28].

There have been many studies that derive constraints on flavor-physics scenarios by
using the processes pp — 0 [23, 25, 29-33], pp — (v [23, 32, 34-41] and pp — £¢' (with
¢ #0') [22] at the LHC. However, these studies typically consider either specific types of
processes, or they impose a given ansatz to the flavor pattern of the New Physics couplings.
The complete combination of the LHC constraints on semileptonic interactions into a single
framework was not available thus far. In this paper, we aim to amend this gap by combining
the most recent LHC data from all possible monolepton and dilepton productions channels,
without any assumption on the flavor of the colliding quarks. This combination will be
done for the Standard Model EFT (SMEFT) [42, 43], with a consistent EFT expansion
up to O(1/A*) including d < 8 contributions at the cross-section level (see refs. [44-46] for
similar analyses), as well as for models with concrete mediators, which should be used if the
experimental precision in a given channel is not sufficient to justify the EFT approach. In
particular, implementing both EFT and concrete ultraviolet models will allow us to assess
the range of EFT validity within a few selected examples. Furthermore, we will verify the
EFT truncation by using a clipping procedure, which imposes a maximal energy cut (Meyt)
on the data considered to extract the limits [47].

As an important by-product of our work, we introduce the Mathematica package
HighPT [48] that provides the complete SMEFT likelihood for semileptonic operators in
Drell-Yan processes at the LHC.! This package will complement the ongoing effort to pro-
vide tools for the SMEFT phenomenology of low-energy flavor observables [49-52], as well
as electroweak and Higgs data [52-54]. HighPT also provides the likelihood for specific mod-
els of interest such as leptoquarks [55, 56], including their propagation effects at the LHC.?
The comparison of the constraints derived for both EFT and concrete models will allow
the users to directly assess the validity of the EFT description for a given high-pp process.

The remainder of this paper is organized as follows. In section 2, we provide a general
description in term of form-factors of the neutral and charged Drell-Yan processes at hadron
colliders. In section 3, we use this framework to describe two specific New Physics scenarios
with arbitrary flavor structures: (i) the SMEFT with operators up to d = 8, and (ii)
the most relevant simplified models for new bosonic mediators exchanged at tree-level.
In section 4, we recast the most recent LHC searches in the monolepton and dilepton
channels for all possible final states and use these to set the most stringent LHC limits on
d = 6 dipoles and semileptonic operators, as well as for all leptoquark mediators. We also
discuss the validity of the ©@(1/A?) and O(1/A*) EFT truncations and assess the impact of
dimension-8 operators for different initial quark flavors. In section 5, we apply our results
to the New Physics interpretations of the ongoing discrepancies observed in b — cTv
low-energy data, combining our LHC bounds with the relevant flavor and electroweak
constraints. We summarize our findings and discuss the outlook for our study in section 6.

'HighPT is publicly available at https://github.com/HighPT /HighPT and further information is provided
on the website https://highpt.github.io.
2Future releases of HighPT will also include other mediators listed in table 2.
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Figure 1. Neutral and charged Drell-Yan production processes at proton-proton colliders.

2 Drell-Yan production at hadron colliders

In this section, we provide a general description of the processes pp — f;ﬁg and pp — Eciy Vg,
in terms of form-factors, where «, 5 are generic lepton-flavor indices. This description has
the advantage of covering both the EFT case, as well as scenarios containing new bosonic
mediators that propagate at tree level.

2.1 Amplitude decomposition

First, we consider the scattering amplitude for the neutral Drell-Yan process g;q; — Z;Eg
given by the first two diagrams in figure 1, with ¢; = {u;,d;}, where quark and lepton
flavor indices are denoted by Latin letters (i,j = 1,2,3) and Greek letters (o, 5 = 1,2, 3),
respectively, unless stated otherwise.?> The most general decomposition of the four-point
scattering amplitude that is Lorentz invariant and consistent with the SU(3). X U(1)em
gauge symmetry reads

Ay = £503) = S { (L Pats) o) 17215 Dl

lo [ngﬂ) (@Py ;) [F5 "5, )] apis

+ (0
< O';W[PXZﬂ) on'lw[PYQj) Y [‘Ffl)‘(y’qq(g’f)]aﬂij (2.1)
(

iky  ~XY,qq,
[Fp, (5.t

+ a'y,ulPX£5> on'u [PYq])

- _ ik,
+ (KQU“VUDX%) (@v.Pyq;) —

i 93, D)]apis }

where X,Y € {L, R} are the chiralities of the anti-lepton and anti-quark fields, Pr; =
(1£+%)/2 are the chirality projectors, v = (v/2G ) /2 stands for the electroweak vacuum-
expectation-value (vev), and fermion masses have been neglected. Here, it is understood
that ¢ (¢) and ¢ (£) denote the Dirac spinors of the incoming quark (anti-quark) and
outgoing anti-lepton (lepton) fields, respectively. The four-momentum of the dilepton
system is defined by k = p,+pz, and we take the Mandelstam variables to be § = k? = (pg+

3For up-type quarks the indices run as i,5 = 1,2 because of the negligible top-quark content of the
proton at the LHC.



p3)%, t = (pg—pe-)? and @ = (py—py+)? = —§—t. For each of the five components in eq. (2.1)
we define the neutral current form-factor ]-'IXY’ %(3,1) where I € {V,S,T, Dy, D} labels
the corresponding vector, scalar, tensor, lepton-dipole and quark-dipole Lorentz structures,
respectively. These form-factors are dimensionless functions of the Mandelstam variables
that describe the underlying local and non-local semileptonic interactions between fermions
with fixed flavors and chiralities. Note, in particular, that the tensor form-factor is non-
vanishing only for X =Y.

Similarly, the most general scattering amplitude for the charged current Drell-Yan
process can be written as

Aliid; — t37) = Z{ (Far"Pxcvs) () [R5, D

lo [le//a) (@Pydy) [F§ 7 (3, )]agij

( O';W[PXVB) (e Pyd;) 6 [F7 43, D) apis (2.2)
( ik,

+ a%[PX%) (wio"Pyd;) — []:gqy “8, ) api

ik,

+ (EaO'“VIPXVB) (uz'yu[PYd ) — [fggy v f) OéBU }

where the dilepton four-momentum is defined in a similar Way by k = pg+pa, and where we
take the Mandelstam variables to be § = k? = (pg+pa)?, t = (pa—pe-)? and @ = (pg—p,)?.
The charged current form-factors are denoted by F; Y (§, t), with the same possible

> The above equation is also valid for X = R

Lorentz structures as in the previous case.
in the presence of a light right-handed neutrino field N ~ (1,1,0) that is a singlet under
the SM gauge group. The amplitudes in egs. (2.1) and (2.2) are written in the mass basis.
Similar expressions in the weak interaction basis can be recovered by rotating the quark
fields accordingly, as described in appendix B.2. From now on, we thus take all flavor

indices in the basis of weak interactions if not mentioned otherwise.

Related processes. We briefly comment on two other types of semileptonic processes
at hadron colliders that are closely related to Drell-Yan production. The first of these are
the quark-lepton fusion processes qilo — qj¢g and d;f, — ujvg. These probe the same
semileptonic transitions entering Drell-Yan production. In this case, the initial lepton is
taken as a partonic constituent of the proton with a parton distribution function (PDF)
that is suppressed by aem [57]. By using crossing symmetry, it is straightforward to express
the amplitudes in terms of the Drell-Yan from-factors described above,

.A(’Lbjfz — uzfg) = A(azuj — fgfg)‘ s——t, t——5 5 (2.3)
.A(djgg — dzgg) = .A(CZZCZJ — g;ﬁ;)’ s —t, t——s 5 (2.4)
.A(djﬁz — uiﬂg> = A(ﬂidj — 6;175)’ st t—s—s - (2.5)

4This can be shown, e.g., using the identity o vs = ie"**?o,5/2.
5Note that the charge-conjugate process can be described by a similar expression to eq. (2.2). The
relations between the dju; — £5vs and the dju; — £ Ug form-factors are spelled out in appendix B.



Another relevant probe of semileptonic transitions, also related to Drell-Yan production,
are the quark-gluon fusion processes q;g — qﬂ;[g and gjg — ¢illvz. Since these are
2 — 3 scattering processes, they will suffer from an additional phase-space suppression
when compared to the 2 — 2 Drell-Yan processes. In the following, given that both the
quark-lepton and quark-gluon fusions are generically less efficient probes of New Physics,
we will focus exclusively on the Drell-Yan production modes as they are currently the most
relevant ones for phenomenology.®

2.2 Form-factor parametrization

In the following, we introduce a general parametrization of the Drell-Yan form-factors that
is useful for describing tree-level contributions from generic New Physics. We perform
an analytic continuation of the scattering amplitudes to the complex § and £ Mandelstam
variables. Furthermore, we assume that the form-factors are analytic functions within some
radius A? except for a finite set of simple poles in the §, ¢ and @ complex planes. This
assumption captures all possible tree-level physics entering Drell-Yan production at collider
energies below the scale A2 > |5/, |[{|.7 We decompose each form-factor into a regular term
and a pole term,

F1(3,%) = F1 Reg(8, 1) + Fr,Poles(8, 1), (2.6)

encoding underlying local and non-local semileptonic interactions, respectively. To simplify
the notation we drop the XY and qq’ superscripts wherever the equations hold true for
any form-factor, and only keep the dependence on I € {V,S,T, Dy, D,}.

The regular form-factor Fj reg is an analytic function that describes local interactions,
e.g. four-point contact interactions, that arise from heavy unresolved degrees of freedom
living at the scale A beyond the characteristic energy of the scattering process. Within the
radius A2, this function admits a power series expansion of the form

R > A AN
f[,Reg(Saﬂ: Z f[(n,m)( ) ( > ) (2.7)

2 2
n,m=0 v v

where F7 () are dimensionless expansion coefficients. This expression provides a conve-
nient separation of contributions with different scaling on § and # and, in particular, of
those that become dominant in the tails of the Drell-Yan distributions. The power series
in eq. (2.7) is not to be confused with the EFT expansion in 1/A, since each coefficient
FT (n,m) receives contributions from an infinite tower of non-renormalizable operators, as
will be discussed for the SMEFT in section 3.

A notable exception are the quark-gluon fusion processes gb — blf and gc — blv. The enhancement of
the gluon over the bottom PDF and the background reduction from the additional b-tagged jet make these
processes important probes for New Physics entering third-generation semileptonic transitions [58—60].

"This assumption leaves out scenarios with loop-level contributions from light degrees of freedom where
branch cuts can appear.



The pole form-factor F7 poles is @ non-analytic function with a finite number of simple
poles describing non-local tree-level interactions. We adopt the following parametrization,

s 2T 20U, (4
v I(a ZUA I(b)_ZAU AI() , (28)

Frroes(8,) = Z ~ -, i+ i+Q.
where the poles ), = mz —imI'g, belong to each of the corresponding complex Mandelstam
planes, with the last term representing the poles in the u-channel. The pole residues Sy (4),
T1 ) and Uj () are taken to be dimensionless parameters. Each term in eq. (2.8) describes
the tree-level exchange of degrees of freedom in the s-, t- and u-channels, respectively,
i.e. these are the propagators for various bosons a, b, c with masses mgp . and widths Iy .
that can be resolved at the energy scales involved in the scattering.

In principle, the simple-pole assumption for the form-factor singularities allows for the
numerators in eq. (2.8) to be general analytic functions of the form Sy 4)(8), 77 (A) and
Ur o) (1), each describing the product of two local three-point interactions. However7 the
dependence of these residues on the Mandelstam variables can be completely removed from
each pole by applying the identity,

Z1(8) _ Z21(9)
z2—-Q z2-Q

+h(5,Q), (2.9)

where h(2,) is an analytic function of 2 = {3, #, 4} that can be reabsorbed into the regular

form-factor by a redefinition of F7, Reg.S

Form-factors in the SM. In the SM, the gauge bosons contribute to the Drell-Yan
amplitudes in egs. (2.1) and (2.2) through the s-channel poles of the vector form-factors.
It is therefore convenient to separate the effects of the SM from potential BSM effects by
defining the s-channel vector residues in eq. (2.8) as

Sv (@ = S(a,sm) + 08 ) (2.11)

with a € {v, W, Z}, and where the 0S(q) parametrize potential modifications of the SM
gauge couplings to fermions. The SM pole residues at leading-order read

S = A arem Qr Qq e, (2.12)
Ao
XV,
S(Z,Sf/[q) = 2 Se2m gg(gq ) (2'13)
wSW
1
Sirsw = 592 1V, (2.14)

8The identity in eq. (2.9) can be shown by power expanding the numerator Z7(%) and decomposing into
partial fractions each of the resulting terms as

n—1

ZA’n B Qn 1 2 k
=3 gt% Z(5> . (2.10)

k=0




where gy, = (wa 312/1/@1/)) 1, denote the Z-boson couplings to a fermion v with electric
charge @y and weak isospin 7, 12)(’ g is the SU(2)1, gauge coupling and cy = cosfy and
sw = sinfy, where 6y denotes the Weinberg angle. The 3 x 3 Cabibbo-Kobayashi-
Maskawa (CKM) matrix is labeled V', and 14 correspond to the 3 x 3 unit matrices in
lepton (quark) flavor-space with components d,s5 (d;5). See appendix B for our conventions.
New Physics contributions to the form-factors S(,), T(,) and U, will be discussed in
section 3.

2.3 Cross-sections

The general amplitudes given in eq. (2.1) and (2.2) can be used to compute the neutral- and
charged-current cross-sections, respectively. After integrating over the azimuthal angle, the
differential partonic cross-section for the Drell-Yan process is given by

do
dt (qzq] = la 6/ - 487'("[14 ZZ { Fr qq ﬂ}

XY IJ

[P @], 215)

afij
where neutral and charged currents are described by the same expression, where g e
{u,d} can be either a down- or up-type quark, and ¢ € {¢,v} denotes both neutral and
charged leptons, depending on the specific process. The indices I,J € {V,S,T, Dy, Dy}
account for the different contributions and MXY are 5 x 5 symmetric matrices that take

the form
MXY (£/3) 0 0 0 0
0 MY (1/3) Mgy (#/3) 0 0
MY (3,1) 0 MngY( /8) MY (£/3) 0 0 ., (2.16)
0 0 S MY (E/3) 0
0 0 0 0 HMEE(E/S)

where the different M I)f]Y entries are polynomials in the angular variable w = £/ defined by

My (w) = (1+20)8%Y + w2, (2.17)
Mgg (w) = 1/4, (2.18)
MY (W) = 4(1 4 2w)26%Y (2.19)
MEY (W) = —(1 + 2w)6XY (2.20)
Mpp (W) = —w(l +w) (2.21)

The quantity w = —(1—cos ;) /2 is a function of the emission angle 6, of the lepton ¢~ with
respect to the incoming quark in the center-of-mass frame. At the differential level, there
is only an interference term between the scalar and tensor structures that vanishes for any
observable that is symmetric in 6 with respect to /2, including e.g. the full cross-section.



Hadronic cross-sections. The hadronic cross-section o at a proton-proton collider can
be written, following the conventions of ref. [61], as the convolution of the partonic cross-
section &(giq; — EQZ’B) with the PDFs fg, (v, up) and fy, (z, pup), summed over all possible

incoming quark flavor combinations,
( pp — 14 ZB / dzy dzs {f!h(wla )fq] (.232, ) (@lQJ‘ — Zaglﬁ) + (Ql A Qj)} ) (222)

where x1 2 are the fractions of momenta that the scattering quarks carry relative to the
momenta of the corresponding protons. We set the factorization and renormalization scales
equal to the scale of the hard scattering u = v/3. The hadronic cross-section can be more

conveniently expressed as
ds )6 -
<pp—> ¢ Eﬁ Z/ Lij (8) 6(qiq; — Lalp), (2.23)

where /s = 13 TeV is the proton-proton center-of-mass energy for the LHC searches
considered in this paper, and where £;;(3) are the dimensionless parton-parton luminosity
functions [61, 62] defined as

A

co)= [ 5 [ o (Som) + @ o 0] (229

In section 4, we will confront the predictions in Drell-Yan production from different BSM
models with the LHC run-II measurements in the high-pr tails of various momentum-
dependent distributions. For the neutral Drell-Yan process, we compute the particle-level
distribution of the invariant mass my, of the dilepton system in terms of the form-factors
introduced in egs. (2.1). Combining the previous results we find the expression for the
hadronic cross-sections restricted to a specific invariant mass bin B = [myy,, me, ] to be
given by

+ meel dS dt Xy 3 XY,qq XY,qq]*
o159 - s £ [ [ e, o] [,

where summing over up- and down-type quarks ¢ € {u,d} is implied. Similarly, for the
charged Drell-Yan process we compute the particle-level distribution of the transverse mo-
mentum of the charged lepton pr(¢*). In this case the cross-section op(pp — (Evg)
restricted to a specific high-pr bin B = [p7,, pry] takes the same form as in eq. (2.25) but
with the integration boundaries changed to”

m?l s 0 tT fg
1. . N N .
/ ds — ds and dt — / dt —f—/ dt ] , (2.26)
m?eo 41”%0 -3 t0+ 2%
where
. 3 , 4p7,
t-(8) = ~5 1£4/1—minql, — . (2.27)
4

9Notice that for § < 4p2T1 we find 52_ = f;' , whereas for § < 4p2TO the cross-section vanishes. Taking the
limit pr, — 0 and pr;, — oo yields again the integration boundaries for the full angular integration.



For the sake of presentation, we have not explicitly expanded the form-factors in egs. (2.15)
and (2.25) in terms of the various regular and pole form-factors defined in (2.7) and (2.8).
Complete expressions for the hadronic cross-sections in terms of these parameters can be
easily extracted for any bin using the Mathematica package HighPT.

2.4 High-pr tails

As mentioned above, the high-energy regime of the dilepton invariant mass or the monolep-
ton transverse mass are known to be very sensitive probes for a variety of New Physics
models affecting semileptonic transitions. In the SM, the partonic cross-section scales as
~ 1/E? at high-energies, leading to smoothly falling tail for the kinematic distributions
of momentum-dependent observables. The presence of new semileptonic interactions can
impact substantially the shape of these distributions at high energies, either via resonant
or non-resonant effects. The most pronounced New Physics effect is the appearance of a
resonant feature on top of the smoothly falling SM background, i.e. a peak in the dilepton
invariant mass spectrum, or an edge in the monolepton transverse mass spectrum. This
observation would indicate that a heavy colorless particle was produced on-shell in the
s-channel. Non-resonant effects from contact interactions, or leptoquark states exchanged
in the t/u-channels, on the other hand, lead to more subtle non-localized features that
appear in the tails of the distributions. Indeed, energy-enhanced interactions coming from
non-renormalizable operators modify the energy-scaling of the cross-section, leading to an
apparent violation of unitarity at high-energies. The effects from leptoquarks exchanged in
the t/u-channels lead to a similar behavior [26, 63, 64]. After convolution with the quark
PDFs, the non-resonant features are more difficult to uncover than a resonance peak, but
they are the only potentially observable effect if the collision energy is not sufficient to
produce the New Physics particles on-shell.

Finally, we remark that for the quark-lepton fusion process gily — q][’ﬁ, leptoquarks
are exchanged in the s-channel, leading to a resonance peak in the jet-lepton invariant mass
distribution [65-68], whereas the colorless mediators, now exchanged in the ¢/u-channels,
will produce non-resonant effects in the tails of the distributions. The lepton PDFs have
been recently computed in ref. [66] and could be used to give a robust estimation of the
event yields. In this paper we will not provide limits from quark-lepton fusion, focusing only
on the Drell-Yan processes. The reason for this is two-fold: (i) given that both processes
are related through crossing symmetry, it would be enough to focus on the best performing
of the two processes, i.e. Drell-Yan, with a PDF enhancement of order O(as/a)? with
respect to quark-lepton fusion; (ii) dedicated LHC resonance searches in jet-lepton final
states that can be recasted for quark-lepton fusion are not yet available.'® Note, however,
that for leptoquark mediators that couple to valence quarks the resonant enhancement can
compensate for the lepton PDF suppression in order to produce competitive limits.

10Geveral searches for SUSY in ¢ 4+ nj final with n large are available in the literature and could be
recasted to give limits on semileptonic New Physics [68]. However, these are far from being optimized and
give just a marginal improvement in some regions of parameter space when compared to Drell-Yan.



3 Semileptonic scattering beyond the SM

3.1 SMEFT up to O(1/A%)

If there is a large separation between the scale of New Physics A and the electroweak
scale v, extending the SM to the SMEFT gives a general description of physical processes
in the infrared without having to specify the details of the ultraviolet completion. Below
the cutoff, these interactions can then be described in terms of SU(3). x SU(2)z x U(1)y in-
variant non-renormalizable operators built out of the SM degrees of freedom. The SMEFT
Lagrangian is given by

C(d) J C(d) oy
P 0+ 3|15 0 4 b (3.1)
d,k

Lsverr = Lsm + Y
.k

where the first term corresponds to the SM Lagrangian, (’)Ed) (@,gd)) denote Hermitian
(non-Hermitian) operators of dimension d > 4, and the ultraviolet physics is encoded in
the Wilson coefficients C,gd) (éﬁd)). The complete classification of SMEFT operators for
d =6 and d = 8 can be found in refs. [42, 43] and [69, 70], respectively. In this paper, we
consider the Warsaw operator basis at d=6 from ref. [43], as well as its extension to d=8
from ref. [70]. Our conventions for the SMEFT operators are given in appendix B.

To consistently describe a given scattering cross-section at the LHC up to order
O(1/A%) in the EFT expansion, it is necessary to include not only the contributions from
dimension-6 operators, but also the interference terms between d = 8 operators and the
SM contributions since they appear at the same order,

2
o [0 { Lol + 2 3 ome( A Aty
4
. {Z 2Re(A® AD7) + Y2 Re(AY AgM)} b } , (3.2)
ij i

where [d®] denotes the corresponding Lorentz invariant phase-space measure, Agy is the
SM amplitude, and AZ(G) and Ags) stand for the New Physics contributions from dimension-
6 and dimension-8 operators, respectively. The dependence on the scale A is explicitly
factorized in each term to emphasize their order in the EFT expansion.

In this paper, we are interested in the high-energy tails of the momentum-dependent
distributions at the LHC. In this regime, only the energy-enhanced terms in eq. (3.2) that
are proportional to E/A will be relevant, where E = /4, while those scaling as powers of
v/A will be sub-dominant. There are three types of operators that directly contribute to
the processes Giq; — lals and @;d; — Lais at tree level up to order O(1/A*) in the EFT

expansion:
e The semileptonic four-fermion operators in the classes ¥, *H? and ¢*D?;
e The Higgs-current operators in the classes ¥?H?D, ¥>?H*D and ¢?H?D?;

e The dipole operators in the class > X H .
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Dimension d=26 d=38
Operator classes Yr Y?H?D Y XH | *D?  *H?  ?H*D ?H?D?
Amplitude scaling | E2/A?2  v%/A? owE/A? | EY/A* 02E%/A* o /AY 02E%/A%
# Re | 456 45 48 168 171 44 52
Parameters
# Im | 399 25 48 54 63 12 12

Table 1. Counting of SMEFT parameters relevant to the high-pr observables and the correspond-
ing energy scaling of the amplitude for each class of operators. The number of real and imaginary
free parameters that contribute to the Drell-Yan cross-sections at order O(1/A%) are listed for each
operator class. In total we find 549 (472) real (imaginary) parameters at d = 6 and an additional
435 (141) real (imaginary) parameters at d = 8, where for the latter we only consider those param-
eters that affect the interference of these operators with the SM.

These operators are defined in appendix F, with the d = 6 ones listed in table 6, and the
d = 8 operators in tables 7 and 8. The energy scaling of the New Physics amplitude for
large E' is shown in table 1 for each class of operators listed above, which is to be compared
to the SM one that becomes constant for £ > v.

Up to dimension-6, the semileptonic four-fermion operators 1)* give the dominant con-
tributions at large F since they scale quadratically with the energy (o< E?/A?). In par-
ticular, the chirality-conserving semileptonic operators of this type can also interfere with
the SM contributions, giving rise to sizable effects. Dipole operators 12X H also induce
energy-enhanced contributions at the amplitude level (< vE/A2), but these are suppressed
compared to the previous ones since they only increase linearly with £ and since they
do not interfere with the SM for massless fermions. Moreover, the contributions from
Higgs-current operators ¥»>?H?D do not increase with E since they only modify the W-
and Z-couplings, being mostly relevant at the W- and Z-poles [71, 72]. The d = 8 oper-
ators appear in table 1 with an additional factor of either v?/A? or E%/A? with respect
to the d = 6 contributions described above. Since we are interested in the large F region,
we will only keep in our numerical analyses the d = 8 operators that display an energy
enhancement with respect to the SM contributions.

Besides the direct contributions to the Drell-Yan cross-sections, there can also be indi-
rect contributions arising from the redefinition of the SM inputs by the SMEFT operators.
This redefinition induce O(v?/A?) shifts to the SM contributions in eqgs. (2.12)—(2.14) de-
pending on the chosen scheme for the electroweak parameters [73], which we assume to
be {a@em, Gr, mz}. Examples of such operators are the Higgs-current operators 01(31) or
the purely leptonic Oy which can contribute to the muon decay, for specific flavor indices,
inducing a finite renormalization of Gr. Similar redefinitions are also needed in the flavor
sector, since the Higgs-current and the semileptonic operators can induce finite shifts of
the CKM parameters that are needed to compute the LHC processes [74]. However, these
redefinitions of electroweak and flavor parameters do not lead to energy-enhanced effects
at the LHC, thus being negligible in our present analysis.

Lastly, we count the number of independent SMEFT parameters at mass dimension-6
and dimension-8 in table 1. For this counting it is necessary to separate operators that
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can contribute to LHC processes including all three quark generations and operators that
can contribute only to processes involving the two light quark generation, i.e. operators
involving SU(2), singlet up-type quarks (u), due to the negligible top quark PDF. We find
that there are 549 CP-even and 472 CP-odd parameters that can contribute at d = 6 to
the Drell-Yan processes. There are additional 435 CP-even and 141 CP-odd parameters
that can contribute to these processes when d = 8 operators are considered.!!

Form-factors in the SMEFT. In the SMEFT the Drell-Yan amplitude can be written
as a perturbative expansion in the small parameters §/A2, /A% and v?/A%. This EFT
expansion can be matched to eq. (2.7) in order to determine the regular form-factor coef-
ficients F7 (;,,m). These are given by an infinite perturbative series in the parameter v?/A?
of the form

0 o d-4
Frmm = D 10 (A) ) (3.3)

d > 2(n+m+3)

where f I(d) correspond to linear combinations of d-dimensional Wilson coefficients. SMEFT
operators of fixed dimension d give rise to only a finite number of form-factor coefficients
according to eq. (3.3). For example, d = 6 operators only contribute to the leading co-
efficient F7 gy, while d = 8 operators contribute to F7 (), as well as to the next order
coefficients F7 19y and Fr(g,1), and so on. In order to express the Drell-Yan form-factors
in terms of the SMEFT Wilson coeflicients we truncate the power expansion of the regular
form-factors Fj geg in eq. (2.7) to order n+m < 1. The form-factor parametrization given
in section 2.2 can be further simplified as

Fs=F5(0,0) (3.4)
Fr=F710,0)
. 2
§ i % | S(a,sM) +05(a)

Fv=FvootFvaon gz tFven gt 2. J_ m2 + imgl, } (3.6)
v’ Sp, (a)

.FD@ = ; § _ mg + imal—\a Y (37)

2

Sp, (a

Fp, =Y syl (3.8)

— 5§ —m2 +imalq

where a € {7, Z} when describing neutral Drell-Yan processes g;q; — E;Eg, and a € {W*}
when describing the charged Drell-Yan processes d;u; — {505 (u;d; — ¢Lvg), and S(a,5M)
are defined in eqs. (2.12)—(2.14). This parametrization is enough to capture all possible

effects to order O(1/A%) in semileptonic transitions.!?

HNotice that we only count d = 8 operators that interfere with the SM, and for which we consider a
non-diagonal CKM matrix.

12Note that the regular pieces of the scalar and tensor form-factors were truncated to order n = m = 0
because when squaring the amplitude, the d = 8 terms with n4+m = 1 do not interfere with the SM. For the
dipoles we can set Fp,, reg and Fp,, Reg t0 zero since these arise non-locally via SM gauge boson exchange.
For the pole form-factors Fr, poles, we only need to consider the vector poles and dipoles arising from the
s-channel exchange of the SM gauge bosons.
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Given that the scalar and tensor form-factors are independent of § and £, the coefficients
Fs(0,0) and Frp (g,0) map directly to the Wilson coefficients of the d = 6 scalar and tensor
operators in the class ¢*, as shown in appendix C.1. The dipole residues Sp (a) also
match trivially to the d = 6 SMEFT dipole operators in the class ¢>?X H, as shown in
appendix C.3.

The regular coefficients and the pole residues of the vector form-factors, on the other
hand, are generated at d = 6 and d = 8. The leading coefficient Fy, g g) receives contribu-
tions from contact operators in the classes ¥* and ¢*H? at d = 6 and d = 8, respectively,
as well as from modified interactions between fermions and the SM gauge bosons from
d = 8 operators in class ¢2H?D3. The higher-order coefficients Fy (1,00 and Fy (g,1) receive
contributions from the d = 8 operators in class 9*D?. The pole residues 0S(q) receive con-
tributions from modified fermion interactions due to dimension-6 operators in class 12 H2D
and from dimension-8 operators in class ¥?H2D3. Schematically, the matching between
SMEFT Wilson coefficients and the form-factors takes the following form:

4 2
Fv o0 = 32 0124) + 3 Coo + Al Cd(,ziqzm +- (3.9)
vt (s
fV(l,O) = FC@ZADQ ey (310)
4
v
Fvon) = ch(}% T (3.11)
2.2
_ (6) vtmy, © 1%, -0 (®)
58(@) - A2 CwZHZD + A4 (|:C¢2H2Di| +C'L/)2H4D> A4 C’LZJ2H2D3 + (312)

(6)

where the squared term [C W2 D]2 in eq. (3.12) corresponds to double vertex insertions
of the corresponding dimension-6 operators, as depicted in diagram (e) of figure 2. The
ellipsis indicate contributions from the neglected higher-dimensional operators. The precise
matching of the SMEFT to the vector form-factors can be found in appendix C.2.

Notice that the operators in the class 1/2H?D? contribute to Fy (0,0) and 0S5, simul-
taneously. This can be understood by analyzing one of the operators in this class. As
an example we take (’)((J?H2 D3 = (giy* DY qj)D(MDV)H T H which, after spontaneous symme-
try breaking, gives rise to a modified coupling between the Z boson and quarks that is
proportional to (8 mzv/A%) Z,(gv*q;). This interaction contributes to neutral Drell-Yan
production with an amplitude that scales as A(giq; — £ €+) o §/(8 —m%). This ampli-
tude can be brought to the form in eq. (3.6) by using the partial fraction decomposition in
eq. (2.10), which in diagrammatic form reads:

= +
VA Z

The first contact diagram appearing above on the right-hand side of the equality corre-

>

sponds to the last term in (3.9), while the second diagram corresponds to the last term
n (3.12).
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(a) (b)

q ,€/7y q/ élvl/ 67, €,7V
(c) (d) (e)

Figure 2. Feynman diagrams of the leading contributions in the SM (a) and in the SMEFT (b)-
(e) to the partonic processes ¢’ — ¢ and ud’ — fv assuming an EFT expansion up to O(1/A%).
The green mediator represents the exchange of the SM gauge bosons V' € {7, Z, W} and the black
vertices are insertions of the SMEFT effective interaction.

3.2 Concrete UV mediators

In this section, we discuss the effects of new bosonic states mediating Drell-Yan processes
at tree level. These states can be classified in terms of their spin and SM quantum numbers,
namely (SU(3)., SU(2)r, U(1)y) with @ =Y + T5. The possible semileptonic mediators
are displayed in table 2, where we also provide the relevant interaction Lagrangians with
generic couplings in the last column. For completeness, we also allow for three right-
handed neutrinos, denoted as N, ~ (1,1,0), with a = 1,2,3.!3 Furthermore, we assume
that the masses of these SM singlets are negligible compared to the collider energies and,
if produced, they can escape detection as missing energy.

The possible mediators fall into two broad categories, each with different collider phe-
nomenology: (i) color-singlets exchanged in the s-channel, and (ii) leptoquarks, i.e. color-
triplets, exchanged in the ¢/u-channels. If the masses of these states are at the O(TeV)
scale their propagators will contribute to the residues Sy (q), 77 1), U (¢) of the pole form-
factors (2.8). Leptoquarks can be further classified using fermion number [56], defined as
F =3B + L where B (L) stands for Baryon (Lepton) number. For Drell-Yan production,
the leptoquarks with fermion number F' = 0, such as Uy, ﬁl, Rs, R, and Us, are exchanged
in the t-channel, while the remaining leptoquarks Sy, S1, Va, Vo and Ss, carrying fermion
number F' = —2, are exchanged in the u-channel. Note that certain leptoquark representa-
tions can also couple to diquark bilinears (not listed in table 2) that pose a potential threat
to the stability of the proton [75], unless a stabilizing symmetry is further introduced, see
e.g. ref. [76].

13For simplicity we assume exactly three right-handed neutrinos, but this need not be the case.
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SM rep. Spin Lint

Zl (17170) 1 ‘CZ’ = Zw [g%]ab’l/_)azll/}b, 1/} S {U, dveaqvl}
Z (1,1,1) U Ly = (g1 wZd; + [§lap € ZNg
Bro (L2,1/2) 0 Lo= Y {8 di e+ [0S @i Ha + [1)ap lncsHa b + hec,
a=1,2
W' (1,3,0) 1 Lwr =[98y @ W' s + [ghlag la(rT Wi

St (B 1L,1/3) 0 Ly = [yia S1dfela + [yf'lia S1afea + [§f)ia S1diNa + hec.
Si (3,1,4/3) 0 Lz = [gfia Sidieq + hoc,

Ur (3,1,2/3) 1 Ly, = [#1)ia Galhla + [#5)ia dilhiea + [21ia 4:lli No + hec.
U (3,1,5/3) 1 Ly = [#Fliawlica+he

Ry (3,2,7/6) 0 Lpg, = —[y)ia wiR2ely + [yF]ia Gica R2 + hec.

Ry (3,2,1/6) 0 Ly = —[0§iadiRoela + [73)ia GNaR2 + hc.

Vo (3,2,5/6) 1 Ly = [25]ia dSVaelo + [25]ia @eVaea + hec.

Voo (3,2,-1/6) 1 Ly = [#iauVaela + [#5ia afeVaNa + hic.

S3 (3,3,1/3) 0 Ls, = [y¥ia Fe(t! S5l + hec.

Us  (3,3,2/3) 1 Ly =[25ie@(7 Ul +he.

Table 2. Possible bosonic mediators contributing at tree level to Drell-Yan production classified
by their SM quantum numbers and spin. In the last column, we provide the interaction Lagrangian
where € = i, ¥° = iy9701T and H = imyH* is the conjugate Higgs doublet, where 7; (i = 1,2, 3)
denote the Pauli matrices. The right-handed fermion fields are defined as u = ug, d = dgr, e = {g
and N = vg, and the left-handed fermion fields as ¢ = (VTuy,dr)” and [ = (vp,41)". We adopt
the notation from refs. [55, 56] for the leptoquark states.

After electroweak symmetry breaking, each of the non-trivial SU(2); multiplets de-
compose into physical eigenstates,
—— ( w0 \/§W’+>

(3.13)

:ﬁ \@W" _W

P R2(+5/3) R B R2(+2/3) v V2(+4/3) ‘7_ ‘72(+1/3) (3 14)
2 R2(+2/3) ’ 2 §2(—1/3) ) 2 V2(+1/3) ’ 2 ‘72(—2/3) ) :

1 ( IO S3(+2/3)> b ( A INGT Al

G _ L _ L . (315
V2 \vEsiY gl v2 \vau Y _U3(+2/3)> 219

where the superscripts denote the electric charge of each component. The case of an addi-
tional Higgs doublet is to be treated separately as both doublets H; 2 can acquire a vacuum
expectation value, with the identification of the SM-like Higgs boson (h) depending on the
parameters of the scalar potential. In this case, it is also fundamental to devise a mecha-
nism that will suppress scalar mediated FCNC to make these models phenomenologically
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i s g /4/1\<\ 75

Figure 3. Contributions to dilepton transitions dd — £~ ¢* (upper row), 2u — £~¢* (middle row)
and ud — ¢*v (lower row), from the tree-level exchange of the BSM mediators displayed in table 2
via the s-channel (left column), ¢-channel (middle column) and u-channel (right column).

viable [77], such as a Zs symmetry [78], or assumptions regarding the alignment of the
Yukawa and fermion-mass matrices [79, 80]. Here, we consider a parametrization of the
Lagrangian in terms of the mass eigenstates,

LoD= >, > { (€8] fity b+ [&0] Fits H = i[€4],, fins A} (3.16)

f=u,d,l i,j

- Z Z {([fgﬂ]ijuﬁ’xdj + [51{}1]2‘]‘7}1'”)1?& + [£§IL+]ijNiﬂ)L£j>H+ + h'C'} )
X=L,R i,j
with flavor indices ¢, j and generic couplings 532 that can be easily matched to the models of
interest [77]. In the above equation, H* denotes the charged scalar, h is the SM-like Higgs,
A the neutral CP-odd scalar and H the heavy neutral CP-even scalar. The contributions
of each of these mediators to Drell-Yan production can be found in the Feynman diagrams
depicted in figure 3.

Form-factors in concrete BSM models. The complete matching of the pole form-
factors to concrete models is given in appendix D, where the flavor structure of the residues
of the pole form-factors take the following form:

[St(@)]api = [9alas [9a)is » (3.17)
[T1 w)lapis = [95)ia [958 » (3.18)
Ur ())api; = l92)is l92]ja s (3.19)

for I € {V,S,T}, where 9ap denote generic couplings of the mediators to fermions of a
given chirality and each index a, b, ¢ labels the possible mediators contributing to the s-, -
and u-channels, respectively, as displayed in figure 3.
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3.3 Other BSM scenarios

We have already discussed Drell-Yan production both in the SMEFT and in simplified
models. These two cases cover the most common tree-level BSM scenarios but leave out
some potentially interesting possibilities. For instance, one can extend the SM matter
content with light right-handed fermion singlets N, ~ (1,1,0) and build an effective field
theory known as ¥SMEFT [81, 82]. At d = 6, the resulting semileptonic four-fermion
operators [83] are given by,

eNud (é ) (U’}/ﬂd)
Ouvu (IN)(uqg),
N)e

(qd),
lo" N)e(goud),

qu (
qu (
where flavor indices are omitted. These new local interactions will only contribute to the
charged current Drell-Yan process pp — ngNB without interfering with the SM. Higher
order operators at dimension-7 or above can be dropped since these only contribute to the
production cross-section starting at order O(1/A®). The mapping of the Wilson coefficients
to the leading regular form-factors are provided in appendix E. Notice that the operators
in egs. (3.20)—(3.23) can be generated at tree level by integrating out at any of the heavy
bosonic mediators coupling to N, in table 2

4 Collider limits

The detectors at hadron colliders are complex and imperfect environments with a finite ex-
perimental resolution and limited acceptance. When dealing with dilepton and monolepton
searches at the LHC, differential distributions are measured from the reconstructed four-
momenta of high-level objects such as isolated leptons, 7-tagged jets, and missing transverse
energy . These objects are meant to approximate the underlying final-state leptons pro-
duced in the hard scattering. The theoretical predictions, on the other hand, are typically
computed from the experimentally inaccessible final-state leptons. This mismatch between
the predicted distribution of a particle-level observable x and the measured distribution of
the corresponding observable z.ps is described by the convolution

_ /d:r K (ko) do (4.1)

dl‘obs

where K (zops|z) is a kernel function that parametrizes the detector response [84].!4

MFor example, the particle-level observable relevant for resonance searches in ditau production at the
LHC [85] is the invariant mass £ = m., of the ditau system. Given that 7-leptons always decay into
neutrinos, a precise experimental reconstruction of m,, is challenging. Therefore, what is actually measured
is the quantity zops = my* known as the total transverse mass, which serves as a proxy for m,,. This
observable is computed from the two leading 7-tagged jets coming from the visible part of the hadronic
decay of each underlying tau-lepton (75,) and the missing transverse energy of the event which accounts for
the undetected neutrinos.
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In practice, for a given LHC search, both the measured and the particle-level distributions
are binned into histograms leading to the discretization of eq. (4.1). For a binning A of
Tobs and B of , the expected number of signal events N4 in a bin A € A is given by

Na= > L Kap o, (4.2)
BeB

where Ly is the integrated luminosity used in the search, op is the particle-level cross-
section restricted to a bin B € B, and K is a N x M response matriz, where N and
M are the number of bins in A and B, respectively. The response matrix represents
the probability that an event produced in a bin B of = passes all event selections of the
search and is measured in bin A of x,,s. When estimating the event yields N4 of a BSM
signal, each independent term contributing to the computation of the cross-section op (e.g.
see eq. (2.25)) needs to be convoluted with a different K4p matrix since each term can
respond differently to the selection cuts and the detector. Therefore, in full generality,
the response matrices entering eq. (4.2) are quantities depending on the chiralities { X, Y}
and flavors {«, 3,i,7} of the external leptons and quarks, as well as the shape of the
New Physics, i.e. the regular and pole form-factors that are involved. It is clearly not
possible to compute the entries of each response matrix from first principles. These must
be estimated numerically for each LHC search using Monte Carlo event generators and
detector simulators.

4.1 Dilepton and monolepton searches at the LHC

The experimental searches considered in our analysis are collected in table 3. These cor-
respond to data sets from the full run-IT ATLAS and CMS searches for heavy resonances
in dilepton and monolepton production at the LHC. In the last two columns we display
the tail observables that are measured in each search (x.s) which serve as proxies for the
particle-level observables (x) used to compute the signal cross-sections. Specific details
concerning the definition of the measured observables, selection cuts and any other inputs
used in these experimental analyses are available in the respective ATLAS and CMS papers
listed in table 3.

Limits on the SMEFT and on mediator models are extracted with the HighPT pack-
age [48] where each Drell-Yan search has been repurposed for generic New Physics scenarios.
For each signal hypothesis we compute the 95% confidence intervals using Pearson’s y? test
statistic. In order to obtain reliable limits, beforehand we made sure to combine the data
between neighbouring experimental bins until A°?® > 10 for any bin, where N°" is the
number of observed events (background errors are added in quadrature when combining).

Internally, for each search in table 3, HighPT extracts the number of signal events N4 (0)
in a bin A € A of zo,s by convoluting the relevant response matrix K 4p with the analytical
expressions for op. These are computed with the PDF set PDFALHC15_nnlo_mc [90]. We
denote by 6 the parameters of the New Physics model that we wish to constrain, e.g. form-
factors or specific model parameters such as Wilson coefficients, or mediator masses and
couplings. The x? is then built from the number of background events N?, background
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Process  Experiment Luminosity Ref. Tobs T
pp— 71  ATLAS 139fb=t  [85

m59t(7}177}%7ET) Mrr

]
pp — [ CMS 140 b~ [86] Myup Myup
pp — ee CMS 137fb=t  [86] Mee Mee
pp — v ATLAS 1396t [87]  mp(m, Er)  pr(n)
pp — pv ATLAS 139fb~1 [88] mrp(p, Er) pr(p)
pp—ev  ATLAS 139fb~1  [88 mr(e, Ey)  pr(e)
pp— TH CMS 138fb~t  [89] mel, My
pp — Te CMS 138fh~1  [89] meel Mire
pp — e CMS 138 b1 [89] Mypse Mpse

Table 3. Experimental searches by the ATLAS and CMS collaborations that have been recast in
the HighPT package [48]. The last two columns refer to the measured and particle-level observables
considered in our analyses. The data used in the present work corresponds to zops > 200 GeV, for
all observables.

uncertainties SN and observed events A°P% provided by the experimental collaborations:

Na(0) + N = NP\
X2(0)=Z< al®) A ) ,
AcA A

(4.3)

where the uncertainty A4 in bin A is obtained by adding in quadrature the background
and observed uncertainties, A% = (ON])? + N5, where the last term corresponds to the
Poissonian uncertainty of the data. Notice that we consider the pure SM contribution as
a background included in N4. Thus, N4(6) contains only the New Physics contribution
to the event yield, i.e. both the New Physics squared contribution and the interference
of the New Physics with the SM. The background predictions N4 are taken from the
experimental analyses, which are computed including higher-order corrections. Only the
New Physics signal N4 (6) is computed at tree-level using our form-factor decomposition
presented in section 2.

The response matrices K 4p have been provided in the HighPT package for each LHC
search. These were obtained from Monte Carlo simulations using the following pipeline:
first all relevant operators in the SMEFT with d < 8 and all mediator Lagrangians in ta-
ble 2 were implemented with FeynRules [91]. The resulting UFO model files [92] were then
imported into MadGraph5 [93] and used to simulate statistically significant event samples
for the dilepton and monolepton processes with all possible initial quark flavors. Samples
were then showered and hadronized using Pythia8 [94], and the final-state object recon-
struction and detector simulation were performed using Delphes3 [95] tuned to match the
experimental searches. After applying the same event selections as in each experiment, the
events were binned into x4 histograms. The simulation pipeline outlined above was used
to produce a Zops histogram from each bin B € B of . The rows of the matrix K p were
then extracted from the resulting histograms. The validation of our recast with the BSM
benchmark scenarios provided by the experimental papers can be found in appendix A.
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The x? statistic described above is a reliable statistic whenever the number of observed,
signal and background events in each bin are approximately Gaussian, which is usually the
case for the bulk of the dilepton and monolepton differential distributions. Deep in the tails,
however, the experimental bins will typically contain very low event yields, making these
regions much more susceptible to data fluctuations. Indeed, if the tails are plagued with
sizeable under-fluctuations, testing a signal hypothesis that relies on these regions of low-
sensitivity can lead to spuriously strong exclusion limits for the New Physics parameters
6. In order to remedy this, one can instead use the CL; method [96] based on the profiled
Poissonian likelihood ratio [97]. We checked for the particular binnings used in our analyses
that the two statistical methods give very good agreement. For an explicit comparison see
ref. [48]. For this reason, in the following sections we present all exclusion limits based on
the x? statistic.

4.2 Single-operator limits on the dimension-6 SMEFT

In this section we present upper bounds on the dimension-6 SMEFT operators using LHC
run-II data from the pp — E;E; and pp — Kiyg Drell-Yan searches listed in table 3.
Single-parameter limits are extracted for individual Wilson coefficients by assuming them,
for simplicity, to be real parameters and by setting all other coefficients to zero. Since
we are interested in tails of the Drell-Yan distributions, we only focus on four-fermion
semileptonic operators, as well as the quark/lepton dipole operators, because these are
the only ones that lead to an energy growth in the amplitude. Our limits are derived by
keeping the O(1/A*) corrections from the dimension-6 squared pieces.'® Indeed, these are
the lowest-order contributions driving the bounds for the dipole operators and for the four-
fermion operators that are chirality-flipping or have a non-diagonal flavor structure, i.e. any
operator not interfering with the SM. For the flavor sector we assume flavor alignment in
the down sector for the CKM matrix and a unit PMNS matrix. The results are presented
in seven figures in appendix G for all semileptonic operators with fixed leptonic indices,
namely ee, uu, 77, eu, et and pr, and for all possible quark-flavor indices that can be
probed at the LHC. All limits on the Wilson coefficients (C) are given at 95% CL at a fixed
reference scale of A = 1TeV with no loss of generality since the LHC processes probe the
combination C/A? in the EFT limit.

To simplify the discussion of our results, we have replicated in figure 4 the LHC con-
straints for the following representative semileptonic operators,

0 apii = (ar"15)@1u45) » 0 apii = (T 1s) @ a) (4.4)

and, similarly, in figure 5 for the dipole operators,

[OdB]ij = (@i0"d;) HByy [OdW]ij = (gio""d;) TIHW;{I/7
[Ousl;; = (Go""u;) HBy, [Ouwl;; = (G0"u;) T HW,, (4.5)
[OcBlos = (la0™es) HBpuy [Oewlap = (lao™es) T HW,

15The effects of dimension-8 operators will be discussed in the following section.
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Figure 4. LHC constraints on the SMEFT Wilson coefficients Cl(q1 3) with different flavor indices
at 95% CL, where a single coefficient is turned on at a time. Quark-flavor indices are denoted by 77
and are specified on the left-hand side of each plot. All coefficients are assumed to be real and
contributions to the cross-section up to and including O(1/A*) are considered. The scale A is fixed
to 1 TeV.

where we keep the most general flavor structure. Note, in particular, that the singlet

(1) (3)
lq lq
contributes to both neutral- and charged-current processes, and similarly for the dipole

operator O, 7 only contributes to neutral Drell-Yan processes, whereas the triplet O

operators. Neutral- and charged-current constraints have been combined to set the con-
straints on triplet operators depicted in figures 4 and 5. Note, in particular, that the

interference of the SM with the contribution by Ol(s’) has the same sign for up-type and
(1)
lq
up-type and down-type quarks, leading to an approximate cancellation of the interference
(3)
lq
, as can be seen by comparing the plots in the first row of fig-

down-type quarks. However, the interference of the SM with O, ’ has opposite sign for

term in this case. This explains why the constraints on the coefficient C
(1)
lq

ure 4 with the third row. For the Lepton Flavor Violating (LFV) couplings, the constraints

are considerably
more stringent than for C

for both operator types are of the same order of magnitude, as in this case the interference
terms vanish and the constraints only derive from the New Physics squared contribution.

- 21 —



T T T AR AL A T
33 —2.1.2.1] 22 —— [~0.57.0.57] 33 —— [~0.22,0.22]
32 I — 14.14) 32 ——— [~0.17.0.17)
23 —0.70,0.70) 23 ——— [~0.17.0.17]
31 — —0.77.0.77] 21 s [-0:20,0.20] 31 —— [~0.14,0.14]
13 [~0.29,0.29] 13 —— [-0.14.0.14]
22 = 22 .
——— 0.48.0.48] 12 (~0.29.0.29] : —e— [-0.14,0.14]
21 - ~0.27.0.27] 21 —— [~0.12,0.12]
12 12
0 [C,m'} i [~0.20.0.20 N [C,,”—]” . —— [C,‘“v}m, [~0.12,0.12)
1 1 1 1 1 1 1 1 ~0.14,0.14] 1 1 1 1 1 1 1 1 [-o14,014 1 1 1 b 1 1 1 l-o11011)
—20-15-1.0-05 0 05 10 15 20 —20-15-1.0-05 0 05 10 15 20 —06 —04 —02 0 02 04 06
T T LA A s LALLM
33 N —— -17,17] 22 —— [~0.94.0.94) 33 ——— [~0.50.0.50]
32 I — 12.1.2) 32 I — [-0.30.0.30]
23 ~1.2,1.2] 23 —— [~0.30,0.30]
31 —— ~0.63.0.63) 2 == [-037.037] 31 I — [-0.50,0.50]
13 [~0.63.0.63| 13 S [-0.50,0.50]
22 ~ 22 —0.33.0.33
—— 077,077 12 1-0.40,0.40] : — [~0.33,0.33]
21 —j— ~0.43.0.43) 21 ——— [~0.26,0.26]
12 12
[C:Il?} J [~0.43,0.43] [C“B]” [C"R}nvl [-0.26,0.26]
1 ~0.28,0.28] 1 . [~0.22,0.22] 1 [~0.63.0.63]

TPPPTPPPIC TR v P8 PP FPPI POV Lossalasaalossslossolonaatassatasssl o —— o ——
—20-15-1.0-05 0 05 10 15 2.0 —20-15-10-05 0 05 10 15 20 —0.6 =04 —02 0 02 04 06

Figure 5. LHC constraints on the SMEFT dipole Wilson coefficients with different flavor indices
at 95% CL, where a single coefficient is turned on at a time. Quark (lepton) flavor indices are
denoted by ij (af) and are specified on the left-hand side of each plot. All coefficients are assumed
to be real and contributions to the cross-section at order O(1/A*) are considered. The scale A is
fixed to 1 TeV.

Before discussing the remaining results, it is worth mentioning that, while the single-
parameter fits provide a useful benchmark leading to the most optimistic limits, these
analyses completely neglect potential correlations between different Wilson coefficients that
could relax substantially the constraints or even lead to flat directions in the parameter
space. For this reason it would be preferable to perform a global fit, or at least a multi-
parameter analysis involving the most relevant effective operators. While this lies outside
the intended scope of this paper, in section 5 we carry out a two-parameter analysis fitting
pairs of ultraviolet-motivated operators to Drell-Yan data, as well as combined fits to
low-energy flavor and electroweak pole data. We leave for future work a more thorough
multi-parameter analysis of the SMEFT with all three generations and different flavor
structure hypotheses [98]. Note, however, that the full LHC likelihood for the d = 6
SMEFT truncated at O(1/A%) including all 1021 flavored Wilson coefficients (see table 1)
is promptly available in HighPT, which also allows to include dimension-8 coefficients.

SMEFT truncations at O(1/A2) and O(1/A%). To assess the sensitivity of the LHC
searches to the SMEFT truncation at O(1/A?) or O(1/A%*), we investigate the impact on
the upper limits on dimension-6 operators when specific portions of the Drell-Yan data
are removed from the analysis. For definiteness, we focus on the dimuon searches and on
single-parameter constraints for the vector operators [(’)l(ql )]2% and the quark dipole [Ogw i
fori=1,2,3.

First, we test the sensitivity of the constraints on the EFT operators to individual
bins in the invariant-mass tails. For this purpose, we build the jack-knife function [36, 99],
X?ack(muu)a defined as the statistic that results from holding out a single invariant-mass
bin at a time from the total x? function. In figure 6, we show the quantity Rjac, defined as
the ratio of the expected jack-knife limit over the expected limit extracted using the whole
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Figure 6. The expected sensitivity of individual m,, bins to the dimension-6 flavor conserving
operators (’)l(;) and Ogp using the Jack-knife ratio Rjack (see text for details). The dashed and
solid lines correspond to the EFT truncation at O(1/A?) and O(1/A*), respectively.

invariant-mass spectrum, for different quark flavors. For the semileptonic operators (upper
row), when truncating the EFT at O(1/A?) (dashed lines), we see that for first generation
valence quarks the last experimental bin, spanning {2300, 7000} GeV, is the most sensitive
one in the search, while for second- and third-generation quarks the most sensitive bins
are found at lower invariant masses, around 1000 GeV and 800 GeV, respectively. On the
other hand, when truncating at O(1/A%) (solid lines) the most sensitive bin is always the
highest mass bin of the search, irrespective of the quark flavor. Furthermore, we note that
the last bin is less relevant for second and third generation quarks, whereas for valence
quarks removing this bin can weaken the limits by as much as ~ 30%. From these results,
we find that truncating the EFT at order O(1/A%) for semileptonic vector operators has a
significant impact when setting limits on single operators and that the highest mass bins
are the most sensitive ones in the dimuon search. This is not entirely surprising given that
for high energies, the quadratic terms growing as 32/A% in the partonic cross-section can
compete with the interfering term §/A? that is typically more important at lower invariant
masses. For the dipole operator, even though these are purely New Physics squared terms,
the energy enhancement scales as v25/A%. The sensitivity of the search is therefore at lower
invariant mass bins, similar to the four-fermion interference terms at O(1/A?), as shown
in the second row of figure 6.
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Figure 7. Clipped expected limits from LHC dimuon searches for flavor conserving operators Ol(; )
and Ogw as a function of the sliding maximal scale M..;. The dashed and solid contours correspond
to the EFT truncation at O(1/A?) and O(1/A*%), respectively.

Next, we investigate how the limits on single operators are affected by restricting the
Drell-Yan data in the tails with a maximal energy cut (M) [100]. This procedure, known
as clipping [101], provides a useful way to obtain more robust EFT constraints. In figure 7
we show the expected limits for the vector operator (upper row) and the quark-dipole
operator as a function of the sliding upper cut Mcyy > my,. The results are given for
an EFT truncation at O(1/A?) (dashed lines) and O(1/A%) (solid lines). Here again we
can appreciate the relevance of including O(1/A*) corrections for the vector operators.
Irrespective of the truncation order and the operator, these results also indicate that the
clipped limits for maximal values above M.y ~ 1.5 TeV saturate, leading to upper limits
that are comparable to those obtained when using the full kinematic spectrum.

4.3 Flavor dependence

We now discuss the constraints on the SMEFT coefficients shown in figure 4 from the
perspective of flavor. For fixed leptonic flavors, as expected, we find that the most con-
strained coefficients are the ones involving valence quarks, but useful constraints are also
obtained for operators involving the heavier s-, ¢- and b-quarks despite their PDF suppres-
sion. Overall, the upper limits for (’)l(ql 3)
follow approximately the expected hierarchies between the parton-parton luminosity func-

and the quark dipoles for different (7,j) indices

tions L£;; given in eq. (2.24). For fixed quark flavor indices, we find comparable constraints
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for the e and p channels, with much weaker constraints for 7’s. Similar patterns are also
observed for the other semileptonic and quark-dipole coefficients that are collected in ap-
pendix G. For the leptonic dipoles O.p, the limits for different lepton indices, which are
all driven by valence-quark production, are determined by the experimental sensitivities of
each LHC search.

The constraints on the vector semileptonic operators with flavor-diagonal indices i=j
and a=f are not symmetric due to the interplay of interference and New Physics squared
terms. The skewness of the limits towards a specific sign will depend on the relative size
between these contributions, as well as on the size and sign of the fluctuations in the
observed data in the most sensitive regions of the tails.' As can be seen in the first three
rows in figure 4, the upper limits derived for the operators with first generation quarks are

3)
lg
much less pronounced for operators involving second or third generation quarks where the

much more stringent for negative (positive) values of Cl(; ) (C;7”), while the asymmetry is
New Physics squared components dominate.

For the operators with flavor-changing quark indices ¢ < j the limits are pretty much
symmetric except for (i,7) = (1,2). When turning on one of these operators, the cross-
sections receives a positive definite contribution from the New Physics squared piece coming
from the flavor-changing mode g;q; — ¢, ¢}, as well as subleading contributions from
the CKM-suppressed flavor-conserving modes g;q; — ¢, ¢}. These last contributions can
potentially skew the upper limits since they interfere with the SM. For (i,j) = (1,2) the
bounds are skewed because the uu — ¢, ¢} modes can compete with the flavor-changing
modes since these have a mild Cabibbo suppression of O()) that can be compensated by
the up-quark PDF. The effects of quark-flavor mixing through the CKM matrix will be
discussed in more detail below. For (i,7) = (1,3) and (2, 3), on the other hand, the limits
appear symmetric because the flavor-conserving modes have a CKM-suppression of order
O()\?) and O(\3), respectively, making these subleading with respect to the flavor-changing
modes. Finally, the bounds on the LFV vector operators a < 8 and the dipole operators
shown in the fourth and last row of figure 4 do not interfere with the SM, leading to
perfectly symmetric bounds.

On the quark-flavor alignment. While in the SM the only source of quark-flavor vio-
lation is the CKM matrix, this is generally no longer true in the presence of BSM Physics.
In other words, the assumption concerning the flavor basis for quarks is fundamental, as
a given operator can simultaneously contribute to several partonic processes depending on
this choice, having a significant impact on the fits using LHC observables. The minimalistic
approach is to consider right-handed fermions in the mass basis, and to assume the align-

'The number of signal events, when turning on one (real) Wilson coefficient C at a time, is given
by N(C) = N C + NNPC? where C = C/A? is the New Physics (NP) parameter, N and NF
are the SMEFT signals yields at |C|/A? = 1TeV~2 for the SM-NP interference and NP squared terms,
respectively. It is convenient to write the x? function for the expected data in a specific bin as
X2 (O) = x5 (O) [1 + (NP /N0t 0]2 where X2 o< C? is the expected x* function when truncating the
EFT expansion at O(1/A?) and the bracket contains the effects of O(1/A*) corrections from the dimension-
6 squared terms. Since x2,; is a symmetric function, the bracket above will skew the expected upper limits.
For observed limits, there will be an additional asymmetry caused by the statistical fluctuations in the data.
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ment between flavor and mass eigenstates for either left-handed up- or down-type quarks,
with the CKM matrix appearing in the down- or up-type sectors, respectively. Scenarios
with up-type alignment turn out to be tightly constrained by AF = 1 and AF = 2 pro-
cesses in the K- and B-meson sectors, which can be induced in this case via the CKM
matrix [1]. The down-type alignment is far less constrained by low-energy observable and
it is typically a more convenient choice for phenomenology, as we have considered e.g. in
figure 4 and appendix G.

We now explore the Drell-Yan processes induced via the CKM matrix for the operators
that involve quark doublets, both for the up- and down-type alignment. We expect this
effect to be prominent for SMEFT operators with second-generation quark indices.!” In
these scenarios, the contribution of first generation valence quarks is only mildly Cabibbo
suppressed O(\) and can thus compete with, and even dominate over, the direct contri-
bution from the sea quarks. The effect of the alignment on fits of operators with first- or
third-generation quarks is much less pronounced, because the leading contributions already
comes from the valence quarks, or the Cabibbo suppression is stronger (O(\?)).

As an example, we investigate the Wilson coefficients [Cl(ql )]22ij and [Cl(;3 )]ggij for all
possible combinations of quark-flavor indices (i,7). We checked that similar results are
obtained for other choices of lepton-flavor indices. Our results are presented in figure 8,
where we show the 95% confidence regions for three different scenarios:

o Assuming a (fictitious) diagonal CKM matrix Voxy = 13«3 (black dashed lines) only
sea-quarks can contribute to operators with second and third generation quarks. The
constraints obtained in this scenario are weaker than those obtained considering a
non-diagonal Vegky due to the missing valence quark contributions.

o Considering the CKM-matrix and assuming down alignment (blue region), processes
with up quarks can also contribute to the constraints for operators with charm quarks.
The contribution of the former is suppressed by O(\), but this effect can be com-
pensated by the enhancement of the up PDF with respect to the charm PDF. The
constraints thus obtained are therefore stronger than the constraints obtained with
a diagonal Voky. Furthermore, the confidence regions can be shifted with respect
to the previous scenario due to the additional interference term of the New Physics
contribution and the SM contribution with valence quarks.

o Considering the CKM-matrix and assuming up alignment (yellow region), operators
with strange quarks receive contributions induced by the down-quark PDF, leading
to a behaviour analogous to the down-aligned scenario. However, since the ratio of
down to strange PDF is smaller than the ratio of up and charm PDF, the constraints
obtained in this scenario are weaker than in the down-aligned case.

For operators with only first generation quarks the alignment has a negligible effect since
the leading contribution to the constraints is already obtained by the valence quarks, see
e.g. top left plot in figure 8. As discussed before, the dominant effect of the alignment is

17Similar effects are expected for fits in explicit New Physics models.
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Figure 8. Two-parameter fit of the Wilson coefficients [Cl(ql )]221']' and [Cl((f )]22ij for all allowed quark-
flavor indices. We show the 95% confidence regions for these coefficients assuming Voxym = 1 (black
dashed line), a non-diagonal Voky with down alignment (blue region), and a non-diagonal Vegm
with up alignment (yellow region). Both dimuon and monomuon searches are considered for the
constraints presented here. The coefficients are normalized by choosing A = 1 TeV.

obtained for operators with second generation quarks (center top, left bottom, and center
bottom). For third generation quarks (right top, and right bottom) only a small effect of
the alignment is found as the PDF enhancement cannot overcome the stronger Cabibbo
suppression O(A?) in this case. The plot in the bottom right shows a flat direction due to
the missing contribution from top quarks. Thus, the constraints in this case all stem from
) o
direction (see eq. (4.7)). In the case of down alignment there is a non-vanishing top-quark
contribution due to CKM rotations, breaking the flat direction. The bounds obtained this

way are however quite weak.

a single form-factor, which is related to both [C; ’]2933 and [C )]2233, leading to the flat

In the analysis presented in this section we restricted ourselves to the choices of up and
down alignment or a diagonal CKM. However, our results are derived with HighPT which
also allows to define any arbitrary alignment of mass and flavor basis.

4.4 Impact of dimension-8 effects

Up to now, we have neglected the effect of dimension-8 operators that contribute to the
EFT truncation at O(1/A*). The impact of these higher-order corrections in Drell-Yan has
been recently discussed in refs. [44-46] for searches with light leptons without including
detector effects. These works have shown that including the d = 8 contributions can have
a significant impact when fitting SMEFT operators to Drell-Yan data at the LHC. In this

_97 —



section we extend these analyses for generic flavor structures using the latest run-1I LHC
dilepton and monolepton searches. We present exclusion limits on the leading regular
vector form-factor coefficient Fy g o) in the presence/absence of dimension-8 effects.

For concreteness, we focus on the left-handed form-factor coefficients F; L%Oqg) In the
SMEFT, these are generated to lowest order by the d = 6 operators Ol(; 3,
2
LL,uu v (1) (3)
Vv (0.0) = A2 (Cz -G ) ) (4.6)
2
LL,dd Y (1) (3)
ot~ p (e +¢) (4.7)
LL,ud (3)

where we have dropped the subleading contributions of O(v*/A%*) arising from the 12

dimension-8 operators (’)1(2]22 2 (’)l(ff 1)12 D3> Oé’;)HQ ps With & =1,2,3,4 in the classes ¢4H 2

and 2H?D? defined in tables 7 and 8 (for the exact expressions see eqs. (C.3), (C.9)
and (C.18)). In general, these higher-order corrections will have a small impact when
constraining the SMEFT and can be safely ignored in the remainder of this discussion [44].

The contributions from momentum-dependent dimension-8 operators in class 1% D?,

however, can be relevant when fitting the SMEFT to LHC data. The four operators
o,
Explicitly, one finds at leading order

defined in table 7, match to the form-factor coefficients ]:5%1 0) and ]-"(}%0 1)

LL,uu (142—3—4) LL,uu (2—4)
]:V( 0) — A4 Cl2 2p2 ) Fy 0,1) =~ 2A4 Cz? 2p2 > (4.9)
LL,dd _ (142+3+4) LL,dd (24+4)
Fv( ) A4 Cl2 2D2 P} FV( ) QFCIQ 2D2’ (4..10)
4
LL,ud (3+4) LL,ud (4)
f (1 0) — 2@ Cl2 2D2 ) fv( ) — 4A4 ClquDQ 3 (4.11)

where the notation C 2 %2+ ) corresponds to the signed sum of Wilson coefficients defined
in eq. (B.6) in appendix B. In the amplitude, the energy-enhancement associated with these
form-factor coefficients can potentially overcome the relative suppression of O(v?/A?%) with
respect to JF, Lfoqoq), specially in the high-pr tails of the differential distributions.

In order to examine the importance of these dimension-8 effects, we set bounds on the

leading dimension-6 form-factors ]:6%0 0) with different flavor structures for three scenarios:

i) Single-parameter limits on ]-"‘]}%0 0) while completely neglecting the dimension-8 coef-
: LL LL
ficients ]:V(LO) and Fy; (0.1)"

ii) Single-parameter limits on the fV (0,0) form-factor while turning on .7-" V' (1,0) such that
fL(lo (v?/A? )]—"L%O 0)- This specific correlation between different order coeffi-
cients can arise from a ultraviolet setting where a heavy s-channel vector mediator
has been integrated out at the scale A.

iii) Marginalized limits on .7-“{;’%070) while profiling over .7-“{;’%170) and .7-“{;%071). To enforce
the correlations between dimension-8 form-factors that arise in the SMEFT from
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SU(2)r, invariance, we marginalize over the quantities 2 }—5%170) - .7:‘5%071) and ]—"‘%%071).

Notice that these two parameters map at O(1/A%) to independent Wilson coefficient
o : 143 3 244 4

combinations, each proportional to Cl(Qq2 D)2 (Cl(gg2 p2) and Cl(gq2 32 (CZ(Q(;2 p2) for neutral

(charged) currents, respectively.

While here we have focused on left-handed currents, a similar analysis can be performed
with other form-factor helicities leading to similar conclusions. The marginalized lim-
its in item 1iii) are extracted using the profiled chi-square statistic )8(9,15(9)) where 6
represent the parameters of interest and v the marginalized parameters. The double-hat
notation [102] is defined as the values of v that minimize the x?(6, v) function for a given 6.

Furthermore, when minimizing the y? functions we constrain the form-factors to take
values in the ranges |Fj )| < v2C, /A2, |Fr 1,0 < v1C,/A* and \Fronl < v2Cy /A4,
where we set C, = 4m, i.e. the value for which the Wilson coefficients in eqgs. (4.6)—(4.11)
would enter the non-perturbative regime, assuming these come from a tree-level matching
in the ultraviolet. Notice that this particular choice for C, has minimal impact when
extracting the single-parameter limits on Fy (0,0). In contrast, when including the effects
of dimension-8 corrections via Fy (1 gy and/or Fy (1), the choice of C., which depends on
the details of the UV completion, can affect substantially the fits. In this work we use the
strong-coupling limit C, = 4w as a benchmark since it is the choice that maximizes the
effects of the dimension-8 operators. The LHC limits at 95% CL for the form-factors can
be found in figure 9 for first generation (first row), second generation (second row) and
third generation (third row) leptons at three different EFT cutoff choices: A = 2TeV (left
column), A = 4TeV (middle column) and A = 6 TeV (right column). The limits for valence
quarks in the first two rows have been rescaled by a factor of five for visibility and the gray
regions correspond to the strong-coupling regime C, > 47 discussed above.

We show in blue the upper limits for Fy (o) for scenario i) i.e. when all d = 8 cor-
rections are neglected. As expected, these are mostly independent of the cutoff choice. In
yellow we display the limits on Fy (g,0) for scenario ii) where the d = 6 and d = 8 Wilson
coeflicients are maximally correlated, e.g. in Z' (W’) models for neutral (charged) currents.
One can see that these limits are most of the time similar to the blue ones for any quark
flavor at A = 4 TeV and 6 TeV, and for sea-quarks already at 2 TeV. This shows that for
these cases the convergence of the EFT is good since the d = 8 corrections have a small
effect. This is not entirely surprising for these values of the cutoff given that the Wilson co-
efficients arise from expanding the same massive propagator (s-channel in this case) where
the d = 8 terms will always be parametrically suppressed with respect to the d = 6 ones.
However, for uu, dd and ud initial quarks at A = 2TeV, the inclusion of d = 8 corrections
can strengthen the limits substantially and also lead to a slightly better fit to the observed
data. This indicates that the EFT expansion is not to be trusted for valence quarks at
such low cutoff scales. In red, we provide the limits for scenario iii), i.e. marginalizing
over d = 8 contributions that are completely uncorrelated from the d = 6 ones. Here we
find that for valence quarks, marginalizing over the ‘F‘%%LO) and .7:‘%%071) lead to substantial
corrections to -7:‘]7%0,0) even at the large cutoff scales A = 4 TeV and 6 TeV. Notice that
the main effect is to both weaken and symmetrize the skewed d = 6 limits in blue. The
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Figure 9. 95% CL limits on the form-factor coefficients .7:5%070) for first generation (top panel),
second generation (middle panel) and third generation (bottom panel) leptons using LHC run-II
searches in the dilepton and monolepton channels. Blue intervals are single-parameter limits, the
red ones are limits marginalizing over momentum-dependent effects from d = 8 operators, and the
yellow ones are the expected limits from d = 6 and d = 8 operators assuming a specific UV scenario.
For the first two rows, the limits for wu, dd, ud have been rescaled by a factor of 5 for visibility. The

gray bands, given by |.7-'IL(L0’ g)q/| > 4w v? /A2, correspond to the region where perturbative unitarity
is expected to break down. See text for more details.
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symmetrizing effect arises since the sign of the d = 8 interference term is decorrelated from
the sign of the d = 6 term. For sea-quarks these effects are completely mitigated due to
the limited energy reach from the PDF suppression.

In summary, these results show that the effects of d = 8 operators are only relevant for
first generation (valence) quarks and only if the dimension-6 and d = 8 Wilson coefficients
are uncorrelated. This last condition likely requires a non-trivial cancellation of differ-
ent contributions to d = 6 operators from the ultraviolet. For example, in New Physics
scenarios where a single heavy tree-level mediator is integrated out the dimension-6 and
dimension-8 Wilson coefficients are expected to be maximally correlated.

4.5 Constraints on leptoquark models

In this section we provide the LHC constraints on the couplings of the leptoquark states
listed in table 2. As already discussed, leptoquarks can be non-resonantly exchanged in the
t/u-channels, as shown in figure 3. We begin by setting upper limits on individual couplings
at a time for a fixed leptoquark mass of 2 TeV and a negligible width. For each leptoquark
state, we take into account all components contributing to the relevant production channels
and assume these to be mass-degenerate.'® We also include the interference with the SM
background if present. Even though we explicitly include in our analysis the full effect of
the propagators, it is worth noting that since leptoquarks are non-resonant it is possible to
set fairly reliable limits on their couplings by using the constraints on the corresponding
SMEFT operators for masses above a few TeV, see e.g. refs. [39, 40].

The 95% confidence intervals for each individual coupling are collected in figure 10 for
all possible scalar and vector leptoquarks coupling to all three leptons and first generation
quarks (red intervals), second generation quarks (green intervals) and third generation
quarks (blue intervals).'® Since the amplitude scales as the square of the probed couplings,
the limits are therefore fully symmetric. For fixed quark-flavors, these results follow a
similar pattern as in the SMEFT results presented in section 4.2, where the strongest
bounds correspond to the lightest quark flavors, as they have the largest PDFs. The only
couplings that are not constrained by our observables are the ones that involve right-handed
top-quarks. Interestingly, we also find that in most cases the bounds on the leptoquark
couplings to u’s are considerably more constraining than the ones coupling to e’s or 7’s.
Surprisingly, we find that the bounds to the electron couplings turn out to be comparable
to the tauonic ones, which is caused by a poor background description of the dielectron
data over several high-mass m.. bins [86].

The complete LHC likelihood for all leptoquarks with all possible flavor couplings are
available in HighPT for several benchmark masses.

Leptoquarks and LFV at the LHC. Considering a single leptoquark coupling at
a time will only lead to lepton flavor conserving Drell-Yan processes. However, if the

8For example, the S5 ~ (3,3,1/3) state being a SU(2);, triplet will contribute to did; — £ofs via the

S§4/3) component and to ;u; — £olg and Jiuj — lovg via the Sél/?’) component.
9For the right-handed coupling [xf]u of the V2 vector leptoquark, we observe a mild discrepancy with

the SM prediction with a low significance of =~ 2 0.
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Figure 10. LHC constraints at 95% CL on the coupling constants of all leptoquarks, where a single
coupling is turned on at a time. The masses of all leptoquarks are fixed to 2 TeV. The numbers on
the left-hand side of each plot correspond to the respective quark and lepton flavor indices ia.. See
table 2 for the definition of the couplings. All constraints are compatible with the SM except for
the bound on [x4'];; for which we find a ~ 20 deviation.

leptoquark states couple to two different leptons, then they will also induce LFV modes
in Drell-Yan production. In other words, the lepton flavor conserving modes pp — £,¢,
and pp — {glg, and the LFV process pp — {,{g with o # 8 would be correlated. These
three production modes are perfectly complementary since the scattering amplitudes are
proportional to different combinations of the leptoquark couplings.
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Figure 11. Two-dimensional exclusion regions on the U; ~ (8,1,2/3) leptoquark left-handed
couplings derived from pp — £¢ and pp — ¢'¢' (red and blue contours), and pp — &0 (gray
contours), with ¢ # ¢'. All contours are depicted at 20.

In the following, we set 95% exclusion limits on leptoquark couplings using data from
both LFV and lepton flavor conserving tails to highlight their complementarity. For con-
creteness, we consider the Uy ~ (3,1,2/3) vector leptoquark with mass my, = 2TeV and
couplings to left-handed currents,

Ly, O [21)ia U @ivula + hec. . (4.12)

We assume that U; couples exclusively to the third-generation quarks, with nonzero cou-
plings [2]3, and [2%]35 and o < B. The results for the two-parameter limits are shown in
the coupling planes given in figure 11. There, the blue and red regions corresponds to the
excluded region from lepton flavor conserving searches, while the region in gray corresponds
to the excluded region from the LF'V searches. One can see that for this particular example
the LF'V searches can probe regions of parameter space that are not covered by the lepton
flavor conserving modes. This complementarity can be understood from the inequality,

2

2 |[atlia [21135] < [letia] , (4.13)

+|12f1is

where the left-hand side is the combination of couplings entering pp — £,fg, whereas the
right-hand side can be bounded by lepton flavor conserving searches.

5 Combining flavor and LHC constraints: a case study

In this section, we illustrate the relevance of our results by combining the high-pr con-
straints derived in section 4 with the ones obtained from flavor and electroweak observables.
The New Physics scenarios that can accommodate the hints of Lepton Flavor Universality
(LFU) violation in charged-current B-meson decays will be considered as an example. This
study case will be illustrative of the potential of high-pr physics to probe flavor physics
operators, since the explanations of these discrepancies require relatively low values of
the New Physics scale, in the few TeV range, where LHC constraints are known to be
useful [25, 36—40].
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5.1 LFU violation in b — cfv

We start by reminding the reader of the status of LFU tests in the b — ¢fv transition and
the EFT description of these observables. The deviations from LFU in charged currents
B-decays have been observed in the ratios defined by [12-19],%

B(B — DWrv)

BB~ D) |,

Rpe) = (5.1)

where light leptons ¢ € {e, u} are averaged in the denominator. The current experimental
averages reported by HFLAV [105],

R7P =0.34(3), R7P =0.295(14) , (5.2)
appear to be systematically larger than the SM predictions [98, 105-107],

RO =0.294(4), RO =0.246(9), (5.3)
amounting to a combined discrepancy at the ~ 3¢ level [105].

Low-energy EFT. We assume that New Physics only contributes to b — c7v, i.e. leaving
the channels with electrons and muons unaffected, and we write the most general low-energy
effective Lagrangian for this transition with operators up to d = 6,

Lo = — 2V2GFVy [(1 + Cv,) (€Lvubr) (Tryvuvr) + Cvi (CrRYuOR) (TLYuvL) (5.4)
+ CSL (ERbL) (7_—RVL) + CSR (ELbR) (7_—R1/L) + Cr (ERU'LWI)L) (?RUMVI/L)] + h.c.,

where C; = C;() denotes the effective coefficients, defined at the scale y = my, and flavor
indices are omitted. Many studies have determined the allowed values of the couplings
C; = Ci(n), at the scale u = myp, by using the ratios Rp and Rp-«, see e.g. [108-111] and
references therein. The results from ref. [111] will be considered in this paper.

In addition to the ratios Rj), an important constraint on Cp = Cg, — Cg, can
be derived from the B.-meson lifetime [112, 113]. Even though the B, — 7v branching
fraction has not yet been measured, it is clear that the corresponding partial decay width
should not saturate the value of I'g_ determined experimentally [102]. In the following, we
conservatively require that B(B. — 7v) < 30%, which forbids the possibility of addressing
both Rp and Rp- with only the Cg, . coefficients [112].

SMEFT description. In order to consistently explore the implications of the Ry
anomalies at high-pr, the low-energy effective Lagrangian (5.4) must be replaced by the
SMEFT Lagrangian. This comes with many important features, such as the correlations
among different transitions that can arise from SU(2); gauge invariance, which relates
e.g. modes with neutrinos and charged leptons [114]. Moreover, the Yukawa and elec-
troweak running effects can induce sizable mixing among operators [115-117].

*0Gimilar LFU tests have been performed by LHCb in the B. — J/fv [103] and Ay — Acfv [104]
channels, but with sizable experimental uncertainties. Currently, these observables have a minor impact in
the b — crv fit.
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Firstly, the low-energy effective coefficients defined in eq. (5.4) must be evolved from
the scale 4 = my up to 4 = Uew by using the renormalization group equations which
are given e.g. in ref. [118]. The tree-level matching to the SMEFT Lagrangian at fiey

then reads,
Vai (1(3) (3) (3)
CVL = _E Z Va3 ([Clq ]331'3 + [CHq} — i3 [C ]33) ) (5'5)
’U2 1 3
Cvp = W@[ ol 93 (5.6)
U2 1 (1) 7=
CSL = _W@ [Clequ] 3332 (57)
02
Vl *
CSR = 2A2 Z 2 ledq 3334 7 (58)
v 1 @) g
Cr= T OA2 Vs [Clequ] 3332 (5.9)

where the scale pey is implicit in both sides of the above equations. The operator Op,g
gives rise to lepton-flavor universal contributions, thus being irrelevant for R .). Moreover,

the operator o\ l) is tightly constrained at tree-level by the Z- and W-pole observables [71].

From eq. (5.7), we conclude that the possible New Physics explanations of R

3 3
l(q ) ’ Ol(e(3u7 Ol(e;w

flavor indices. The mediators that can induce these operators via tree-level exchange
are known [119]. They can be a scalar ® ~ (1,2,1/2) or vector W' ~ (1,3,0) color-
singlet, or a scalar/vector leptoquark state [55, 56]. The scalar doublet ® is excluded

must involve a combination of the operators {O Oledq} with appropriate

from the constraints derived from the B, lifetime [112], whereas the vector triplet W’
is tightly constrained by pp — 77 at high-pr and by AF = 2 processes [120, 121].
Therefore, if we assume that a single mediator is behind the R ) anomalies, this me-
diator must necessarily be a leptoquark. Among these mediators, only three are capable
of explaining R(gg) > RSDl\({) while being consistent with other existing bounds: (i) the
vector Uy ~ (3,1,2/3), and the scalars (ii) S1 ~ (3,1,1/3) and (iii) R2 ~ (3,2,7/6),
see [111, 121, 122] and references therein.

5.2 From EFT to concrete scenarios

The viable leptoquark scenarios mentioned above predict specific combinations of effective
semileptonic operators, as shown in table 4. In order to successfully explain the b —
ctv anomalies, the flavor pattern of the effective coefficients must couple exclusively, or
predominantly to the second and third generation of quarks and leptons. The most relevant
operators, at the matching scale A, in each of these scenarios read

. 1) _n3) (1) (3)

U [Clq ]3323 - [Clq }3323’ [Clq ]3333 [Cq ]3333’ [Creda] 3333 " (5.10)
. 1) (3) (1) (3)

S [Cq ]3333 [Cq ]33337 [Clequ]3332 —4 [Clequ] 3332 ° (5-11)
. 1) (3)

Ry - [Clequ] 3332 =4 [Clequ]3332 : (5'12)
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Field S Ry U1

Quantum Numbers (3,1,1/3) (3,2,7/6) (3,1,2/3)
[Credq)apij - - 2tz (218
Cla) oy slflloflis  —3lislud) :

Cln) yy  —EHalfs —Elslud -
[CeU]aﬁij %[yﬂjﬁ[yﬂfa - -
[Ced] aBij - - —[217] iB [xﬂ;a
[Cou)apij - — 55 liplysTia -
[Caelijap - —3[v5is[Y3 50 -
€] o iyt lialtlis - —sletlislet Lo
(IS (A TgIT - —3leFlislatl;

Table 4. Matching of the leptoquarks to the semileptonic operators in the Warsaw basis [43]. In
the matching conditions we have set A = mrq.

These operators contribute not only to the b — crv transition, but also to many other
precision observables that we briefly describe below:

e B — K®yp: The b — svv transition provides stringent constraints on operators
with left-handed leptons [123]. The observables based on this transition are particu-
larly relevant to probe couplings to 7-leptons, which are difficult to assess otherwise.
The low-energy effective Lagrangian describing the b — svv transition can be writ-

ten as,
phzaw _ AGFy y Qem {{C1las [O1lag + [Crlap [ORlag} + hoc (5.13)
eff \/é tb Vs A > af af Rlas Rlap .C., .
with
[OLlap = (527"01) (VLavuvis) s [Orlag = (SrRY"0R)(VLaVuvLs) - (5.14)

The SM contributions are lepton-flavor conserving and they are given by the co-
efficient C?™ = —13.6(1.2), which includes NLO QCD corrections [124-126] and
two-loop electroweak contributions [127]. The low-energy Wilson coefficients can be
matched to the semileptonic SMEFT operators at u = plew,

27 v? _ _

_ SM (1-3) (1-3)

(Clas =0 O + i 1 (16 apns — 9as(Chig Nys) » (5:15)
27 v?

[CR]OC/B == mﬁ ([Cld] a,823 - 5046 [CHd] 23) . (516)
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These effective coefficients can be evolved up to the scale A by using the one-loop
anomalous dimensions computed in refs. [115-117]. The B — K™ uvw branching
fractions can be easily computed in terms of the coefficients defined in eq. (5.13) [123].
The most stringent experimental limits are given by B(B* — K*vi) < 1.6x107° and
B(BY — K*%vp) < 2.7 x 1075 [128-130], which lie just above the SM predictions,
namely B(BT — Ktvi)>™ = 4.9(4) x 1076 and B(B® — K*%vp)SM = 1.00(9) x
1076 [98].

e W- and Z-pole observables: The precise determinations of the W- and Z-couplings
at LEP and the LHC can be used to constrain semileptonic interactions at loop
level [131-133]. The SMEFT operators describing modifications of the Z and W
leptonic couplings up to d = 6 read

= - g _
(OG5 = H'D uH)lar"ls,  [Onel 5= (H'D ,H)ear"es (5.17)
0)].5 = (HI DLH) A7l (5.18)

1)
lq
ators at one loop [115-117]. In particular, these effects can be sizable for semileptonic

Chirality-conserving semileptonic operators such as O, ’ and (’)l(f;) mix into these oper-
couplings to the top quark. We account for these contributions by using a leading-
logarithmic approximation and we consider the recent fit to the W- and Z-couplings
from ref. [71].

e H — 77: Measurements of the Higgs Yukawa coupling to 7-leptons at the LHC can
also provide a useful constraint on specific semileptonic operators at one loop. This

is the case for the chirality-breaking operators o

lequ and Ojeqq, since they mix at one

loop with the following operator,
[Ocn],y = (H'H)loHeg, (5.19)

which induces a shift in the SM value of the 7-lepton Yukawa after the electroweak-
symmetry breaking. This contribution is particularly relevant if the semileptonic
operators couple with third-generation quarks, due to the chirality-enhancement in-
duced via the Yukawa (i.e. o« my/m;) [134]. The latest PDG average for the H — 77
signal strength reads [102],

o(pp— h)-B(H — 77)
o(pp — h)sm - B(H — 77)sm

exp _

Hrr =

= 1.15791¢, (5.20)

which is used to constrain the relevant operators at one loop, with a leading-logarithm
approximation, and assuming that the Higgs production cross-section at the LHC is
unaffected by New Physics.

The observables discussed above will be incorporated in a future release of HighPT, along
with numerous other low-energy observables, in order to provide a complete likelihood for
flavor physics [98].
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5.3 Numerical results

In this section we combine the LHC constraints derived in section 4 with the flavor and
electroweak precision observables discussed above. To illustrate the main features of the
HighPT package, which provides constraints for both EFT and concrete model scenarios, we
perform a two-step analysis. In a first step, we will consider the minimal set of SMEFT op-
erators that can accommodate Ry in the viable scenarios described in egs. (5.10)—(5.12).
In a second step, we directly consider the leptoquark models that predict these Wilson
coefficients, including their propagation effects in the LHC observables. The comparison of
the results obtained for the EFTs and the concrete models will allow us to directly assess
the validity of the EFT approach for the high-pr observables that we have considered. Us-
ing the leptoquark models will also allow us to correlate the effective coefficients entering
flavor processes in different sectors, as shown in table 4.

EFT approach. Starting with the EFT scenarios inspired by the viable leptoquarks,
1) _ 3
lq — Clq ’
vector leptoquark U; with purely left-handed couplings, see table 4.2 In the top left panel

we consider the effective coefficients C which are predicted at tree level by the
of figure 12, we show the allowed Wilson coefficients with flavor indices that contribute
directly to the b — c7v transition. The flavor constraints in this case are dominated by
Ry (blue region), which are combined with electroweak (gray) and LHC constraints
(red). In this case, the LHC constraints are dominated by pp — 77, whereas pp — 7v
gives weaker bounds. From figure 12, we see that low- and high-energy observables are
complementary, and the synergy of the different searches is fundamental to restrict the
allowed region of the effective coefficients.

In a similar way, the scenario with Cl(jq)u =—4 Cl(jgu and Cl(q1 [ l(j ) is considered in
figure 12(b). This pattern of effective coefficients is predicted by the S leptoquark at tree
level [122, 137-141]. For simplicity, we assume real couplings and focus on the flavor indices
3332 and 3333 for the scalar/tensor and vector operators, respectively.?? In this case, we
find that the most relevant constraints arise from flavor observables, which are once again
dominated by R, and from electroweak observables. In particular, the latter prevent
an explanation of the b — c7v anomalies via only left-handed couplings in this scenario.
Note, also, that LHC constraints turn out to be practically irrelevant, at the EFT level,
since the contributions to pp — 77 are CKM suppressed for the scalar/tensor operators,
and absent for the particular combination of Cl(l) and € under examination.

!

The last scenario we consider is Cl(e1 q)u = 4Cl(e w Whichqis predicted by the Ry leptoquark.
The corresponding constraints are shown in figure 12(c) for the flavor indices entering the
b — c7v transition, with the same color code as before. This scenario is peculiar since purely
real effective coefficients would induce contributions to Rp and Rp+ with different signs,
which are incompatible with current data [122, 137, 142-145]. In other words, an imaginary

part of the scalar/tensor coefficients is needed to simultaneously explain the deviations

2INotice that the presence of right-handed U; couplings is also allowed by current constraints, which
would predict a different pattern of low- and high-energy observables [135, 136].

22Note that the effective coefficients Cl(ql) = —Cl(;) with flavor indices 3323 also contribute to R «), but
these effective coefficients are subject to stringent constraints from B — Kvb.
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Figure 12. Constraints on the SMEFT coefficients from flavor-physics (blue region), electroweak-
precision (gray) and high-py LHC observables (red). The combined fit is shown in green. For each
type of observables, we show the 1o (20) regions with darker (lighter) colors. The dashed (dotted)
red line indicates the projection of the 1o (20) region for an integrated luminosity of 3 ab=!. Three
effective scenarios are considered which are motivated by different leptoquark models, as explained
in the text. The EFT cutoff is set to A = 2TeV and the minimum values for the combined x? in
our fits are given by x2.. = 28.3(a), 29.5 (b), 78.0 (c).

observed in Rp and Rp~, as shown in figure 12. Electroweak and Higgs constraints are
not shown in this plot since they turn out to be weak in comparison to flavor bounds at
the EFT level. LHC constraints are dominated by pp — 7v and they appear to probe a
small portion of the favored flavor-region. However, this conclusion should be taken with
caution since the propagation effects of the leptoquark have a non-negligible effects in the
LHC observables, as will be shown in the following.
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Concrete models. From the EFT examples discussed above, it is clear that the Drell-
Yan tails provide complementary information to low-energy observables, being particu-
larly useful to single out the viable solutions of the R ) anomalies. However, there are
limitations of the EFT approach that must be kept in mind. First of all, there can be
non-negligible corrections to the EFT description of the LHC observables if the EFT cutoff
A is not sufficiently larger than the partonic center-of-mass energy. Moreover, there are
correlations among low- and high-energy observables that are only manifest within the
concrete models.

The constraints on the concrete models are shown in figure 13 for the leptoquarks U
(upper left), Sy (upper right) and Rs (bottom), with the leptoquark masses fixed to 2 TeV,
in agreement with current constraints from leptoquark pair-production at the LHC [111].
For each scenario, a minimal set of two Yukawa couplings has been chosen to induce the
SMEFT operators needed to explain Ry in figure 12. The leptoquark Lagrangians are
defined in table 2, with their tree-level matching to the SMEFT given in table 4.

From figure 13 we see that the three models are viable explanations of R ) and we
confirm that there is a complementarity of the low- and high-energy constraints. The
high-pr constraints turn out to be slightly relaxed in all cases in comparison to the EFT
computation, due to the propagation effects of the leptoquarks,

1 1 2t
~(1+m2+...>, t e (=s,0), (5.21)

(t—m2)? ~ mt

where m denotes the leptoquark mass and we assume without loss of generality that the
leptoquark is exchanged in the t-channel. The first power-correction on t/m? comes with
a relative negative sign which reduces the cross-section estimated with the EFT [39, 40].

Going from the EFT description to concrete models also allows us to obtain additional
constraints arising from the correlation of the different SMEFT operators. An example is
given by the electroweak constraints for the Re model in figure 13(c), which are not present
for the minimal set of EFT operators contributing to the charged currents in figure 12(c).
This correlation is also the reason why LHC constraints seem to be weak in figure 12(b),
but become relevant for the full S; models in figure 13(b).

6 Summary and outlook

In this paper, we have explored New Physics effects in semileptonic transition using the
high-energy tails of the monolepton and dilepton searches at the LHC. We introduced a
general parametrization of the Drell-Yan scattering amplitudes in terms of form-factors
describing generic New Physics at tree level, such as EFT contributions or new (bosonic)
propagating degrees of freedom with O(1 TeV) masses. For the SMEFT, this allowed us to
systematically include the leading O(1/A%) corrections to the pp — ¢ and pp — (v differ-
ential cross-sections. These corrections come from the New Physics squared contributions
generated by the d = 6 quark/lepton dipoles and semileptonic four-fermion operators, and
from the SM-interfering terms generated by the dimension-8 operators with four fermions
and two derivatives.
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Figure 13. Bounds on the leptoquark couplings from low-energy (blue), electroweak pole (gray)
and high-pr LHC (red) observables. The combined fit is shown in green. For every bound we show
the 1o and 20 regions. The dashed (dotted) red line indicates the projection of the lo (20) region
for an integrated luminosity of 3 ab~!. The leptoquark masses are set to A = 2 TeV. The minimum
values for the combined y? in our fits are given by x2.; = 26.4(a), 30.0(b), 38.6 (c).

We provided, for the first time, the complete high-pr Drell-Yan likelihood for the full
set of relevant d < 8 SMEFT operators with arbitrary flavor indices. This was achieved
by recasting the most recent run-II data-sets by ATLAS and CMS in the monolepton
(ev, pv, Tv) and dilepton (ee, pu, 77, eu, er, ur) production channels as shown in ta-
ble 3. These results are compiled in the Mathematica package HighPT, developed as a
tool to facilitate phenomenological studies of New Physics flavor models at high-pp [48].
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Furthermore, we derived single-parameter limits on the Wilson coefficients for the dipole
and semileptonic four-fermion operators with any possible flavor combination. We also
extracted two-parameter limits for specific vector operators, where we analyzed the effects
of a non-diagonal CKM matrix with different quark-flavor alignments. These results are
intended to be the initial steps towards a global analysis of the semileptonic sector of the
SMEFT including all three fermion generations, where the goal is to combine LHC data
from high-pr tails with complementary experimental probes such as electroweak precision
tests and flavor observables [98].

With the aim of providing a more complete EFT analysis, we also looked into the lim-
itations of the SMEFT description of the Drell-Yan tails at the LHC. For different quark
flavors, we assessed for several four-fermion operators the impact of a quadratic truncation
of the EFT expansion at O(1/A*) and confronted it to the linear truncation at O(1/A?).
We found in most instances that the New Physics squared corrections are too large to be
neglected, and in the case of heavy-flavor initial quarks these corrections completely drive
the limits even when disposing of the last experimental bins of the differential distribu-
tions. We explicitly checked this feature using the jack-knife and clipping procedures for
specific examples [99, 100]. Furthermore, following previous work in the literature [44, 46],
we estimated the relative contributions at O(1/A*) between dimension-6 and (the often
neglected) dimension-8 operators. In this case we explicitly showed that the precision of
the measurements in the tails of the dilepton and monoleptons distributions (for all three
lepton generations) are only sensitive to dimension-8 effects if: (i) the initial states are first
generation valence quarks and (ii) the dimension-8 Wilson coefficients are uncorrelated
from the dimension-6 ones. This last requirement, however, may only be possible in fairly
complicated ultraviolet setups.

In addition to the SMEFT, we also computed the LHC likelihoods for all possible
leptoquark mediators contributing non-resonantly to Drell-Yan production via ¢/u-channel
exchange. These can also be found in HighPT in full generality for each leptoquark state.
We derived single-parameter constraints on each leptoquark with arbitrary couplings, and
two-parameter limits to illustrate the interplay between bounds from lepton flavor con-
serving and LFV Drell-Yan production modes. Finally, as a highlight of our results, we
considered the example of LE'U tests in B-meson decays based on the b — cfv transition,
showing that the LHC limits are complementary to low-energy data and to electroweak
precision measurements, for the main scenarios aiming to accommodate the observed dis-
crepancies in low-energy data. This analysis has been performed within the SMEFT, but
also within viable leptoquark scenarios, including the leptoquark propagation effects in the
LHC observables which are more accurate than naively recasting the EFT results.

Our study leaves room for a few improvements needed to fully exploit the poten-
tial of LHC data to constrain flavor-physics scenarios. These include the incorporation
of electroweak and QCD corrections to the LHC observables for the SMEFT [146, 147]
and leptoquark models [148], and the joint determination of quark PDFs and the BSM
couplings [149], which would increase the accuracy of our constraints. The measurement
of double differential-distributions is also a direction to be explored, as it could provide a
useful handle to increase the sensitivity of Drell-Yan searches to New Physics effects [150].
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These improvements and directions are foreseen in the future, in addition to a complete
model-independent combination of our Drell-Yan constraints with electroweak and low-
energy flavor data [98].
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A Validation of LHC recast

The constraints presented in this work are based on recasts of the ATLAS and CMS
searches listed in table 3. To validate our recasts with the experimental searches, we
simulated the Drell-Yan process for the New Physics models considered using our simulation
pipeline discussed in section 4.1. We provide the information on the quality of our recast
in table 5. The second column should be interpreted as the acceptance times efficiency
(A x €) obtained in our recasts divided by values provided in the CMS and ATLAS papers
for the specific benchmark New Physics models listed in the third column. We find an
overall good agreement, except for the er, ur and 77 channels in which deviations are up
to O(1). Note, in particular, that for these channels the main limitation of our recasts is
the 7-tagging efficiencies which are flat in py and 7. This could be improved in the future
by going beyond the default settings of Delphes.

B Notation and conventions

We consider the same notation of refs. [115-117] for the operators in the Warsaw basis.
Quark and lepton doublets are denoted by ¢ and [, while up and down quarks and lepton
singlets are denoted by u, d and e, respectively. Our convention for the covariant derivative
is given by ,

D, =08, +ig Y B, +ig %W,{ +iga TAGH, (B.1)
where T4 = A\ /2 are the SU(3).. generators, 7/ are the Pauli matrices and Y denotes the
hypercharge. The Yukawa couplings are defined in the flavour basis as

— Ly =H'dYyq+ H aY,q+ H'eY.l +hec., (B.2)
where Yy (with f € {u,d,e}) denote the Yukawa matrices and flavor indices have been
omitted, H corresponds to the SM Higgs doublet with the conjugate field defined as

H = eH* and the SU(2) anti-symmetric tensor is defined as € = i72. We work in the basis
where Yy and Y, are diagonal matrices, while Y, contains the CKM matrix, V = Vokwu -

43 —



A X €]

Search Experiment Ref. recast Models
A X €l garen

pp— 7 ATLAS  [85] 33%-57% H (0.2,0.3, 0.4, 0.6, 1.0, 1.5, 2.0 and 2.5 TeV)
PP — [ij CMS [86] 93%—96% Z' (0.4, 0.6, 1.0, 1.5, 2.0 and 2.5 TeV)
pp—ee  CMS  [86] 58%—69% Z' (0.4, 0.6, 1.0, 1.5, 2.0 and 2.5 TeV)
pp— v ATLAS [87] 93%—167% W’ (1,2,3,4 and 5 TeV)
pp— pv ATLAS  [88] 127%—145% W' (2 and 7 TeV)
pp —ev  ATLAS  [88] 87%—100% W’ (2 and 7TeV)
pp — T CMS [89] 180% Z' (1.6 TeV)
pp — Te CMS [89] 150% Z' (1.6 TeV)
pp — e CMS [89] 97% Z' (1.6 TeV)

Table 5. Validation of our simulation of the New Physics signal used as a benchmark in the
experimental analysis. In the fourth column, we compare against the acceptance X efficiency
(A x €) provided by the experimental collaborations.

B.1 SMEFT conventions

For Hermitian semileptonic operators, we define the Hermitian conjugate C! of a Wilson
coefficients C that can be a two-tensor or four-tensor in quark/lepton flavor space as:

[CMap = [C]pa (B.3)
[CT]ij = [C" i (B.4)
[CMapis = [C pagi - (B.5)

These coefficients have a redundancy under the flavor index swappings a3 and/or i ¢ .
One can remove this redundancy by adopting the following convention: for Hermitian
Wilson coefficients with four flavor-indices, we fix the lepton indices to « < 3, which
also determines the ordering of the quark-flavor indices of the semileptonic four fermion
operators if o < . For the case a = § we adopt the ordering ¢ < j. For operators with
two indices, we also adopt the convention o < 3 and i < j.23

In order to keep expressions compact, it is useful to introduce the following notation for
the signed sums of Wilson coeflicients associated to operators with the same field content,
but different gauge/Lorentz structure:

cltitht) = @40 4ol 4 (B.6)
B.2 Form-factor rotations from the weak basis to the mass basis

In this appendix, we provide the rotations between the mass and weak basis for the
form-factors. Our expressions are given in terms of the matrices V,, and Vj;, which are the
left-handed rotations to the mass basis for up-type and down-type quarks, respectively.

Z3This choice agrees with the conventions adapted by WCxf [151] with the exception of the C' 4. operator
in the original Warsaw basis that we dub [Ceq] wBis ijoB
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The CKM matrix can then be expressed as V = V,IV;. These rotations read:

]_—‘)/(L,ud o Vu]_-‘)/(L,udVJ7 f;;LV,ud . f});[{/,udvc;r’ f});l‘%/,ud N Vu]_—l);}‘%/,ud’

Folbv s vErbvE, B = Bl (B.7)
XL,dd XL,dd XL,dd XL,dd

Fy — VaFy VdT’ Frav = Fraw VdT'

The matching relations of these form-factors to the SMEFT and to models with concrete
mediators are provided in the weak basis in appendix C and D, respectively. The rotation
to the down-aligned basis can be obtained from the above by setting V,, = V1 and V; =1,
while the up-aligned one with V,, = 1 and V; = V. The rotations for all the remaining
form-factors can be obtained via:

7] = (7] (B3
[P = [’ [Frr] = [Fes) (B9)
[Flbed] = [phia) [(FEmud] = [FEbd) (B.10)
[FRxud) - [Fpxa]t [(FEXud] = [pExat (B.11)
7] == 7B ) == 7 (B.12)
FEn) = [P [Ftae] = [FERe] (B.13)
FEe] == [F5e = e

C Form-factors in the SMEFT

C.1 Scalar and tensor form-factors

In this appendix, we provide the full matching between the form-factor coefficients and
the SMEFT Wilson coefficients. Notice that contributions coming from the redefinition of
input parameters are not included in the matching conditions below.

Neutral currents. The matching to the SMEFT Wilson coefficients depends on whether
the process is up-quark or down-quark initiated, w;u; — E;f; and Jidj — E;ﬁg. It is

given by:
2 2
RRuu U (1) RL,dd _ YV
]:S(0,0) - _Pclequ7 ]:S(0,0) - pcledw (C.1)
2
RR,uu __ v 3)
'FT (0,00 — _E lequ *

Charged currents. For the monolepton processes u;d; — ¢, vg (and their conjugates),
the matching reads:

FRE.du _ v? 1) FRLdu _ v2 c (©2)
S(0,0) — P lequ * 5(0,0) — F ledq » .

FRR.du v c®

T(0,0) — P lequ *
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C.2 Vector form-factors

Neutral currents w;u; — l;lg_. The matching of the coefficients ]-"‘)/(26 o) to the SMEFT

for up-quark initiated processes is given by:

.ﬁ%g—A¢%1$+WW¢S;3“+iﬁ%[%§$§“*ﬂﬁ%}%ﬁﬂ,
P G SO0+ U [ U g el ) o
Pt = Koo+ g3t o+ R0 o Ol kL] |
Rt = 5o ;j;c s + o (o€ + ol ]

The higher-order coefficients .7:‘)/% 0) and .7-"‘),(%6 1) are generated in the SMEFT at d = 8
from momentum-dependent contact operators in the class ©/*D?. These read:

4
Frio = 0 — Cl(zlirf)zs v, Froi = 2% Clape (C.4)
LR, uu (142) LR, uu vt (2)
fV (1,0) = A4 Cl2u2D2 9 fV (0’1) - 2F Cl2u2D2 5 (05)
4
Frio = A4 ‘e (SN Frgu = 2% CPape (C.6)
RR,uu (1+2) RR,uu vt (2)
PV = i O Fron =293 Conepe (C.7)

The matching of the pole residues to the SMEFT is given by:

2
LL,uu _ L »(1-3) (143) v mz (1+3) (1 3)
88t oMz 5 [gl Chn Y +gkey, }+ K Ch e

O (g (€ — 2B + 8 (S + 260,

m
+ 5 [ C(;H§D§+4) + LC(1_2+3_4)} )

2A4 12H2D3
S =~ 22 [ Ca+ R O] + L ey,
- ”TZ (o + 95 (C8hep + 2620
b T o e + gl e8]
55(1%, w_ A2Z {QIR Clgquzs) gl CHe} N vj\ﬂz% Cire C}gquzs)
- UZAWZZ {glR (6,1(211){4[) - 2(3(](22[)1,4,3) + 95662H4D:|
+ 2:4 lof s+ 9k Clpgins)
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2 2,2
RR m vTm
OSEy M = = 22Z |of Cu + 98 Chte| + — 12

{CHe Cru — 97 Cu2r1p — g Ce2H4D}

2
mj} 1-2 1-2 A (C8)
+ 27/\24 {glR 652;12)Da + 95 Ce(2};2)D3} .

Neutral currents Jidj — E;E;. For down-quark initiated processes the matching for

the leading coefficient ]-"‘),(26 0) is given by:

FLL,dd _ C(1+3) i 70(1+2+3+4) i Z [gzL Cq(lefgg 4)1 +g§ Cl(QlHQz;és 4)} , (C.9)

V(0,0) T A2 “lg N4 VI2q2H? A4
2 4 2,2
LR,dd _ Y vt L (142) |, VMG T o, (1-2)7 R »(1-243-4)
fv (0,0) — Fcld + W(jl2d2H2 + A4 [gl Cd2H2D3 + 9a Cl2H2D3 :| 5 (ClO)
2 4 2,2
RL,dd _ Y U s(42) | VTMZ [ R a(1-243-4)t L[ (1-2)
Fi60 = 73 Cac + i Copoorts + g5 |9 Charme ' +94 Coomapa| (C.11)
2 4 2,2
RR,dd _ U v v4m 1-9 1—9
IV = pced + AL Ceazmz + 2A4Z [glR Cd(gHQEg +gF Ce(gHziﬁ} : (C.12)

The higher order coefficients .7-“‘)/( 5 0) and .7:‘)/(26 1) read:

FLL,dd _ Uic(1+2+3+4) FLL,dd _ 2074 C(2+4) (C.13)
V(1,00 T A4 T12¢2D? ) V(0,1) T “ A4 TI2¢2D%> :
4 4
LR,dd _ Y (1+2) LR,dd _ oY (2)
]:V(I,O) - ﬁcﬂd'w? ) -7:\/ (0,1) — 2@ Cz2d2D2 ) (C'14)
4 4
RL,dd _ UV ,(1+2) RL,dd _ oV ,(2)
]:V(I,O) - ﬁcq%?D? ) -7:\/ (0,1) — 2ﬁcq262D2 ) (C'15)
4 4
RR,dd _ UV ,(1+2) RR,dd _ oV ,(2)
]:V(l,o) - ﬁceﬂd?m ) ]:V (0,1) — 2F6e2d2D2 ) (C'16)
and the pole residues are given by:
2 2,2
5S(LZL)’dd _ 2% [QZL C}({1q+3) + 95 01(11z+3)} n vﬁzcéllw)cg;a)
vaQ
— a2 9 (Cporap + 2 i) + 98 (Chgap +2Ci3ap) |
4
My [ [ ,(1-2+3—4) L »(1—2+3—4)
+ A4 {gl Cq2H2D3 + 94 Cl2H2D3 } )
m2 v2m2
0S( " = =257 (o Cua+ g €l ™| + T2 CH ™ Ca

v’m3 1 2
A4Z [glLCd?H4D +94 (Cl(zfzrm + QClgf)Iw”

4
m 1-2 1-2+3-4
+Z |:glLCd(2H2)D3 +gfcl(2H2D3 )} )

oAl
0S " = - QTZEZ ot cyt® + gk cue| + ”171% Cre CEY
B UQATTZ [glR (Cq(Qll)LI‘*D + 2Cq(221){4p> + 9§Ce2H4D}
TG [l 4 gheitha]
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m2 v2m2
58(1%1){ dd _ 2A—QZ [glR CHa + gf CH@} + TZ [CHe CHa — ngdsz — gfce2H4D}
(C.17)

my (1-2) (1-2)
WLW { Cd2H2D3 + 9q Ce2H2D3] .
Charged-currents u;d; — £_Ug. The matching of the leading form-factor coefficients

LL(LR) . .
Fv (é,o) ) is given by

4
(F] i 2% [lez?’)]amj + % ([CZ(SQQHQL i Hill=0y) [y ﬁij) +

2 4
g~ v (3) 41 31t (4)
- ?w [(CZQHQDs - C[2H2D3> ]1 + (C 2H2D3 T CqQHQDB) ﬂl}aﬁij .
(C.18)
Notice that the d = 8 operator 01(2 )2H = K (Iyr711) (qy, " q) (H T8 H) only contributes

to flavor violating processes and therefore does not enter into neutral currents, but does
affect charged currents like e.g. us — (*v at order O(1/A*). The effects of this operator
are small because they only interfere with CKM suppressed transitions in the SM. For the
higher order regular coefficients we obtain the following matching to the SMEFT:

4
LL,ud (3+4) LL,ud _ (4)
fV(LO) A4 Cl2 2D2 > J V(0,1) = A4 Cl2 2p2 - (Clg)

The matching of the pole residues is given by:

2,2
LL,ud g v 3 3
0S8k :?7[@({”1 +c(>1}+5FC§I}Tc§I;

2
v? (27 —3T+4) 2—344f
+57 { l2H4D+ 1 +Cq(2H4Z; )]ll]

[

g 3 4 3 4
5 2A4 [(61(2]37203 - 61(212[2D3> 1q + (Cq(zl){TzDs - 6(21)'{2D3> ]ll] , (C.20)

LR,ud __ g v?
Sy = 1A Crud 11,

LL,du LL,ud LR,du _ s oLR,udt
and 381" = 68" and 0S[H ™ = 685 .

C.3 Dipole form-factors

Neutral currents. The matching conditions for the Z boson and photon pole coefficients

are give by:
Spitss = spk = \@quXZ(SWCEW—cwCeB)]lq, (C.21)
SER = SE = V2eQ, (swcgw cuClp) g, (2
SpicH = Skt = V2 gR/L (cheW+SwCeB)]lq, (C.23)
Spidl = Sph = V2 gR/L (cwcTWJrswcTB) 1, (C.24)
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2
v
SRR(i()j gR(id V2eQe 75 A2 (swCaw — cwCap) Lo, (C.25)

Spidl = Spiis = —v2 eQe ( suwCliyy — cj,B) 1, (C.26)
SpRI = Spfod = agUt Ai (cwCaw + swCap) Le, (C.27)
Shlas = sphit = —vagllt = (cwcj,w + 5uChp) 1 (C.28)
Spi = splt = —ﬂeQeAZ ($wCuw + CwCuB) 1¢, (C.29)
Sprin = Spri = v2eQe AZ (swciw + cwclB) 1, (C.30)
SgR(% _ SLR uu _ \[gR/L A2 (CuCuttr — $uCus) 1e (C.31)
Spki = Sphin = V2gU" X? (cuCliy = suClp) e (C.32)

Charged currents. The W boson pole coefficients read:

[ 2 m 7)2
SRL( d ng2 eW]lq, ng(’g[/ = —\/inglW]lq, (033)
LR,ud LL, du
Spiin = —ﬁgﬁcdwllg, Sp, =V2g AQCdeg, (C.34)
2
LRdu v LL ud
SDq W) — —\@gpcuwllz, \[gAQ ww e - (0'35)

D Form-factors in concrete UV models

We now give the matching relations to the pole form-factors for the tree-level mediators
collected in table 2. The poles below are defined in terms of the mass and width of each

2

mediator as ; = m; —im;L;.

D.1 Scalar form-factors

Neutral-currents u;u; — K;K;.

4 u 4 u * *
i { LL,uu] _ KH]aﬂ [gHL] n [gA]aﬁ[ AL’j _ %[y%]zﬁ[yf]]a + %[yf]]ﬁ[yﬁ]wz (D 1)
02 S, Poles N §—Qp §—Qu tA_QR(SB) ’l]—QSl ’ .
2
02 S, Poles aBij §—Qp §—Q4y ’ .

Neutral-currents Jidj — E;K;.

i [ LL,dd} _ [{f{]aﬁ [glcrl{]w 4 Kg]aﬂ [glfjl]zg (D 3)
02 S, Poles aBij 5 — QH 5 — QA ’ .
1 [ LR,dd} _ [fg]aﬁ [f(li{]ij _ [Sg]aﬁ [é-gl]ij B 2@%]2‘13[37{%]% 4 ﬂxﬂfa[xﬂjﬁ (D.4)
2 S, Poles aBij §—Qp §—Qy t— QUl U — QV(4/3> . .
2
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Charged-currents u;d; — £_ Ug.

D.2

* q * *
i { LL,ud} . [§H+]5a [gHLJr]Z] + %[y%/]iﬁ[yg]ja %[y%]Jﬁ[y{%]za
v2 S, Poles aﬁij §— QHf t— QR(z/s) a— Qsl
2
* q ; * j *
i [ LR, ud} _ [£H+],Ba [glﬁr]@'j B 2 [xL]Z/B[xﬂja T 2 [x%]jﬂ[szR]ia
v2 L7 S Poles] ;5 58— Q- t—Qu, =8 a3
* q ~ ~L71*
1 [ RLud] _ [£H+]ﬂa [£HL+]ZJ B 2 [xﬂga[xﬂ i3 [xQR]Jﬁ[x%]za
p2 |7 S, Poles| g 5—Qp- t—Qp, (e Q‘7<1/3> ’
2
i [ RR, ud} _ [€H+]Ba [5 ] ij i % [gQR]zﬁ[g§];a % [g{%]]ﬁ[yﬂja
p2 L7 S Poles] g, ™ §—Qp- t— Qﬁ(z/g) o —Qg,
2
Vector form-factors
Neutral-currents w;u; — E;Eg_.
1 ) - 9)asloll;  [98laslodliy | 2[@5]igles]
02 V, Poles afij g — QZ’ 5 — QW’ 95)3/3)
17, L L%
s [Elslysli. 3 lurlslyilia
’[l QS(I/B) ﬁ - QSl ’
1 Lx ~ ~
i { LR,uu} _ [gll]oéﬁ[gﬂi' + §[ ]zﬂ[y2 ]ja [xé/]l:@[xé]ja
02 V, Poles aBij s — QZ’ f QR(5/3) o — Q~(1/3) )
2
1 *
i { RL,uu} _ [gf]ag[g(ﬂij 4 2 [yg]ZB[yéﬂja . [xg]JB[xg]za
02 V, Poles aBij 5 — QZ’ f_ QR<5/3) U — QV2(1/3) )
2
~R ~R* *
1 { RR,uu} _ [97)aslg1]ij n [21 ]iﬂ[fUl ]jcx B %[yﬁ]jﬁ[yﬂm
02 V, Poles afij s — QZ’ tA_ Qﬁl iU — QSl .
Neutral currents Jidj — E;E;.
1 [ LL,dd}  9h]aplodlis N g8asledli; | letlislef]}a
02 V, Poles a,sz §—Qy 5§ — Qur f— QUl
N [25)islo8 e [Whislyi )i
t— QU§2/3) — Q5(4/3) ’
1 *
1 {}-LR dd} _ l9tlasloflis L2 [?/2]zﬁ[yz o [2]8l8]s,
02 V Poles aBij 5 — QZ’ — Q§(2/3) - QV(4/3) 3
2
11, R R*
i { RL,dd} _ [gﬂag[gf]z‘j + §[y2 ]iﬁ[y2 ]ja _ [ ]Jﬁ[‘rQ]m
02 V, Poles aBij 5 — QZ’ f_ QR(2/3> u— ) (4/3> )
2
1 [ RR, dd} _ lyflaslofis [etlisletTia | 3 015800
02 V, Poles aBij 5 — QZ’ tA_ QUl U — le
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Charged-currents u;d; — £_ Ug.

i [ LL,ud} _ 2 [gé]aﬁ[gg]ij i [xﬂiﬁ[xﬂ;a _ [xg}iﬁ[x:ﬂ;a
p2 |7 ViPoles] g5 §— Qu t— Qu, t— QU(2/3)
3
N 3 Wilislyllia” 5 [WElslyslia”
’ll - Qsl ﬁ —_ QS§1/3)
1 1 LR, ud
02 [ V,Poles}aﬁij =0,
1 1 _RL, ud
02 [ V,Poles}aﬁlj =0,
~ ~— R1*x [=R — *
i [FRR,ud} _ [gi]aﬁ[gg]ij n [z] ]ja[xl ]z‘ﬂ B %[yfz]jﬁ[ymm
02 |7V, Poles| 5 -0z t—Qu, a-Qs

D.3 Tensor form-factors

Neutral-currents u;u; — E;E;.

1 [ LL,uu} _ swHlislilie” s ilislyflia”
v2 T, Poles aBij F_ QR(5/3) o — Qsl .
2

Charged-currents u;d; — £_Ug.

1 *
1 { LL,ud} _ 8 [y%]ig[yf]ja + %[yf]]ﬂ[y{%]ia
U2 T, Poles Olﬁl] i:_ QR(2/3) a _ QSl 9
2
1 [~R]. ~Lx _ ¥
1 { RR,ud] _ 8 9218195 ]} _ %[yﬂjﬁ[yﬂm
o2 [T Poles | g, i — Qzera) a—Qs,
2

E Form-factors in the vSMEFT

(D.17)

(D.18)

(D.19)

(D.20)

(D.21)

(D.22)

(D.23)

The matching of the form-factors with dimension-6 operators involving light right-handed

neutrinos read:

2

f‘f](%’jff)l = % CeNud ;
2

Féo) = — 3 Civaa
2

'7:7}?%,%? = _% sz\g}qw

F Semileptonic SMEFT operators

The SMEFT operators of dimension d = 6 [43] and d = 8 [70] that are relevant to our

study are defined in table 6, and tables 7 and 8, respectively.
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d=6 (U pp — L pp — v

Ol (Ta"15)(@705) v -
o ('l @ra) v
O (la"18) (@ivuuy) v -
Oua (lay"16)(divud,) v -
Ocq (eav"es)(@Givug;) v -
Ocu (ea*es)(Uiyuuy) v -
Oed (ear"ep)(divud,) v -
Oledg + h.c. (laes)( l-qj) v v
o)+ he. (lnes)e(Giu;) v v
Ol(eq)u + h.c. (l_(,U“”eg)s(_iaWu]) v v
d=6 Y?*H?D pp— 0 pp— Ly
oY) (iaVHlB)(HTiﬁNH) v N
o5 (' l)HYDLE) v
Oty (g7"q;) (H'iD | H) v -
Ol (gr q) (iDL H) v v
e (eares)(HTi'D ,H) v -
Oru (u; fy“uj)(HTiﬁuH) v .
Ona (diy*d, )(HTiﬁHH) v -
Opud + h.c. (ﬁﬂ“d‘j)(HTiD,,H) - v
d=6 V2 XH + h.c. pp — 0 pp— L
Ouav  (lao™es) T HWL, v v
Ocn (lac""eg) HB,,, v —
Owv  (qo"™u;) TTHW], v v
Ous (@:0""u;) HB,, v -
Oaw  (qo*d;) TTHW], v v
Oup (Gio" d;)H By, v -

Table 6. SMEFT d = 6 operators that contribute to the processes pp — ¢ and pp — fv. Semilep-
tonic operators (1)*) are collected in the upper table, whereas Higgs-current (1)2H2D) and dipole
operators (?X H) appear in the middle and bottom tables, respectively. We use the operators in
the Warsaw basis [43], where we renamed the operator Oy to O, to conveniently have lepton-
before quark-flavor indices.

~52 -



d=38 YA H? pp — U pp — lv
Oz (a"15)(@va;) (HH) v -
O e (" T118) (@) (HT T H) v -
Oz s (o 716) Gy a;) (HT H) v v
sz (lar*1) (@i a;) (H VT H) v -
Oforag €M (L 1s) @y’ a;) (H ¥ H) - v
Ol(zlizH2 (a’Y”lﬁ)( z’Y#uJ)(HTH) v -
(91(221121{2 ( T lﬁ)( Ui YU J)(HTTIH) v -
O o (lay"1g) (diud;) (HTH) v -
O (Lo 1g)(diyudy)(H T H) v -
0% s e (Eavues)(@iv*q;) (HT ) v -
0% (Eavuep) (@ i) (HI T H) v -
Oezy2 2 (éawte,@)(ﬁi’}’u J)(HTH) v -
Oe2a2 2 (Eav"es)(div,d;) (HTH) v -

d=38 Y D? pp — L pp — v
Ofa) e D" (la7"1) D (@i77,u45) v -
ORape (7" D15)(@7 D vay) v -
Ot o D¥(lay"7!15) D (377" 05) 4 v
Ol e (1" D 15) @7, D Lay) v v
O, D (I 7’”6) v (Wivuuy) v -
OPape (" B¥1s) (7, B yuy) v -
O e D¥(l w"lﬁ) o(d m i) v
O o (T D¥15)(din, D o) v -
0% pe Dy (eavues) D" (77" ;) v -
O£§212D2 (€avu D vep) (@ D" q;) v -
0512132 D" (eav"es) Dy (iyuu;) v B
ngﬁjy (eav" D Veg)(uivu D vuy) v -
0% o DY (eay"es) Dy (divyud;) v -
0%, e (€ay" D "ep)(diy, D vd;) v -

Table 7. SMEFT d = 8 four-fermion operators that contribute to the processes pp — £¢ and

pp — L.

Oy

indices.

We use the ba51s deﬁned in ref. [7

0], where we relabeled the operators )

q%e

)2H2 and

to (’) 2 2 and (’)e 242 D2 respectively, to conveniently have lepton- before quark-flavor
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d= Y2H*D pp = U pp — lv

Ot i(lan*15)(HT'D ) (H'H) v -
o2 i(l‘ayuﬂzg)[(HT%’lH)(mH) (HTD HYHAH)] v v
o ., lTK (1, ’)/“Tllﬁ)(HTDJH)(HTTKH) - v
o, VK (1, yﬂT’zﬁ)(H*TL’H)(D H)rKH - v
OEep (G q) (H'D , H)(H'H) % -
0D i@ ) (H DL (H H) + (HYD  B)HITH) v
0% in iel VK (Giyirl ;) (HT DY H)(H 7K H) - v
O el (Giytr! g;) (HI 77/ H)(D, H) 75 H = v
Ouziip i(6artes)(HT D H)(H H) v -
Owrin i@y ;) (HT D H)(HTH) v -
O nip i(dind,) (H'D ) (HH) v -
d=38 W2H?D3 pp — L6 pp — lv

OWhaps  ila7*D¥1g) (D Dy H) H v -

Ofhpops  illay"D¥lg) HY (D Dy H) v -

O ops  illay" T DV1g) (D DyH) T H) v v

OB aps  illay" T D¥1g) Hi7! (D, D,y H) v v

O ans  i(€ar*D¥es) (DD, H) H) v -

O aps  i(éar"DVes) H (DD, H) v -

Oyeps i@ D¥q;) (DD H)TH v -

OByaps  i(G@y"D"qy) HN(D (D H) v -

0(52)1{2133 i(q; ’V“TIDV‘IJ) (D(u V)H)T 'H v v

Oyzps i@y T DV qy) Hir I(D(#DV)H) v v

O aps i@y D"u;) (D Dy H) H v -

Of?)H2D3 i(uy" D"uj) H ( D, H) v _

O s i(diy"DVdy) (DD V)H) H v -

O yzps  ildiy"Ddy) HY (D, D, H) v -

Table 8. SMEFT d = 8 two-fermion operators, in the basis of ref. [70], that contribute to the
processes pp — £f and pp — fv.

G LHC limits on SMEFT operators

We report in this appendix the high-pr limits derived on d = 6 semileptonic operators,
with all possible flavor indices, assuming a single coefficient at a time. These results are
reported at 95% CL for the 77, pup and ee channels in figures 14-16, and for the 7u, 7e and
pe ones in figures 17-19. Similar limits for the d = 6 quark- and lepton-dipole operators
are reported in figure 5.
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Figure 14. LHC constraints on semileptonic d = 6 Wilson coefficients with 77 flavor indices to
95% CL accuracy, where a single coefficient is turned on at a time. Quark-flavor indices are denoted
by ij and are specified on the left hand-side of each plot. All coefficients are assumed to be real and
contributions to the cross-section up to and including O(1/A*) are considered. The New Physics
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scale is chosen as A = 1 TeV.
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Figure 15. LHC constraints on semileptonic d = 6 Wilson coefficients with uu flavor indices to
95% CL accuracy, where a single coefficient is turned on at a time. See caption of figure 14.
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Figure 16. LHC constraints on semileptonic d = 6 Wilson coefficients with ee flavor indices to
95% CL accuracy, where a single coefficient is turned on at a time. See caption of figure 14. The
largest deviation from the SM observed is ~ 20.
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Figure 17. LHC constraints on ¥* semileptonic d = 6 Wilson coefficients with p7 flavor indices,
where a single coefficient is turned on at a time. See caption of figure 14.
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Figure 18. LHC constraints on 1* semileptonic d = 6 Wilson coefficients with er flavor indices,
where a single coefficient is turned on at a time. See caption of figure 14.
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Figure 19. LHC constraints on semileptonic d = 6 Wilson coefficients with ey flavor indices, where
a single coeflicient is turned on at a time. See caption of figure 14.
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