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We calculate total and differential cross sections for the pair production, at the Large Hadron Collider, of
exotic leptons that could emerge from models with vectorlike leptons and in type-III seesaw scenarios. Our
predictions include next-to-leading-order QCD corrections, and we subsequently match them with either
parton showers, or threshold resummation at the next-to-next-to-leading logarithmic accuracy. Our results
show an important increase of the cross sections relative to the leading-order predictions, exhibit a distortion
of the shapes for various differential distributions, and feature a significant reduction of the scale uncertainties.
Our predictions have been obtained from new FeynRules model implementations and associated Universal
FeynRules Output (UFO) model libraries. This completes the set of next-to-leading-order implementations of
new physics models featuring extra leptons that are publicly available on the FeynRules model database.
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I. INTRODUCTION

Several extensions of the Standard Model (SM) predict
the existence of new exotic heavy leptons. These arise in
particular in composite models [1-3], grand unified theo-
ries [4,5], supersymmetric models [6-8], left-right sym-
metric models [9-12], dark matter scenarios [13] or in
type 1 [14-21] and type-IIl [21,22] seesaw models. In
composite scenarios, the new physics particle spectrum
features vectorlike leptons (VLLs) transforming as electro-
weak SU(2), singlets or doublets. In contrast, in seesaw
and left-right models, neutrino masses are generated from
Yukawa interactions of new electroweak singlets or triplets
of fermions with the SM Higgs field and lepton weak
doublet. Consequently, searches for new heavy leptons
consist of an important component of the experimental
beyond the SM (BSM) search program at the Large Hadron
Collider (LHC).

The ATLAS and CMS collaborations have explored the
associated parameter spaces, both for promptly-decaying
[23-40] and long-lived [25,41] extra leptons, and for a
variety of mass ranges. Limits have been set on the mixing

“aabdulhameed @Ipthe. jussieu. fr
fuks@ Ipthe.jussieu.fr
*huasheng.shao @Ipthe.jussieu.fr
Sysimon @Ipthe.jussieu. fr

Published by the American Physical Society under the terms of
the Creative Commons Attribution 4.0 International license.
Further distribution of this work must maintain attribution to
the author(s) and the published article’s title, journal citation,
and DOI. Funded by SCOAP’.

2470-0010,/2023,/107(7)/075011(16)

075011-1

properties of long-lived heavy charge-neutral leptons for
masses of 3—15 GeV, while short-lived neutral and charged
leptons must have masses of at least about 950 GeV in
type-11I seesaw models (for branching ratios of 1 in the final
state considered). Moreover, in left-right models neutral
lepton masses must be larger than 3 TeV for Wy boson
masses smaller than 4-5 TeV, and indirect probes for heavy
neutrinos via vector-boson-fusion processes additionally
constrain masses ranging up to 20 TeV for large mixings
with the SM leptons and neutrinos. Finally, bounds on
VLLs strongly depend on their representation under the
electroweak symmetry group and on the VLL couplings to
SM leptons. For instance, whereas weak doublets of VLL
coupling to tau leptons are constrained to be heavier than
about 1 TeV [29], the limit drops in the 100-200 GeV range
in the singlet case [40]. On the other hand, LEP bounds on
light VLLs are still relevant, and they impose a lower limit
on the VLL mass. Such a limit lies in the 100 GeV range at
best, depending on the details of the model [42—45].
From the theoretical side, total and differential cross
section calculations for collider processes involving extra
neutrinos are known at next-to-leading order (NLO) in
QCD in a generic simplified model describing the dynam-
ics of the heavy neutrinos [46,47], for an effective left-
right-symmetric scenario [48] and for the production
of type III seesaw leptons [49]. In addition, NLO-QCD
predictions matched with threshold resummation at the
next-to-leading-logarithmic (NLL) accuracy [50-52] and
approximate next-to-next-to-leading-order cross section
matched with next-to-next-to-leading-logarithmic (NNLL)
threshold resummation [53] can also be obtained from
electroweakino pair-production processes in the minimal
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supersymmetric Standard Model, after decoupling all
supersymmetric states but the produced electroweakinos.
Beside differential and total rates, precision collider
simulations in which NLO calculations are matched with
parton showers (PS) are available for heavy neutrino
simplified models [46—48], as well as for VLL models
for well-defined mixings between the composite and the
SM sectors [54]. However, simulations for type-III seesaw
scenarios and generic composite VLL setups are only
available at leading order (LO) so far.

The goal of this paper is to fill this gap, and to report
about the development of two new publicly available
UFO [55] model libraries allowing for event generation
at the NLO + PS accuracy. Our implementation are suit-
able in particular to describe VLL and type-III seesaw
lepton production processes from computations achieved
by means of the precision Monte Carlo event generator
MadGraph5_aMC@NLO [56,57] (MG5aMC). Moreover, we take
the opportunity to update predictions for the total rates and
the invariant mass distributions of the BSM Drell-Yan-like
processes inherent to the models considered, and present
results at NLO in QCD matched with threshold resumma-
tion at NNLL, following the formalism of [58—60].

The rest of this paper is organized as follows. In Sec. I,
we introduce two effective theoretical frameworks suit-
able for our calculations, a first one dedicated to a
simplified VLL model and a second one to type-III
seesaw scenarios, and we report details about their
implementation. In Sec. III, we briefly describe the
formalism that we use to resum the large threshold
logarithms. In Sec. IV, we make use of the MG5aMC
platform to study the phenomenology of the two models
at the NLO + PS accuracy, as well as of an in-house
program to handle predictions at NLO + NNLL in the
strong coupling. We compute total rates for the produc-
tion of extra leptons (Sec. IVA), invariant-mass distri-
butions (Sec. IV B), and we additionally present for the
first time NLO 4 PS-accurate differential distributions
relevant for experimental searches for VLLs and type-III
seesaw fermions (Sec. IV C). We summarize our work
and conclude in Sec. V.

II. THEORETICAL MODELS AND THE
IMPLEMENTATIONS

In order to study the phenomenology of the considered
models, we construct two effective frameworks, one for
each of the models. We minimally extend the SM in terms
of fields and interactions, so that the resulting new physics
parameter spaces are of small dimensionality.

A. A simplified model for VLL phenomenology

We begin by considering an extension of the SM in
which the theory field content includes a set of VLL fields.
They are all color singlet, but each of them lies in a different
SU(2), representation. They are correspondingly assigned
different hypercharge U(1), quantum numbers. In order to
be as model independent as possible, we adopt a simplified
model approach and focus on extra leptons that are either
electrically neutral or with an electric charge Q = +1.
These leptons are organized in (vectorlike) SU(2), dou-
blets and singlets,

0
10— (;YO) BN (1)

where in this notation the superscript “0” indicates that the
fields are gauge eigenstates, and the tilde above a field
indicates that it is an SU(2), singlet. We next implement
the mixing between the SM and the new lepton fields. To
this aim, we introduce an effective parametrization apt to
capture the main phenomenological features of the vector-
like fields in a model-independent way, following guide-
lines introduced for vectorlike quark setups [61,62].

In practice, we assume that the mixing between the SM
fields and the new leptons is small, so that the gauge
interactions of the different fields are unaffected at the first
order. Moreover, we implement the off-diagonal inter-
actions of the exotic leptons with the SM ones through
generic free parameters, which further open the VLL decay
channels into a SM lepton and an electroweak boson. The
corresponding Lagrangian, given in terms of mass eigen-
states (the superscript “0” being therefore dropped), reads

Lty = Ly + iLPL — myNN = mgEE + iNgN — myN N +iEPE — mpE E

+ 3 [h‘i’(kE’PL FRIPE +-LOW TPy, + L WZ(RIP, + REPR)E + H.c}

V2

Y=E.E

+ > [hli‘fcfPLuf + %@Zﬁf&uf +

Y=N.N

where Lgy is the SM Lagrangian, and the parameters my,
mg, my, and my, stand for the masses of the four new fields
in the physical basis, assuming that the masses of the

2CW

g —
EIPW+(K3PL + K%PR)K + HC:| s (2)

|

doublet component fields can be different after electroweak
symmetry breaking and particle mixing. The first two
lines in this Lagrangian include, additionally to the SM
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TABLE I. Gauge eigenstates complementing the SM field con-
tent, their spin given as their representation under the SO(1,3)
group (second column), their SU(3), x SU(2), x U(1)y (third
column) representation and their name in the FeynRules implemen-
tation (last column).

TABLE II. Mass eigenstates supplementing the SM, with their
spin quantum number (second column), name used in the FeynRules
convention (third column) and adopted PDG identifier (fourth
column). In the last two columns, we provide the FeynRules symbols
associated with the particle masses and widths.

Field Spin Representation Name Field Spin Name PDG Mass Width
Lo (1/2,1/2) (1,2)_) VLLO N (1/2,1/2)  VLLN 9000001 MVLLN WVLLN
AO (1/2,1/2) (1,1), VLNO E (1/2,1/2)  VLLE 9000002 MVLLE WVLLE
E0 (1/2,1/2) (1,1)_, VLEO N (1/2,1/2)  vLN 9000003  MVLN WVLN
E (1/2,1/2) ~ VLE 9000004  MVLE WVLE

Lagrangian, all gauge-invariant kinetic and mass terms for
the new states. The gauge-covariant derivative operator D,
is defined, for a generic field y, by

D,y =0,y —igB,Yy — igWiThy. 3)

Here, the coupling constants ¢ and ¢’ respectively stand for
the weak SU(2), and hypercharge U(1), coupling con-
stants, and B, and W,’j are the associated gauge fields. The
action of the hypercharge operator Y on the field y can be
deduced from Table I, as the representation to adopt for the
SU(2) generators T*. In particular, 7% = 0 for an SU(2),
singlet, and T* = 6%/2 for an SU(2), doublet, with o*
being the Pauli matrices. In other words, we approximate
mass eigenstates by gauge eigenstates in all kinetic terms,
je. L~L, E°~F and N°~ N.

The last four lines of the Lagrangian (2) collect the
effective interactions of each of the four VLLSs considered
with a SM lepton (7 standing for the charged lepton field
and v, for the neutrino one), and either the Higgs boson #,
the W boson or the Z boson. In (2), all flavor indices are
understood so that each of the k, k and & couplings has to be
seen as a vector in the flavor space. Moreover, cy, refers to
the cosine of the electroweak mixing angle.

In the following, the exact values of the x, ¥ and ¥
coupling vectors are irrelevant, provided that they are not
too large to guarantee that the VLL states have a narrow
width, and not too small so that they can promptly decay
into a lepton + electroweak boson system within LHC
detector scales. In a hadron collision process in which the
new leptons are pair produced, such couplings indeed only
appear in the heavy particle decays.

In order to allow for phenomenological studies of the
model, we implement it in the FeynRules package [63,64],
starting from the SM implementation that is shipped with
the program. We include the definitions of the gauge
eigenstates of (1), together with the corresponding mass
eigenstates appearing in the Lagrangian (2). Information on
these fields, their names in the FeynRules conventions, and
the Particle Data Group (PDG) identifiers that we have
adopted for the physical fields, are provided in Tables I
and II. These tables also include the symbols associated
with the mass and width of the physical fields. All BSM

couplings appearing in (2) have been implemented as three-
vectors in the flavor space, following the convention of
Table III. This table also includes information on the Les
Houches block structure used to organize all model external
parameters [65], as required by all high-energy physics
programs relying on FeynRules for model implementation.
Moreover, their specific contributions to any process can be
turned off through a dedicated interaction order named VLL
(see the FeynRules manual [64]).

B. An effective type-I1I seesaw Lagrangian

In type-1III seesaw models, neutrino masses are generated
through the interactions of the SM Higgs field @ with the
SM leptons and at least two generations of extra fermions
lying in the adjoint representation of SU(2), and with zero
hypercharge. In the following, we make use of two-
component Weyl fermion notation for all fields, and omit
all SM and BSM generation indices for clarity. In such a
formalism, the Lagrangian of the model is expressed in

TABLEIII. Three-point VLL coupling strengths to a SM lepton
and an electroweak boson, given together with the associated
FeynRules symbol and the corresponding Les Houches block. The
indice i denotes a generation index ranging from 1 to 3.

Couplings Names Les Houches blocks

KLLEH[i], KRLEH[1i] KLLEH, KRLEH

Ekf)n (RE); ~ KLEH[i], KREH[i] KLEH, KREH
(&RY); KLLNH [1] KLLNH
(RY): KLNH [1] KLNH
(RF), (k%); KLLEZ[i], KRLEZ[i]  KLLEZ, KRLEZ
(RE),, (RE), ~ KLEZ[i], KREZ[1i] KLEZ, KREZ
(R} KLLNZ [1] KLLNZ
(&) KLNZ [1] KLNZ
(k) KLLEW [1] KLLEW
(K7); KLEW [1] KLEW
(1)), (kN), KLLNWI[i], KRLNW[1] KLLNW, KRLNW
(x));, (k¥);  KLNW[i], KRNW[i] KLNW, KRNW
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terms of the SM weak doublet of left-handed leptons L,
the SM weak singlet of right-handed charged leptons Ef}
(E being thus the corresponding left-handed Weyl spinor),
and the weak triplet of extra lepton ¥ (with k =1, 2, 3
being an SU(2); adjoint index). The three gauge eigen-
states =¥ can be conveniently related to states of definite
electric charge E* = X* (of charge Q = £1) and N = X
(of charge Q = 0) by introducing the matrix representation
for the SU(2), triplets X';, with i and j referring to
fundamental indices of SU(2),. We obtain,

1 +
N #N E
zy:(&);zk:( ’ 1N>. 4)

\/i E- ~5

The type-III Lagrangian is given by

Liypernt = Lsm + Liin
+ (y,®L, .Eg + 2ys® - [EFT¥L;] +H.c.). (5)

In our notation, Lgy stands for the reduced SM Lagrangian
in which all terms involving a leptonic field have been
removed, and Ly;, collects all gauge-invariant kinetic terms
for the (two-component) leptonic fields L; , Er and X, and a
mass term for the X field (of mass msy). Moreover, the
matrices 7% = ¢*/2 stand for the generators of SU(2);
in the fundamental representation, and the explicit scalar
product appearing on the second line refers to the SU(2)-
invariant product of two fields lying in its fundamental
representation. In type-III models, charged lepton and
neutrino masses are driven by the SM leptonic 3 x 3
Yukawa matrix y,, and the heavy neutrino Yukawa matrix
ys whose size depends on the number of generations of
new fermions.

From the LHC physics point of view, we can simplify the
model presented above by emphasizing the focus on the
lightest of all X states, that are assumed to be the only ones
to which the LHC would be sensitive. This strategy follows
that introduced in Ref. [66]. Under such an assumption, the
relevant part of the Yukawa matrix ys (in the Z-flavor x
SM-flavor space) becomes a vector in the SM-flavor space,
that we take real for simplicity.

The mass eigenstates of the model hence include three
generations of physical up-type and down-type quarks,
and four generations of physical charged leptons (#') and
Majorana neutrinos (¢/). After electroweak symmetry
breaking, the Lagrangian (5) induces a mixing between
the three SM leptons and the new states X, rendering at least
two neutrinos massive. Introducing the three 4 x 4 mixing
matrices in the lepton flavor space U4, U% and U, lepton
gauge and mass eigenstates are related by [67],

EL ’ ER ¢ 124 ”
<E‘> =V <E+> =V <N> =rv. @

where the three-component vector in the flavor space E;,
(v) stands for the down-type (up-type) component of the
weak doublet of left-handed SM leptons. As the new
fermion masses of O(my) are expected to be heavy
compared with the neutrino masses of O(ysv), with »
being the SM Higgs vacuum expectation value, the
three mixing matrices can be expanded at the first order
in yv/my [68,69],

M,
P R~ 1S
UL: _ v f 1-¢ ’ UR: Mev T 1 ’
myYE w2 Yz

. ([“ —2€lUpwins #mxyz>

(7)

v

:
Voms Vx

1.
1 -3¢

These expressions depend on the quantities € and ¢/, that
are 3 x3 and scalar objects in the SM flavor space
respectively,

2 . 02
and € =—
p 2m§ y

v

& =-""=YsYy
Zm%

;yZ’ (8)

as well as on the SM lepton mass matrix M, (that is
diagonal in the flavor space) and on the unitary Pontecorvo-
Maki-Nakagawa-Sakata (PMNS) matrix Upyns- The latter
can be defined from the neutrino oscillation parameters,
namely the neutrino mixing angles 0;; (with i, j = 1, 2, 3),
the Dirac CP-violating phase ¢cp and the two Majorana
CP-violating phases ¢, and @,.

We implement the type-III model described above in the
FeynRules package [63,64] following the same method that
has been used for the type II seesaw implementation [70].
We begin with the implementation of the SM shipped
with FeynRules, from which all lepton definitions and
related Lagrangian terms have been modified. In practice,
we have modified all lepton and neutrino definitions so
that two-component left-handed Weyl fermions [71] are
used instead for the gauge eigenstates of the model
(E%, Lp). Next, we add definitions for the fermionic triplets
>k, still using left-handed Weyl fermions, and incorporate
the mixing relations (6) for the definition of the four
physical charged lepton states and the four physical
neutrino states in terms of all gauge eigenstates. Finally,
we map the physical two-component fermions of the model
into the corresponding Dirac fields (charged leptons) and
Majorana fields (neutrinos). More information on all fields
included in the model implementation is given in Tables IV
and V (representation, names in the FeynRules conventions,
PDG identifiers, symbols for masses and widths).

The new physics parameters ys and my appearing in the
Lagrangian (5) are implemented in a standard way, together
with the neutrino oscillation parameters dictating the values
of the PMNS matrix. Moreover, we assume a normal
neutrino mass hierarchy and set the masses of the three
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TABLE IV. Gauge eigenstates associated with the leptonic
sector of the type-IIl seesaw model, their spin given as their
representation under the SO(1,3) group (second column), their
SU(3), x SU(2), x U(1), representation (third column), and
their name in the FeynRules implementation (last column).

Field Spin Representation  # Generations ~ Name
LL (1/2, 0) (1,2)_1/2 3 LLw
Eg (1/2,0) (1,1), 3 ERw
>k (1/2,0) (1,3), 1 Sigw

TABLE V. Mass eigenstates that either supplement the SM or
whose definition is altered relatively to the SM, with their spin
representation (second column), name used in the FeynRules
convention (third column) and adopted PDG identifier (fourth
column). In the last two columns, we provide the FeynRules
symbols associated with the particle masses and widths.

Field Spin Name PDG Mass Width
e” (1/2,1/2) e 11 Me

u- (1/2,1/2) mu 13 MMu

T (1/2,1/2) ta 15 MTA -
E- (1/2,1/2) sigM 9000017 MSigma WSigM
v (1/2,1/2) vl 12 Mv1

Uy (1/2,1/2) v2 14 Mv2

U3 (1/2,1/2) v3 16 Mv3
N (1/2,1/2) sig0 9000018 MSigma WSigO

lightest neutrinos m, , m,,, and m,, from the value of the
smallest neutrino mass (m,, in our case), and the neutrino
squared mass differences Am3, and Am3,,

m,, =\/m} +Amj and m, =\/mi +Am3. (9)

More information on the free parameters of the leptonic/
neutrino sector of the model is provided in Table VI
(FeynRules names and Les Houches block structure).

C. From Lagrangian to events at the LHC

In order to handle LHC simulations at NLO-QCD
matched with PS, we make use of the two FeynRules model
implementations detailed in Secs. II A and II B, and jointly
use them with the MOGRE package (version 1.1) [72],
NLOCT (version 1.0.1) [73] and FeynArts (version 3.9) [74].
This allows us to renormalize the bare Lagrangians (2)
and (5) relatively to O(a,) QCD interactions, and generate
UFO model files [55] including both tree-level interactions,
UV counterterms, and the so-called R, Feynman rules
required for the numerical evaluation of the numerators
of one-loop integrands in a four-dimensional spacetime.
Such UFO models can subsequently be used with MG5aMC
[56,57] for LO and NLO calculations in QCD, as well as
by Herwig++ [75] and Sherpa [76] at LO.

TABLE VI. External parameters defining the leptonic sector of
the type-III seesaw model, including the neutrino parameters in
the context of a normal mass hierarchy (so that m, <m,, <m,,).
Each parameter is given together with the symbol used in the
FeynRules implementation, and the corresponding Les Houches
(LH) block and counter information.

Parameter Name LH block LH counter
(V). ySigma[1] YSIGMA 1
(Vs)y ySigma[2] YSIGMA 2
(z). ySigma [3] YSIGMA 3
ms MSigma MASS 9000017
m,, Mv1l MASS 12
Am3, dmsg21 MNU 2
Am3, dmsqg31 MNU 3

6, thil2 PMNS 1

03 th23 PMNS 2

013 thi3 PMNS 3
Pcp delCP PMNS 4

P PhiM1 PMNS 5

@ PhiM2 PMNS 6

Before closing this subsection, we provide information
on the MG5aMC framework [56,57] which employ to carry
out fixed-order (N)LO and (N)LO + PS calculations.
MG5aMC handles infrared singularities inherent to NLO
calculations via the FKS method [77,78], in an automated
way through the MadFKS module [79,80]. The evaluation
of UV-renormalized one-loop amplitudes is achieved
by switching dynamically between several integral-
reduction techniques that work either at the integrand
level (like the OPP method [81] or Laurent-series expan-
sion [82]) or through tensor-integral reduction [83-85].
This has been automated in the MadLoop module [56,86],
that exploits the public codes CutTools [87], Ninja [88,89]
and Collier [90]. Moreover, one-loop computations have
been optimized at the integrand level through an in-house
procedure inspired by the idea of OpenLoops [91]. Finally,
NLO + PS predictions are obtained by matching fixed-
order calculations with PS according to the MC@NLO
method [92].

III. IMPROVING THEORY ACCURACY BEYOND
NLO: THRESHOLD RESUMMATION

For the Drell-Yan-like processes considered, it is well-
known that large logarithms spoil the convergence of the
perturbative series when the invariant mass M of the final-
state system approaches the hadronic center-of-mass
energy +/s. This calls for a proper resummation of soft-
gluon radiation, or at least a matching with PS as achieved
in the MGs5aMC framework. In this section, we briefly
describe, for the convenience of readers, the theoretical
formalism that we adopt for fixed-order calculations

075011-5
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matched with threshold resummation. Additional details
and an extensive description can be found in Sec. 2 of [93].

At the partonic level, the corresponding kinematic
region is defined in terms of the partonic scaling variable
z = M?/5 when z — 1, with /3 being the partonic centre-
of-mass energy. In this limit, the perturbative coefficients
in the cross sections get contributions in the form of
a, In(1 — z) originating from soft gluon emission, which
could be of O(1) and thus potentially spoil the perturbative
convergence of the usual series in a,. This issue can be
resolved by reorganizing the perturbative expansion in an
alternative manner, and resumming the large logarithms in
a, In(1 — z) to all orders in a.

Resummation calculations are conveniently carried out
in the Mellin N-space conjugate to z, where the z — 1 limit
thus corresponds to the large N region. The resummed
partonic cross section in the Mellin space, denoted by
ARS(N, M?,u2) with pp being the factorization scale, is
defined in Eq. (2.47) from [93] for a generic process with a
colorless final state. For a Drell-Yan-like process and at the
kth logarithmic accuracy (NKLL), it reads

AreS(N szlhzr)|NkLL

=904 (szﬂF7ﬂR)|NkLO
k+1

lnN—l—Za

In this expression, the §o,zln 0 factor collects the
N-independent terms of the first k + 1 coefficients of the
usual a, perturbative expansion (in Mellin space), where
we have introduced the shorthand notation ag(u%) =
ay(u%)/4n with pp denoting the renormalization scale.
This factor is process dependent, and it gets contributions
from virtual corrections and soft real emission. In the
exponent, the process-independent (i.e., universal) coeffi-
cients g; ,z(@) with j > 0 receive contributions from the
threshold logarithmic terms originating from real emission.
Given @ = 2fya,(u%) In N ~ O(1) with f3, being the first
coefficient of the QCD beta function, they effectively
resum these logarithmic contributions to all orders in a;.
We refer to the Appendix for the analytical form of the
various coefficients appearing in (10) and that are relevant
for NLO 4+ NNLL calculations for the Drell-Yan-like
processes considered.

As the separation of the N-independent and N-dependent
pieces in (10) is not unambiguous, different resummation
schemes have been proposed and described in Sec. 2.4
of [93]. In the present paper, we consider the so-called N,
resummation scheme for simplicity.

Resummed calculations must then have to be matched
with fixed-order predictions at (N)LO. This is achieved by
adding the resummed and (N)LO results and subtracting of
all double-counted contributions. The latter correspond to

xexp<gquq (HR)9).q3(@ )) (10)

the (N)LO soft-virtual terms of the partonic cross section,
which can be obtained by expanding AfS(N,M?, u7) at

O(ay b+1) ) where b stands for the power in «, of the LO
contributions (that is O here).

IV. CROSS SECTIONS FOR EXTRA LEPTON
PRODUCTION AT THE LHC

In this section, we compute total and differential cross
sections relevant for the production of additional leptons
such as those appearing in the models introduced in
Sec. II. Predictions at (N)LO and (N)LO + PS are obtained
within the MG5amMC framework (version 3.3.0), using the
UFO models developed in this work, and we employ
PYTHIA 82 [94] to deal with the simulation of the QCD
environment (parton showering and hadronization). On the
other hand, total rate calculations matching fixed-order
predictions with soft-gluon resummation are derived with
an in-house code.

We define the electroweak sector through three inde-
pendent input parameters that we choose to be the Z-boson
mass my, the electromagnetic coupling constant evaluated
at the Z-pole a(my), and the Fermi constant G,

mz = 91.1876 GeV, a~'(my) = 127.9,
Gr = 1.1663787 x 10~ GeV~2. (11)

In addition, the CKM matrix is taken diagonal, the pole
mass of the top quark m, = 172.7 GeV, and we consider
n, =35 active quark flavors. Moreover, the widths of all
particles appearing in the relevant diagrams have been set to
zero. Our predictions make use of the CT18NNLO [95] set
of parton distribution functions (PDFs), which are provided
by LHAPDF [96] that we also use to control the renormal-
ization group running of the strong coupling a,. For
predictions in the type-Ill seesaw model, we safely set
the elements of the & matrix to zero, as they turn to be
negligible once bounds from flavor and electroweak
precision data are accounted for [97].

The central value of the renormalization and factori-
zation scales is set to the invariant mass M of the
produced di-lepton system, pp = up = M. Scale uncer-
tainties are then evaluated through the usual seven-point
variation method, in which the renormalization and
factorization scales are varied independently by a factor
of two up and down relative to their central value
with the two extreme cases ugp/ur =4 or 1/4 being
excluded.

A. Total cross sections at the LHC

We dedicate this section to an overview of the behavior
of the total cross sections for exotic lepton production at the
LHC with /s = 14 TeV, as a function of the lepton mass.
We study the production of a pair of electrically-charged
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VLLs, and we consider both the cases of an SU(2), singlet
and doublet of VLLs,

pp — ETE™, pp — EYE~. (12)
Moreover, we also explore the production of a pair of
singly-charged type-III leptons that are mostly weak
triplets,

pp - ETE-=Xt3". (13)

For the last process, we introduced the abusive notation
>* = E* to make an explicit distinction between the VLLs
appearing in the model of Sec. Il A (process (12) and
notation of Table II), and those inherent to the type-III
seesaw model of Sec. II B (process (13) and notation of
Table V). We do not consider any other pair-production
mechanism (i.e., the production of a pair of neutral or
doubly-charged leptons, or of an associated pair of leptons
of different charges), as cross section predictions are not
expected to exhibit a fundamentally different behavior due
to the purely electroweak nature of the processes involved.
We indeed focus, in the following, on the impact of higher-
order corrections that only depends on the quark/gluon
nature of the initial state. Our analysis therefore equally
applies to charged-current and neutral-current production
processes, the only difference between the various channels
being the normalization of the (differential) rates. However,
as our UFO model files are public and MG5aMC is a general-
purpose event generator, interested readers can study
by themselves any other process, both at (N)LO and
(N)LO + PS.

In the left panel of Fig. 1, we report LO production
cross sections for the three processes of Egs. (12) and (13).
The cross sections are found to span about 7 orders of
magnitude for exotic lepton masses varying from 200 GeV
to 2.5 TeV. Cross sections around 100-1000 fb are found
for small lepton masses of a few hundreds of GeV, whereas
the production rates drop to the 0.001-1 fb regime for
leptons of 1-2 TeV, making the potential observation
of such BSM particles at the LHC more challenging.
Moreover, for a given lepton mass, the production of a
pair of weak-triplet states (pp — X7X7; red) is favored
over that of weak-doublet states (pp — ETE~; blue), while
the latter is favored over the production of weak-singlet
states (pp — ETE~; green). Such a hierarchy, as well as
the relative differences observed between the rates that are
factors of a few, can be understood from the different
SU(2), representations of the fields considered, together
with the Drell-Yan-like nature of the lepton pair-production
mechanism.

In the right panel of Fig. 1, we present the corresponding
K-factors, that we define, for a given lepton mass, as the
ratio of a cross section to the associated LO one at central
scale. K-factors are shown both at LO (shaded area) and

LO total cross section 1.50¢F T
N pp—X L 77
10°  /s=14 TeV B
\ S1.25F
i\ Lo X S =
102} ©
\ NLOZ 1 100
W I0E
101}
\ NLO E 1.50F
1001 \ mm LOE pp—E"E* 70 7
o) NLOE | 125} = 72
5 8 =
© —1L €
10 1.00
_2 L o —
10 1.50 —
102 NN\ pp—E"E* A
N\ §125f =77
1074} Y C
\ 1.00
1000 2000 1000 2000
mg, mg, mg [GeV] mg, mg, mg [GeV]
FIG. 1. Total cross sections for the production of charged

leptons typical from VLL and type-III seesaw models, presented
as a function of the lepton mass. We consider SU(2), singlet
(green), doublet (blue) and triplet (red) leptons, and the LHC at
14 TeV. Predictions are shown at LO (left panel), as well as in the
form of LO and NLO K-factors together with the associated scale
uncertainties (right panel).

NLO (hatched area), together with the associated scale
uncertainties. We observe mild K-factor values at NLO,
which vary in the 1.15-1.40 range as a function of the
exotic lepton mass. Moreover, the K-factors are found to be
(almost) independent of the process. Such a result is not
surprising as the underlying Born contribution factorizes
in the case of a Drell-Yan-like process. Uncertainties are
significantly larger at LO than at NLO, and vary in the last
case from a few percents at small lepton masses to about
10% for larger masses. This behavior stems from the
typically larger invariant masses associated with heavier
dilepton systems, that naturally enhance the importance of
the threshold logarithms that ought to be resummed.

In the upper panel of Fig. 2, we show the production
rates obtained after matching NLO predictions with soft
gluon resummation at the NNLL accuracy, these results
being currently the best theoretical predictions of the total
cross sections for the processes considered. In order to
estimate the associated impact, we present, in the three
lower panels of Fig. 2, the ratio of the NLO, NLO + NLL
and NLO + NNLL rates to the NLO one for the three
processes. By virtue of the factorization properties of the
Born contributions, the predictions for these ratios are
mostly independent of the process. We observe a mild
increase of the total rate once threshold resummation is
included, although this increase is mostly driven by the
leading and next-to-leading logarithmic contributions.
NNLL contributions indeed barely modify the total rates.
Numerically, these enhancements with respect to the NLO
predictions are found to be about 5% for scenarios with
light leptons, and range to about 10% for scenarios
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FIG.2. Total NLO + NNLL cross sections (upper panel) for the
production of vectorlike and type-III seesaw leptons, presented as
a function of the mass of the exotic lepton and for the LHC at a
center-of-mass energy of 14 TeV. We also display the ratios of the
NLO (green), NLO + NLL (red) and NLO + NNLL (blue) rates
to the NLO ones (with a central scale choice), together with the
associated scale uncertainties.

featuring heavier leptons. In addition, it is observed that the
resummed results (at NLO + NLL and NLO + NNLL) lie
outside the error bands of the NLO ones when a lepton
mass of a few hundreds GeV is considered. This situation is
similar to the case of the SM Drell-Yan process.

As typical from resummation calculations, the most
notable feature of the NLO + NNLL rate concerns the
drastic reduction of the scale uncertainties inherent to the
predictions, that are reduced below the percent level in
average, regardless of the lepton mass. The necessity of
incorporating soft gluon resummation in the predictions
is made even more evident for scenarios featuring
heavy exotic leptons. Here, the scale uncertainty bands
at NLO + (N)NLL drastically decrease, which could be
anticipated as we deal with a perturbative calculations in
which a; is even smaller (the scale at which it is evaluated
being trivially larger). This essentially cures the counter-
intuitive large scale uncertainties observed at NLO.

B. Invariant mass distributions

In this section, we consider again the processes (12)
and (13), and we calculate the associated invariant-mass
distributions do/dM, with M standing for the invariant
mass of the dilepton system. As an illustration, we choose
three typical exotic lepton masses of 600 GeV, 900 GeV,
and 1.5 TeV, which correspond to three scenarios that
have not been fully excluded yet by the LHC experiments.

The definition of these scenarios is driven by current
experimental search results. The CMS collaboration has
indeed observed an excess of 2.8¢ when searching for
VLLs with a mass of 600 GeV [39], whereas VLLs of
900 GeV can already be probed by existing run 2 CMS and
ATLAS searches. In contrast, extra leptons with a mass
of 1500 GeV lie beyond the current reach, but they could
potentially be probed at future LHC runs. In addition, all
chosen extra lepton masses lead to PDF uncertainties under
fair control [72]. The results are shown in Figs. 3 and 4.

In the upper inset in each plot, we display fixed-order
predictions and the associated scale uncertainties at
LO (red) and NLO (blue), as well as after matching
them with threshold resummation at LO + LL (cyan),
NLO + NLL (yellow) and NLO + NNLL (purple). We
have checked that for invariant mass distributions,
(N)LO + PS results coincide with (N)LO calculations
since this observable is insensitive to PS effects. (N)LO +
PS predictions are therefore not included in the figures. In
general, we observe a rapid increase of the differential cross
section close to the kinematic threshold M, equals to twice
the heavy lepton mass, until it peaks at M =~ 1.06M, before
falling off toward higher invariant-mass values.

For any given M value, fixed-order LO predictions (red)
are found to be notably smaller. Their matching with
predictions including the resummation of the LL contri-
butions (cyan) yields a significant enhancement of the
central value. It reaches 15%—25% in the peak region, and
30% at larger invariant masses where the relevant phase
space region is closer to the partonic threshold (z — 1).
Resummation effects are therefore more prominent in the
latter case. Nevertheless, scale uncertainties in both cases
remain large, and the two sets of predictions do not overlap
within their error bands. This effect can be tamed down
after including NLO corrections. In this case, both NLO +
NLL and NLO + NNLL predictions are found to agree
with each other once uncertainties are accounted for,
whereas NLO spectra are slightly smaller for all considered
M values.

In order to better assess the impact of threshold resum-
mation, we display in the lower insets of Figs. 3 and 4 bin-
by-bin ratios of the NLO, NLO + NLL and NLO + NNLL
rates to the most precise NLO + NNLL predictions evalu-
ated with central scale choices. The bands represent again
the associated scale uncertainties. We observe that the
increase of the differential NLO cross section induced by
NLL or NNLL resummation (or equivalently, the decrease
of the NLO cross sections, shown in blue, relative to the
most precise NLO + NNLL predictions) depends on the
invariant mass of the dilepton system M, and therefore
indirectly on the mass of the lepton species produced that
fix the kinematic production threshold M. Preferred
configurations hence naturally target larger z values closer
to 1 for heavy lepton production than for light lepton
production. Resummation effects are therefore expected to
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FIG. 3. Invariant mass spectrum for the processes (12), together with the associated scale uncertainties (upper inset of each panel). We

show fixed-order results at LO (red) and NLO (blue), as well as after matching them with threshold resummation at LO + LL (cyan),
NLO + NLL (yellow) and NLO + NNLL (purple), and we consider new lepton masses of 600 GeV (top row), 900 GeV (middle row)
and 1.5 TeV (bottom row). We additionally present the bin-by-bin ratios of the NLO, NLO + NLL and NLO + NNLL spectra to the
NLO + NNLL ones, with the associated uncertainties (lower inset in each panel).
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FIG. 4. Same as Fig. 3 but for type-III seesaw leptons and the
process (13).

be more important for heavy leptons, when considering M
values lying at a given relative distance from M,,. Again, we
observe that NLO + (N)NLL results are generally outside
the NLO error bands.

Nevertheless, the shape of the spectrum is stabilized
after including threshold resummation at NLL (yellow).
NNLL resummation (purple) only yields a mild increase
of the rate by less than 1%, which is largely independent
of the di-lepton invariant mass M. This shows that a
good perturbative convergence has been achieved at
NLO + NNLL. Moreover, NLO + NNLL predictions are
crucial to reduce the scale uncertainties to be less than
0.5%, hence motivating using more precise predictions for
BSM signals when available.

C. Transverse momentum spectra

We now turn to the study of the distribution in the
transverse momentum (p7) of the lepton pair, which is a
typical observable that shows that the inclusion of PS is
essential. Although the MGsamC framework practically
allows for investigations of any observable, we only focus,
for the sake of an example, on this distribution in the p; of
the dilepton system. In Figs. 5 and 6, we present do/dpy
distributions at NLO (blue), LO + PS (green) and NLO +
PS (olive), whereas the LO distributions are trivially
located at pr =0. As in Sec. IV B, we choose three
benchmark scenarios featuring extra leptons with masses
of 600 GeV, 900 GeV and 1.5 TeV respectively. The
different p; spectra are shown in the upper insets of the
figures, whereas the lower insets display their bin-by-bin
ratios to the (fixed-order) NLO predictions.

While NLO predictions (blue) in principle diverge at
small p; due to uncancelled soft and/or collinear singu-
larities originating from real emission, the integration of
the differential cross section within a given bin regu-
larizes this divergence, the bin-by-bin results shown in
the figures being normalized by the bin size. We therefore
observe a finite cross section with a pronounced maxi-
mum in the low py region, with py <30 GeV (which
corresponds to the first bin shown in the plots). The cross
sections in the small p; regime are therefore expected to
be better described by matching fixed-order predictions
with PS. Showering, as well as the nonperturbative
intrinsic transverse momentum k; of the constituents
of the protons, should additionally distort the shapes of
the spectra in the low p; regime. NLO + PS predictions
are hence smaller than NLO ones at small p; < 30 GeV,
before becoming considerably greater at intermediate
transverse momenta (pr € [60,500] GeV). At larger pr
values, QCD radiation encoded in the real matrix ele-
ments dominates, so that NLO + PS predictions agree
with NLO ones.

This last effect can be even more evidenced by
studying the LO 4 PS curves (green). Nonzero p; values
are here purely arising from shower effects, which
gives rise to a too soft spectrum in the high-p; regime.
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In conclusion, NLO + PS should be the best for describ-
ing such an observable, while NLO (LO + PS) predic-
tions fail at low (high) p;. Finally, we can note that
multiplying LO + PS predictions by an overall K-factor,

signal description, and
wrong results at high py.
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FIG. 6. Same as Fig. 5 but for type-III seesaw leptons.

V. CONCLUSION

Numerous extensions of the Standard Model feature
additional leptons that carry a variety of different electric
charges. They are consequently actively searched for at
collider experiments. In this work, we have studied the
production of these extra leptons in effective frameworks

representative of the TeV-scale phenomenology of several
models featuring additional leptons. By providing FeynRules
implementations and the associated UFO libraries for
type-1II seesaw models and new physics scenarios with
VLLs, we complete the set of publicly available models
suitable for calculations relevant for the production of new
leptons at colliders beyond the LO or LO + PS accuracy.
With these public models, VLL and type-III lepton produc-
tion can now be simulated at NLO + PS accuracy, as was
already the case for other neutrino mass models or left-right-
symmetric scenarios which both involve new noncolored
fermions.

We have reported the most precise calculations of total
rates to date for the production of a pair of type-III leptons
or VLLs lying in the trivial or fundamental representations
of SU(2),. Our predictions include both NLO QCD
corrections and threshold resummation effects at NNLL.
Higher-order QCD effects increase the production rates by
25%-30%, the exact value depending on the scenario and
the extra lepton mass, and scale uncertainties are reduced
below 1%. We have additionally investigated the impact of
these corrections on the distributions in the invariant mass
of the produced heavy lepton system and observed a
notable increase in the differential rates and a significant
reduction of the scale uncertainties.

Finally, we have made use of the designed UFO models
to highlight the joint impact of NLO corrections and PS
matching on an example of observable relevant for existing
searches for extra leptons. We have chosen the distribution
in the transverse momentum of the dilepton system. We
have illustrated how NLO + PS improves fixed-order NLO
computations at low py, and provides a better modeling of
the physical spectra at intermediate p; values below 1 TeV.
These calculations have been achieved fully automatically,
in the MG5aMC framework, in a setup similar to that used in
ATLAS and CMS studies as well as in many existing
phenomenological explorations. Upgrades of existing stud-
ies and searches to include NLO corrections matched with
PS should therefore be straightforward.

The model files corresponding to our study can be
downloaded from [98].
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APPENDIX: RESUMMATION COEFFICIENTS

In this section, we provide analytical results for the
resummation coefficients appearing in (10) in the case of a
Drell-Yan-like process. Those comprise the process-
dependent term g ,;, as well as the universal coefficients
of the exponent g, ,, with k > 0. The latter are identical
to those given in Appendix A of [99] (the A parameter
of [99] being replaced by w). We then provide below
the expression for the process-dependent coefficient
To.4(M?, p, p%) that can be expanded in a; as

) (AD

T4 s the Born partonic cross section differ-

entiating with respect to In M?. The g(()f;,.l and g((f;q
coefficients in QCD (for n, = 5) relevant for resummation

at NNLL explicitly read

a5

O
dIn M2( +Za

gO,qE/(M ’/’lF’ﬂR)

50
where u

(1) _—64 64
097 =3 JF?Q — 8Ly, + 8L,
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1324 18887, 320,
L —
+ fr< 9 9 + 3
148 L4632
+ qr( fr 9 3 ( )
with L, =1In 4k, Ly, =1n 4 and ¢, being the Riemann
Hr Hg

zeta function {(n).

In the processes (12) and (13), the dilepton system is
produced either through an s-channel virtual photon
exchange, or through an s-channel Z-boson exchange. In
other words, the Born partonic cross section can be split
into three pieces, namely the square of photon-exchange
diagram, that of the Z-exchange diagram, and the inter-
ference between the two diagrams. Mathematically, this can
be written as

(A3)

The photon exchange contribution depends on the
electric charge of the initial-state quarks Qq, and on that
of the final-state leptons Qy,

(A4)

Q>
23
’QI

4m? < 14 2m§,)
M? M?* )

In this expression, m, is the mass of the produced lepton,
and it is thus respectively given by mj, mp and my in the

three processes shown in (12) and (13). As all exotic

leptons produced in these processes satisfy Q, = —1, 652”

is identical in all three cases.
The Z-boson exchange contribution and the interference
term read

2
=0 Qf 9M2 t=

(0),
807 = 12 , (VG +AD) Mm* Gyg"
qq 4 4 (MZ 2)2 ZmZ Q2

~(0).7
M>(M? —m3)  64q

(M? =m3)* +T5my QF

At(i(gm =feQ4V, (A5)

where V, =1, — 253,0, and A, = I, represent the vector
and axial couplings between the initial quarks and the Z
boson respectively. Here, the parameters cy, and sy, are the
cosine and sine of the electroweak mixing angle, and I, is
the weak isospin quantum number of the quark ¢, that is
thus equal to 1/2 for up-type quarks and —1/2 for down-
type quarks. In addition, I', denotes the width of the Z
boson, and the prefactor f, depends on the quantum
numbers of the lepton £ produced. It is thus given by

—cyp for ¢ =E,
fo=4 8% for ¢ =E, (A6)
wEw

syt for£=2%.
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