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Multilepton searches for electroweakino and slepton pair production at hadron colliders remain some of
the best means to test weak-scale supersymmetry. Searches at the CERN Large Hadron Collider, however,
are limited by large diboson and top quark pair backgrounds, despite the application of traditional, central
jet vetoes. In this context, we report the impact of introducing dynamic jet vetoes in searches for colorless
superpartners. As a representative scenario, we consider the Drell-Yan production of a pair of right-handed
smuons decaying into a dimuon system accompanied with missing transverse energy. As an exploratory
step, we consider several global and local measures of the leptonic and hadronic activity to construct the
veto. In most all cases, we find that employing a dynamic jet veto improves the sensitivity, independently of
the integrated luminosity. The inclusion of nonperturbative multiple particle interactions and next-to-
leading order jet merging does not alter this picture. Directions for further improvements are discussed.
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I. INTRODUCTION

Weak-scale supersymmetry, if realized in nature, presents
an attractive solution to several longstanding theoretical
and observational shortcomings of the Standard Model of
particle physics (SM). For example, supersymmetry can
protect the Higgs boson mass from large quantum correc-
tions, ensure gauge coupling unification at high scales,
and provide aviableweakly interactingdarkmatter candidate
[1,2]. While light, sub-TeV superpartners of quarks and
gluons have largely been excluded by direct searches at the
CERN Large Hadron Collider (LHC) [3–6], the situation is
far less conclusive for electroweak (EW) boson and lepton
superpartners due to their smaller production cross sections
[7,8]. Current constraints only exclude slepton masses up to
a few hundreds of GeV [9,10]. For electroweak boson
partners [11–13], the case is slightly more interesting due
to several small excesses, which reveal a local significance

of 3.5σ and favor 100–300 GeV neutralino and chargino
masses in the minimal supersymmetric Standard Model
(MSSM) [14]. Hence, studies into new analysis strategies
that can improve searches for electroweakinos and sleptons
are highly motivated.
Among the several promising lines of such investigations

are those that consider the impact of jet vetoes (i.e., the
rejection of events featuring jets with a transverse momen-
tum greater than some threshold pVeto

T [15–19]) in mea-
surements of and searches for heavy, colorless SM [20–34]
and beyond the SM [35–42] states. Interestingly, recent
studies of multilepton searches for heavy, colorless exotic
particles have demonstrated that dynamic jet vetoes can
significantly improve discovery potential [41,42]. More
specifically, a proposed analysis premised on setting pVeto

T
on an event-by-event basis to the hardness ðpTÞ of the
event’s leading lepton was found to improve sensitivity by
roughly an order of magnitude. The improvement followed
from an increase (relative to a static jet veto) in signal rate
passing the jet veto, an ability to veto top quark events
without heavy quark flavor-tagging, and a sensitivity to jets
misidentified as charged leptons [41].While serving a similar
goal, such a veto functions in a qualitatively different manner
than rapidity-dependent vetoes [27,29,30] by associating
pVeto
T with a measure of the hard process scale Q. For

WH=WZ production, a spiritually similar veto definition
using the transverse energy ðETÞ of final-state weak bosons
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and jets was proposed in the parton-level study of Ref. [26].
A key point is that the improvement,whichwas demonstrated
for both the Drell-Yan (DY) and electroweak boson fusion
processes, followed from the veto effectively discriminating
local leptonic activity against local hadronic activity [42].
In light of this, we have explored the impact of dynamic

jet vetoes on the discovery potential of dimuon plus
missing energy searches for right-handed smuon pairs
ðμ̃þR μ̃−RÞ decaying to neutralinos ðχ̃1Þ via the DY mode,

qq̄ → γ�=Zð�Þ → μ̃þR μ̃
−
R → μþμ−χ̃1χ̃1; ð1:1Þ

as illustrated in Fig. 1. We go beyond Refs. [41,42], which
determined only the improved sensitivity of setting pVeto

T to
the leading lepton pT , and consider several complementary
measures of local and global leptonic and hadronic activity,
including the scalar sum of the lepton transverse momenta
(ST) as well as the (inclusive) scalar sum of the transverse
momenta of hadronic objects (HT). As a benchmark,
we use a CMS-inspired analysis [9] that features a standard
(flavor-independent), static, central jet veto of pVeto

T ¼
25 GeV. As will be shown below, a dynamic veto can
improve the discovery potential of the analysis in most
cases. We also explore briefly the impact of including
nonperturbative, multiple particle interactions as well as
next-to-leading-order (NLO) jet merging, and find little
impact on our conclusions. For the former, this agrees with
previous reports on static jet vetoes [34].
The remainder of this report continues in the following

manner: in Sec. II, we introduce our simplified model
describing right-handed smuon production and decay in
hadron collisions, and discuss the present constraints on
the model. In Sec. III, we summarize our computational
setup, which includes state-of-the-art event generation up to
NLO in QCD matched to parton showers (PS). We discuss
slepton pair production at the LHC and the qualitative
impact of different dynamic jet vetoes for the signal and
background processes in Sec. IV. There we also define our
proposed dynamic veto and benchmark collider analyses.
In Sec. V we present our results and outlook, before
summarizing and concluding in Sec. VI.

II. MODEL

In order to investigate smuon production in a model-
independent way, we focus on a benchmark simplified
model inspired by the MSSM. We consider an MSSM limit
in which all superpartners are decoupled, with the excep-
tion of the right-handed smuon μ̃R (of mass mμ̃R) and the
lightest neutralino χ̃1 (of massmχ̃1) that is taken as binolike.
The Lagrangian describing the new physics dynamics of
our model is given, using four-component fermion nota-
tions, by

L ¼ ½∂μμ̃
†
R�½∂μμ̃R� þ

i
2
χ̃1∂χ̃1 −m2

μ̃R
μ̃†Rμ̃R −

1

2
mχ̃1 χ̃1χ̃1

þ ½∂μμ̃†Rμ̃R − μ̃†R∂μμ̃R�
�
ieAμ −

iesW
cW

Zμ

�

−
ffiffiffi
2

p
e

cW
½ðχ̃1PRμÞμ̃†R þ H:c:�: ð2:1Þ

Here, we have explicitly indicated the smuon gauge
interactions with the photon Aμ and Z boson field Zμ (first
term of the second line), aswell as the supersymmetric gauge
interactions of the muon μ, the smuon μ̃R, and the bino χ̃1
(last term of the second line). As irrelevant for our purposes,
D-term contributions are neglected. In our notation, sW
and cW are the sine and cosine of the electroweak mixing
angle, e is the electromagnetic coupling constant, andPR the
right-handed chirality projector.
Despite its simplicity, the model is only weakly con-

strained by LHC searches for smuon pair production in the
dimuon plus missing transverse energy channel [9]. This is
due to large backgrounds, consistingmainly ofW boson and
top quark pair production, as well as being an electroweak
signal production mode, as illustrated by Eq. (1.1). For a
massless neutralino, the smuonmass is constrainedwithL ¼
39.5 fb−1 of

ffiffiffi
s

p ¼ 13 TeV data to satisfy, at the 95% con-
fidence level (CL), mμ̃R > 220 GeV. There is almost no
constraint when the neutralino is heavier than 100 GeV.
As the neutralino is stable, it is a viable candidate for a

dark matter particle. Bino dark matter with light sleptons
can be accommodated provided that the slepton-neutralino
mass splitting is of at most 10% of the neutralino mass.
Under this condition, there is sufficient coannihilations so
that the universe is not overclosed [44]. However, in the aim
of using simplified models as tools for characterizing given
phenomena, this latter constraint is ignored.

III. COMPUTATIONAL SETUP

To conduct our study, we simulate and analyze signal and
background events in pp collisions at a center-of-mass
energy

ffiffiffi
s

p ¼ 14 TeV. We implement the simplified model
Lagrangian of Eq. (2.1) into FEYNRULES [45], that we jointly
use with the NLOCT [46] and FEYNARTS [47] packages to
generate a UFO library [48] that includes tree-level vertices

FIG. 1. Drell-Yan production of a pair of right-handed smuons
(μ̃þR μ̃

−
R) decaying into a pair of muons (μ�) and lightest neu-

tralinos (χ̃1). Generated with JAXODRAW [43].
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as well as ultraviolet and R2 counterterms. This enables
numerical computations up to one-loop in the strong cou-
pling constant αs. Event generation for signal and back-
ground processes is performed with MADGRAPH5_AMC@

NLO v2.6.3.2 [49], allowing us to match NLO QCD fixed-
order calculations with parton showers with the MC@NLO
prescription [50]. For background samples, the totally
inclusive process at NLO in QCD is matched to its first
jet multiplicity at NLO according to the FxFx method [51].
This has the effect of promoting the first and second QCD
emissions in the inclusive sample, which, respectively, are
only described at LOþ LL and LL precision, to NLOþ LL
and LOþ LL quantities. In these instances, the generator-
level cuts pj

T > 30 GeV and jηjj < 5 are applied with a
merging scale Qcut ¼ 60 GeV. We use the MADSPIN [52]
and MADWIDTH [53] programs to handle the smuon decays
into a muon–neutralino system.
We use PYTHIA v8.230 [54], steered by the CUETP8M1

“Monash*” tune [55], to handle parton showering (includ-
ing QED radiation), the hadronization of all final-state
partons, as well as the decays of hadrons and tau leptons.
Background processes are dressed with multiple particle
interactions (MPI) using PYTHIA 8’s underlying event model
[54,56,57]. To account for recoil against dipole radiation in
the parton shower and for color reconnection between the
hard scattering system and proton beams, we further tune
PYTHIA 8 with:

SpaceShower:dipoleRecoil=on
TimeShower:globalRecoil=off
ColourReconnection:mode=1
BeamRemnants:remnantMode=1

Particle-level reconstruction is handled with MADANALYSIS5

v1.7.10 [58,59], in which we enforce jet clustering using the
anti-kT algorithm [60], as implemented in FASTJET v3.3.0
[61]. We choose a jet radius of R ¼ 1, following the jet veto
analysis ofRef. [40].During the clusteringprocedure, idealb-
jet, light-jet, and hadronic tau (τh) tagging is assumed;
momentum smearing due to mismeasurement and potential
misidentification of one particle species as another is imple-
mented at the analysis level as done in Ref. [42].
Computations use the NNPDF 3.1 NLO+LUXQED parton
distribution function (PDF) set [62], while both PDF and
αsðμÞ evolutions aremanaged by usingLHAPDF6 v1.7 [63].
In the above Monte Carlo setup, we do not explicitly

simulate pileup, i.e., multiple, simultaneously occurring
and spatially overlapping pp collisions. While this is an
important experimental issue for the HL-LHC, the success
of state-of-the-art pileup mitigation techniques (e.g.,
Refs. [64–67]) greatly ameliorates contamination by mini-
mum bias events [65,66,68]. A net impact of these pileup-
subtraction methods is usually the additional smearing of a
particle’s four-momentum,which is captured by ourmomen-
tum smearing procedure. We therefore ignore the presence
of pile-up jets in individual events. While non-negligible,

their impact is expected to be subdominant compared to
events with high jet multiplicity and underlying events,
which are taken into account.
In addition to event generation, totally inclusive cross

section normalizations at NLO and with next-to-leading
logarithmic (NLL) threshold corrections are obtained with
RESUMMINO v2.0.1 [69]. We use again the NNPDF 3.1

NLO+LUXQED PDF set, despite the availability of PDFs
extracted using threshold-corrected matrix elements [70].
Our choice is motivated by the much larger statistical
uncertainty of the resummed PDF, which obfuscates their
improved perturbative precision / systematic uncertainty.
We refer to Ref. [71] for a study of their impact on the
hadroproduction of slepton pairs.
For signal rate normalization up to NLOþ NLL

ðthresholdÞ, the collinear factorization ðμfÞ and QCD
renormalization ðμrÞ scales are set to the smuon mass.
For signal and background event generation, we set scales
on an event-by-event basis to half the scalar sum of the
transverse energy of all final-state particles,

μf;r ¼ ξ × μ0; with μ0 ¼
1

2

X
k∈ffinal stateg

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
jpk

T j2 þm2
k

q
:

ð3:1Þ

The parton shower scale ðμsÞ is set dynamically to [49]

μs ¼ ξ × μ̃0; with μ̃0 ≈min ½μ0;
ffiffiffiffiffi
d�

p
�; ð3:2Þ

where d� ¼ minfdig is the minimum kT-distance measure
[72,73] over all QCD parton splittings in the hard process.
By default, we set ξ ¼ 1. The residual perturbative scale
dependency is then quantified by varying μf, μr, and μs,
independently over the discrete range ξ ∈ f0.5; 1.0; 2.0g.

IV. SMUON PAIRS AT THE LHC

A. Smuon pair production

Like electroweakinos, sleptons can be produced through
a variety of mechanisms in proton-proton collisions. For
simplicity, we restrict ourselves to right-handed smuon pair
production through the inclusive, Drell-Yan process,

pp → γ�=Z� þ X → μ̃þR μ̃
−
R þ X; ð4:1Þ

as illustrated in Fig. 1. At the hadronic level X above
denotes an arbitrary number of (predominantly forward)
QCD jets. If vector boson fusion becomes a relevant
production mode of TeV-scale smuons [74–76], as for
example at higher collider energies and integrated lumi-
nosities beyond the LHC, then one can expect much of the
same dynamic jet veto behavior as presented below [42].
In the upper panel of Fig. 2, we show the totally inclusive

NLOþ NLL cross section for neutral-current DY smuon
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production at a center-of-mass energy
ffiffiffi
s

p ¼ 14 TeV. The
results are given as a function of the smuon mass, and we
indicate the uncertainties stemming from perturbative scale
variation (black band) and PDF fitting (light band). In the
lower panel of the figure, we present QCD K-factors, with
their uncertainties, defined relative to the Born process,

KNLOþNkLL ¼ σNLOþNkLLðpp → μ̃þR μ̃
−
R þ XÞ

σLOðpp → μ̃þR μ̃
−
R þ XÞ : ð4:2Þ

The cases k < 0 and k ¼ 1, respectively, correspond to
computations at NLO and NLOþ NLLðthresholdÞ.
For smuon massesmμ̃R ∈ ½200; 900� GeV (i.e., the range

of interest for the LHC), the NLOþ NLL production cross
section varies from approximately 10 fb to 10 ab, with the
corresponding scale uncertainties reaching the �2 − 3%
level. In this mass regime, NLOþ NLL predictions sit
within the NLO perturbative uncertainty band that has a
width of about �4%. Furthermore, the QCD K-factors for
both the NLO and NLOþ NLL computations are about
K ≈ 1.15 and largely independently of the smuon mass.
On different grounds and still in this mass range, PDF
uncertainties are only marginally larger than the NLO scale
uncertainties, before growing significantly for mμ̃R ≳
800 GeV (due to the absence of data in the PDF fits). As
the same PDF set is used for both the NLO and NLOþ NLL
computations, the size of their uncertainties is essentially
identical.
For the parameter space consistent with our simplified

model assumptions, the gluon fusion contribution to

inclusive μ̃þR μ̃
−
R production, which formally arises atOðα2sÞ,

is small compared with the neutral-current DY component
[77,78]. Moreover, for DY-like processes that give rise to
high-pT charged leptons, QCD scale uncertainties in
cross sections featuring a dynamic jet veto at NLOþ PS
(which are formally at the leading-logarithmic accuracy)
are comparable with the total inclusive cross section
uncertainty at NLO due to the absence of large jet veto
logarithms [41,42]. This holds independently of the jet
radius for a dynamic veto [42]. For a static veto, choosing a
jet radius of R ¼ 1 greatly helps to minimize the perturba-
tive uncertainties [40,79–81], though worsens the univer-
sal, nonperturbative ones [28,40,82]. Thus, we may
conclude that cross sections for μ̃þR μ̃

−
R production obtained

from event generation at NLOþ PS, either with or without
a dynamic jet veto, are reliable estimates of the true rate.
Similar reliability of NLOþ PS predictions with static jet
vetoes applied to SM diboson and weak boson scattering
processes have been reported elsewhere [25,34]. Hence,
for our purposes and for discovery purposes, NNLO and
NNLL(threshold) terms in fixed order and resummed signal
predictions can be ignored.

B. Dynamic jet vetoes beyond pT
Jet vetoes have long been established as powerful tools

to improve the discovery potential of sleptons and electro-
weakinos in multilepton searches at hadron colliders
[35–38,83]. In practice, LHC experiments rely on fixed/
static veto thresholds of pVeto

T ¼ 20–50 GeV for central jets
within a pseudorapidity jηjj≲ 2.5 [10,84–89]. Recently
[41,42], though, it was demonstrated that dynamic jet veto
schemes, namely ones wherein pVeto

T is set on an event-by-
event basis to the pT of an event’s leading lepton, can
improve the sensitivity of multilepton searches for exotic,
colorless particles. In conjunction with selection cuts on
leptonic observables, this type of jet veto ultimately dis-
criminates against the relative amounts of hadronic and
leptonic activity in each event.
In this sense, dynamic jet vetoes can be generalized by

considering observables that measure an event’s global
hadronic and leptonic activities instead of just the pT of an
event’s leading objects. Natural candidates include: the
inclusive scalar sum of pT of all hadron clusters in an event
ðHIncl

T Þ,

HIncl
T ≡ X

k∈fclustersg
jp⃗k

T j; jηkj ≲ 4.5; ð4:3Þ

or the exclusive scalar sum of pT of the two leading
charged leptons ðl1;l2Þ in an event ðSExclT Þ,

SExclT ≡X2
k¼1

jp⃗lk
T j: ð4:4Þ
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FIG. 2. Upper: totally inclusive neutral-current DY production
cross section of μ̃þR μ̃

−
R pairs at NLOþ NLL, and at a center-of-

mass energy
ffiffiffi
s

p ¼ 14 TeV with scale uncertainty (black band)
and PDF uncertainty (lightest band). Lower: NLOþ NLL (black
band) and NLO (lighter band) QCD K-factor, with PDF un-
certainty (lightest band).
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Here we adopt the usual particle ordering, where pki
T > pkiþ1

T
for particles ki and kiþ1 of species k. We also henceforth
suppress the “Incl./Excl.” labels for brevity but stress that we
donot expect results here to uniformly carry over to exclusive
HT and inclusive ST .
To be explicit, the summation over “hadron clusters” in

Eq. (4.3) means the summation over the set of momentum
vectors that are the output of a jet clustering algorithm
applied to hadrons within a pseudorapidity of jηHadj <
ηmax ¼ 4.5. Clusters that satisfy additional kinematic
requirements, e.g., a minimal pT threshold, are further
classified as jets. Working with clusters has the highly
nontrivial impact of reducing the size (and complexity)
of individual events, and therefore Monte Carlo data sets,
as well as ameliorating some (but not all) of the impact
of underlying event (UE) / multiple particle interactions
(MPI). This follows from the fact that, despite the redis-
tribution of hadron multiplicity and average hadron pT
induced by UE/MPI models, the spatial distribution of
hadrons is always strongly correlated with the hard scatter-
ing process itself, and therefore will be largely recaptured
by kT-style sequential clustering algorithms. Intuitively,
one aspect of UE/MPI models is to “fatten” clusters by
increasing the average number of hadrons in a cluster
(while decreasing the average pT per hadron [56,57]), but
only alter the kinematics of a cluster of radius R ¼ 1 and
transverse momentum pT ≳ 25 GeV by OðΛNP=pTRÞ≲
5–15%, for a nonperturbative scale ΛNP ¼ 2–3 GeV. Such
an estimate is consistent with the findings of dedicated
studies on the impact of MPI on jet observables [34,90].
Moreover, these shifts impact charged leptons at a com-
parable level by momentum recoil/conservation. Taking the
ratio of leptonic and hadronic observables, as one does for
dynamic jet vetoes, thereby further mitigates the impact of
MPI. We have checked this explicitly for our high-statistics,
FxFx-matched background samples and observe that MPI
induces differences in lepton-to-hadron ratios on the order
of their perturbative QCD uncertainties, i.e., 1–10%, but
reach as large as 15% as one nears phase space boundaries,
for cluster/jet radii of R ¼ 0.4–1.0. As such, to highlight
the qualitative behavior of perturbative matrix elements,
for the remainder of this section we restrict ourselves to
results obtained with inclusive, NLOþ PS samples and
postpone further discussion of nonperturbative uncertain-
ties to Table II.
Qualitatively, HT differs from the pT of the leading (or

subleading) central jet pj1
T (or pj2

T ) in that HT is much more
sensitive to complicated color topologies in a hard scatter-
ing processes. The simplest color topologies, e.g., Eq. (4.1),
have at most one or two color dipoles / antennas, and hence
less QCD radiation, resulting in HT that is comparable to
pj1
T . On the other hand, complex QCD processes, e.g.,

pp → WW þ nj, have many color antennas, and hence
more sources of QCD radiation, resulting in HT signifi-
cantly larger than pj1

T . Metaphorically speaking, HT vs pj1
T

is like a multiband vs single-band radio emitter, with
complex color structures inducing many bands of radiation
simultaneously whereas signal-like topologies have
fewer bands.
Due to its exclusive nature, ST acts to exaggerate and

accentuate the characteristic behavior of the leading
charged leptons l1 and l2. If they stem from a resonant
(continuum) process, then ST will characteristically have a
narrow (shallow) distribution. If the two are pair-produced,
then one expects the scaling ST ∼ 2pl1

T . Likewise, any
relative (in)dependence of plk

T on the hadronic activity is
inherited by ST. By virtue of the collinear factorization
theorem, central, high-pT charged leptons in hadron
collisions stem from a hard underlying process. Hence,
the ST of leading leptons probes an event’s hard-scattering
core, and, up to possible kinematic decay factors scales like
the hard scattering scaleQ. This helps to protect against the
emergence of large veto logarithms. We remark briefly that
exclusive ST differs from inclusive ST in that the latter sums
over the trailing charged leptons and additionally probes
universal, low-Q2 physics, such as hadron decays and QED
parton showering.
In application, a dynamic, HT-based jet veto would

work, for example, by rejecting events in which HT

exceeds pl1
T . Analogously, an ST-based veto functions

by requiring, for example, an event to satisfy pj1
T < ST

for jηj1 j < ηmax.
To explore these alternative dynamic veto schemes, we

present in Fig. 3, the normalized distributions for the
following ratios of leptonic and hadronic activities:

ðaÞ pl1

T =pj1
T ; ðbÞ pl1

T =HT; ðcÞ ST=pj1
T ;

ðdÞ ST=HT; ðeÞ pl2
T =pj1

T ; ðfÞ pl2
T =HT:

These are considered for the signal process in Eq. (4.1),
with smuons decaying into a SM muon plus a neutralino.
We assume the benchmark parameter space points,

Signal Category∶ ðmμ̃R ; mχ̃1Þ;
High-mass;Large mass splitting∶ð750 GeV; 100 GeVÞ;
High-mass; Small mass splitting∶ð750 GeV; 700 GeVÞ;
Low-mass; Small mass splitting∶ ð100 GeV; 50 GeVÞ:

We also consider the representative backgrounds,

pp → tt̄ → lþl− þ X; pp → lþl−νν̄; ð4:5Þ

with l ∈ fe; μ; τhg. All signal and background processes
are considered at NLOþ PS, after jet clustering. For the
present situation, we require at least two oppositely charged
muons with any number of hadronic clusters satisfying the
truth-level kinematical requirements
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jηclustj < 4.5; jηlj < 2.4; and pl
T > 10 GeV: ð4:6Þ

As a reference point, we discuss first the kinematic ratio
rl1j1 ¼ pl1

T =pj1
T , as studied by Refs. [41,42] and shown in

Fig. 3(a). For the signal processes, we see a difference in
behavior according to whether or not the smuon and
neutralino are close in mass. Whereas the high-mass, large
mass splitting configuration possesses a very broad dis-
tribution, with most of the phase space exceeding rl1j1 > 1,
the more compressed configurations possess relatively
narrower distributions, with significantly more phase space
below the rl1j1 ¼ 1 threshold. For the large mass splitting
case, final-state muons carry pl

T ∼mμ̃Rð1 −m2
χ̃1
=m2

μ̃R
Þ=2∼

mμ̃R=2 ∼ 375 GeV. This is significantly larger than the

leading jet pT , which is generally of the order of the
Sudakov peak. For on-shell slepton pair production, the
Sudakov peak is much lower than 2mμ̃R , indicating that

characteristically pj1
T ≪ pl1

T ∼mμ̃R=2. For the compressed
cases, the muons carry only pl

T ≲ 40–50 GeV and drive the

relationship rl1j1 (high-mass, small-splitting.) ≲rl1j1 (low-
mass, small-splitting.) ≲1.
Considering the background processes, one observes

that most events populate the region around rl1j1 ∼
0.25–0.75. In both cases, the behavior follows from
kinematic arguments [41]. For an at-rest top quark
decaying into leptons, the characteristic momenta of the
charged lepton and associated b-quark give rise to the
scaling

FIG. 3. Ratios of measures of hadronic and leptonic activity for representative signal (solid) and background (dashed) samples used in
the dynamic veto analysis, showing (a) pl1

T =pj1
T , (b) p

l1
T =HT , (c) ST=p

j1
T , (d) ST=HT , (e) p

l2
T =pj1

T , (f) p
l2
T =HT .
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rl1j1 ∼
pl
T

pb
T
∼
mtð1þM2

W=m
2
t Þ=4

mtð1 −M2
W=m

2
t Þ=2

∼ 0.75: ð4:7Þ

In a full simulation at NLOþ PS with large-R jets, this
is pushed significantly to smaller values due to a large
tt̄þ 1j sub-channel, boosts from large ðtt̄Þ-invariant
masses, and into-cone radiation. Each enhances pj

T or
pb
T relatively to pl

T . Despite being a color-singlet process,
the inclusive pp → llννþ X channel has a relatively
large pp → llννþ 1j fraction. This is due to the
pp → Wγ�=WZ þ 0j processes being suppressed by
radiation amplitude zeroes [91–98]. In turn, rl1j1 is
inherently less than unity.
In Fig. 3(b), we consider the impact of including

secondary QCD radiation and show the distribution for
rl1HT

¼ pl1
T =HT . For the signal processes, we observe some

difference from rl1j1 in the normalization and position of the
distributions’ maxima. Here, the maxima are marginally
taller and pushed to slightly lower values of rl1

HT
. This is

indicative of the low hadronic activity in DY-like processes,
which is in fact why a jet veto is considered at all. On the
other hand, for both background processes, we observe
values of rl1

HT
much smaller than rl1j1 . For tt̄ specifically, the

shift (and narrowing) from rl1j1 ≲ 0.5 to rl1

HT
≲ 0.25 is

consistent with HT , which sums over both bottom jets,
being roughly 1=HT ∼ 1=ð2 × pj1

T Þ ∼ 1=ð2 × pb1
T Þ. The

low-mass, compressed signal distribution is in particular
hardly distinguishable from the llνν distribution.
Considering now a more global measure of leptonic

activity, we present in Figs. 3(c) and 3(d) the distributions
for the ratios rSTj1 ¼ ST=p

j1
T and rSTHT

¼ ST=HT , respectively.
For all cases we see that the rSTj1 and rSTHT

curves are broader

than their rl1j1 and rSTj1 counterparts, and that the distribu-
tions’ maxima are shifted slightly rightward. As in the (a)
and (b) panels, the compressed signal and both background
processes have a significant fraction of their respective
phase spaces below unity.
As an alternative measure of local leptonic activity, we

show in Fig. 3(e) and 3(f) the distributions for the ratios
rl2j1 ¼ pl2

T =pj1
T and rl2HT

¼ pl2

T =HT , respectively. One sees a
larger separation than in (a) and (c) of the high-mass,
compressed signal process from all other processes.
Notably, the tt̄ distributions are much narrower, with almost
all events falling below rl2j1 ≲ 0.5 and rl2HT

≲ 0.25.
Taken together, a picture emerges for generalized

definitions of dynamic jet vetoes. We find that all of
the proposed veto schemes exhibit uniform behavior. For
the signal process with the highest charged lepton
momenta, i.e., the high-mass, large mass splitting signal
category, we find a clear signal-to-background separation
against representative background processes. For signal

processes with charged lepton momenta comparable to
SM processes, we find significantly less but nonetheless
interesting discriminating power. In particular, for the
low-mass, compressed category, we observe reasonable
separation from tt̄ but poor separation from llνν, whereas
for the high-mass, compressed category we report the
opposite. This suggests that it may be possible to salvage
additional signal space with complementary selection cuts.
Quantitatively, we observe a larger signal-to-background
separation for dynamic veto schemes with more inclusive/
global hadronic observables, e.g., HT , and more exclusive/
local charged lepton observables, e.g., pl2

T . The worst
separation is given by rSTj1 , which makes use of the multi-
lepton activity of background processes but not the rela-
tively low hadronic activity of the signal processes. The
ratio rl2HT

appears to be exceptionally powerful in rejecting
top quark background.

1. Dynamic jet vetoes with missing transverse
momentum

A full and systematic investigation of all possible
dynamic jet vetoes that one can build for the dimuon
final-state is beyond our exploratory and proof-of-concept
scope. Nevertheless, it is interesting and constructive to
briefly explore the potential of dynamic jet vetoes built
from missing transverse momentum observables. Here and
throughout our study, the magnitude (ET) of the transverse
momentum imbalance vector (p⃗T) is defined with respect to
all visible momenta within jηj < 4.5,

ET ¼ jp⃗T j; p⃗T ¼ −
X

k∈fvisibleg
p⃗k
T: ð4:8Þ

Building observables that include both charged lepton
momenta and p⃗T (or ET) takes into account high-energy,
invisible particles in the final state (e.g., χ̃1; ν) and hence are
potentially more closely tied to the momentum vector ðQ̂Þ
and scale (Q) of hard-scattering processes than charged
lepton momenta alone.
Assuming the same configurations as for Fig. 3, we show

in Fig. 4 the normalized distributions for the ratios

ðaÞ rLT
j1

¼ LT=p
j1
T ; ð4:9Þ

ðbÞ rMðl1;l2;p⃗T Þ
j1

¼ Mðl1;l2; p⃗TÞ=pj1
T : ð4:10Þ

Here, the kinematic observables LT and Mðl1;l2; p⃗TÞ,
denote, respectively, (i) the scalar sum of leading lepton pT ,
subleading lepton pT , and ET , as well as (ii) the invariant
mass of the dilepton-p⃗T system. Symbolically, the two are
defined by the following:

ðiÞ LT ¼ ST þ ET ¼ pl1
T þ pl2

T þ ET; ð4:11Þ

ðiiÞMðl1;l2; p⃗TÞ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðpl1 þpl2 þ p⃗TÞ2

q
: ð4:12Þ
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In Fig. 4(a), one sees a strong qualitative resemblance to the
ratio rSTj1 in Fig. 3(c), which is expected due to the ratios’
similar definitions, but with all curves move rightwards due
to the (trivial) inequality rLT

j1
≥ rSTj1 . Quantitatively, the shift

essentially pushes the ratio for each process to values
greater than unity with the notable exception of the tt̄
sample. This case features a modest tail to smaller values
and can be attributed to uncommon (but not rare) phase
space configurations. Such configurations include for
example when the two final-state b-jets are both centrally
produced (low jηj) while the μþμ− pair are forward with a
large jημ1 − ημ2 j separation and the neutrino pair have a
maximal azimuthal separation, jϕν1 − ϕν2 j ∼ π. Here the
neutrinos’ transverse momentum vectors cancel and the
charged leptons are sufficiently forward that pl1

T þ pl2
T <

pb1
T . As with rSTj1 , the ratio rLT

j1
does very little to separate

signal benchmark points from the background, with an
exception for the high-mass, large mass splitting category
at large values of rLT

j1
.

Figure 4(b) shows a somewhat interesting distribution,
namely a strong separation between the llνν sample from
everything else but relatively poor separation between
the smuon and top quark processes. More specifically,

the llνν sample populates rMðl1;l2;p⃗T Þ
j1

≪ 0.1, and can be
attributed to the situation where the transverse momentum
of the dilepton system, pTðl1;l2Þ, strongly recoils against
the leading jet in the llννþ 1j process. For such con-
figurations, the leading jet pT is approximately the recoil
of charged leptons and neutrinos. Hence, the squared
invariant mass M2ðl1;l2; p⃗TÞ is,

M2ðl1;l2; p⃗TÞ
¼ ðEl1 þ El2 ; p⃗l1

T þ p⃗l2
T þ p⃗T; p

l1
Z þ pl2

Z Þ2

≈ ðEl1 þ El2 ;−p⃗j1
T ; p

l1
Z þ pl2

Z Þ2

¼ p2
Tðl1;l2Þ − pj12

T ; ð4:13Þ
and reveals a large cancellation for large pj1

T . Subsequently,
in this approximation, the ratio is given by

rMðl1;l2;p⃗T Þ
j1

≈

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
p2
Tðl1;l2Þ − pj12

T

q
pj1
T

; ð4:14Þ

and tends toward zero for large pj1
T . For the signal

processes, its Drell-Yan-like topology ensures that the
emission of high-pT jets is disfavored, leading to larger

rMðl1;l2;p⃗TÞ
j1

. For the tt̄ process, the leading jet pT is not a
good approximation of the sum of leptonic transverse
momenta and the p⃗T vector due to the contribution of
additional high-pT jets, particularly a second b-jet. The
inclusion of jets into jp⃗T j (and to some extent plk

T ) leads to
larger values of M, and hence larger ratios.

C. Jet Veto Collider Analyses

We now turn to defining our static and dynamic jet veto
analyses to quantify how generalized dynamic jet vetoes
may improve the discovery potential of smuon pairs at the
LHC, if at all. For all analyses, we define analysis-quality
charged leptons and jets as those that satisfy the following
kinematical, fiducial, and isolation requirements:

pe ðμÞ ½τh� fjg
T > 10 ð10Þ ½20� f25g GeV;

jηe ðμÞ ½τh� fjgj < 2.4; ΔRlm;ln > 0.4; ΔRlj > 0.4:

We use the electron and muon efficiencies as reported1 in
Ref. [9] for leptons with pT ≥ 20 GeV, and those reported
in Ref. [99] for leptons with pT ∈ ½10; 20½ GeV. We tag
the hadronic decays of τ leptons ðτhÞ with pT ≥ 20 GeV
using the efficiencies reported in Ref. [100]. To account for
finite detector resolution and pileup mitigation techniques,
all objects are smeared with a Gaussian profile as done in
Ref. [42], with smearing coefficients set using publicly
available resolution parametrizations reported by the
ATLAS and CMS collaborations [101–104]. The missing

FIG. 4. Same as fig. 3 but for the ratios (a)ðET þ pl1
T þ pl2

T Þ=pj1
T and (b) Mðl1;l2; p⃗TÞ=pj1

T

1https://twiki.cern.ch/twiki/bin/view/CMSPublic/SUSMoriond
2017ObjectsEfficiency.
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transverse momentum 2-vector and its magnitude are
defined above in Eq. (4.8).
We simulate the following background processes,

pp → lllν; pp → llνν;

pp → tt̄ → 2lX; pp → WWW → 3lX;

at NLOþ PS with FxFx-merging for the first jet multi-
plicity. The additional background processes

pp → llll; pp → lþl−;

pp → tt̄lν → 3lX; pp → WWll → 2lX;

simulated in contrast at the NLOþ PS accuracy, were
found to give a negligible background contribution after all
selection cuts in all analyses, and therefore are ignored for
the remainder of our report. As our signal process consists
of high-pT muons and large ET , QCDmultijet backgrounds
are similarly negligible [9] and ignored for the remainder of
this work.

1. Shared analysis baseline

As a baseline for all analyses, we follow closely the CMS
search for slepton pair production in dilepton final states atffiffiffi
s

p ¼ 13 TeV with L ¼ 35.9 fb−1 of data [9]. We preselect
events featuring one pair of analysis quality, opposite-sign
muons, and veto events with additional analysis-quality
charged leptons. We are thus inclusive with respect to
additional leptons outside these criteria. Such events are
identified inLHCcollisions through inclusive, low-threshold
dimuon triggers. During Run II, triggers such as the ATLAS
experiment’s 2mu10 and L1_2MU10 triggers2 require
two muon pT ≳ 10 GeV at Level 1 [105]. It is also possible
to identify such events using complementary triggers, such
as those used in the aforementioned CMS analysis, which
enable one to lower the threshold for the subleading muon to
as low as pT > 8 GeV at the cost of increasing the threshold
for the leading muon. By using multiobject triggers, the
CMS collaboration has also managed to push lower the
threshold on the transverse momenta of the two muons to
pT ≳ 3.5 GeV, at the price of a moderate missing energy
requirement [106]. Low-mass hadronic resonances and
Z-pole contributions are removed with the invariant mass
cuts: mμμ > 20 GeV and jmμμ −MZj > 15 GeV. The SM
DY continuum is further suppressed by requiring ET >
100 GeV, and diboson and top pair processes are reduced by
requiring a “stransverse mass” cut of MT2 > 90 GeV
[107,108]. In Sec. V, we describe the impact of relaxing
this cut. Events are then binned according to ET . Analysis

object definitions and shared analysis requirements are
summarized in the top two sections of Table I.

2. Benchmark, static jet veto analysis

At this point, our jet veto collider analyses diverge. Our
benchmark, static jet veto analysis continues as prescribed
in the baseline CMS analysis [9] and further requires that
the pT of the leading and subleading muons satisfy

pl1ðl2Þ
T > 50 ð20Þ GeV: ð4:15Þ

Lastly, we impose a static jet veto of pVeto
T ¼ 25 GeV on

analysis-quality jets. As such objects must sit within
jηj < 2.4, the veto is more specifically a static, central
jet veto. Relaxing this pseudorapidity restriction will be
briefly explored in the following section. Analysis require-
ments are summarized in the third section of Table I.
For background processes, we find comparable cross

sections after selection cuts to those reported by CMS for
all signal regions except the lowest ET bin. There, we find
that our background rate is about 50% lower and is driven
by a difference in the normalization of the “flavor sym-
metric” background, which is largely populated by the tt̄
and diboson processes. We attribute the difference in this
bin to our background normalizations being accurate only
up to NLOþ PS, which are therefore missing numerically
large Oðα2sÞ contributions, and also to potentially missing
contributions from mismeasurements which are not cap-
tured by our detector fast simulation. These effects can both

TABLE I. (Top) Analysis object / particle identification require-
ments at

ffiffiffi
s

p ¼ 14 TeV; (upper) common analysis requirements;
(lower) benchmark static veto analysis requirements; and (bottom)
dynamic jet veto analysis requirements.

Analysis Object Criteria at
ffiffiffi
s

p ¼ 14 TeV:

pe ðμÞ ½τh � fjg
T > 10 ð10Þ ½20� f25g GeV,

jηe ðμÞ ½τh � fjgj < 2.4, anti-kT w./ R ¼ 1
ΔRlm;ln > 0.4, ΔRlj > 0.4

Common Analysis Requirements:
NðμþÞ ¼ 1, Nðμ−Þ ¼ 1, NðlÞ ¼ 2,

mμμ > 20 GeV, jmμμ −MZj > 15 GeV,
MT2 > 90 GeV, ET > 100 GeV,

Binned signal region: ET ∈ ðaÞ ½100; 150½,
(b) [150,225[, (c) [225,300[, ðdÞ ½300;∞½ GeV

Benchmark (Static) Jet Veto Analysis Requirements:

pμ1ðμ2Þ
T > 50ð20Þ GeV, pVeto

T ¼ 25 GeV

Dynamic Jet Veto Analysis Requirements:
Overlapping Signal Categories:
(a) pVeto

T ¼ pl1

T (b) HVeto
T ¼ pl1

T

(c) pVeto
T ¼ ST (d) HVeto

T ¼ ST
(e) pVeto

T ¼ pl2

T (f) HVeto
T ¼ pl2

T

2See also: https://twiki.cern.ch/twiki/pub/AtlasPublic/Trigger
OperationPublicResults/menuTable.png.
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introduce significant differences to CMS’ data-driven
predictions.
In Table II, we present the cutflows for the llνν, lllν,

and tt̄ SM backgrounds with their theory uncertainties [þ%
−%]

and selection cut efficiencies [(%)] given the analysis cuts
in Table I. Conservative theory uncertainties reported are
obtained by adding the renormalization and factorization
scale envelope with the shower scale envelope and statistical
Monte Carlo uncertainty in quadrature. For completeness,
we explore the backgrounds when modeled at the inclusive
NLOþ PS level without MPI (Incl.), with MPI (Inclþ
MPI), and FxFx-merging with MPI (FxFxþMPI).
Categorically, we observe that the inclusion of MPI does
not appreciably impact jet veto cross sections nor their
uncertainties for both traditional, static jet vetoes and
dynamic jet vetoes. In particular, we observe changes at
the 5%-10% level, inline with uncertainties and findings
reported elsewhere [34]. For the dilepton and trilepton
processes, we observe a comparable impact by including

FxFx-merging; forHT-based vetoes, the impact ofMPI and
FxFx slightly compensate for one another. The theoretical
stability afforded by the FxFx sample is consistent with
what has been reported elsewhere, e.g., Refs. [109,110] and
references therein. For the top quark process, we observe
that the impact of both MPI and FxFx are comparable and
shift rates in the same direction at a level consistent with
uncertainties. The seemingly qualitative difference from
the electroweak cases is due to a sizable increase of the tt̄
cross section normalization stemming from the virtual
correction to the tt̄j subprocess in the FxFxmerged sample.
The corresponding virtual correction for the electroweak
processes is numerically more modest. We note that for
some top quark cases, i.e., the static and dynamic HVeto

T ¼
pl2
T vetoes (see below for the latter), there is a larger

statistical Monte Carlo uncertainty driving the total theory
uncertainty; bluntly, these vetoes decimate the several 107-
event tt̄ → 2lX datasets.

TABLE II. The cross section [fb] with uncertainties [þ%
−%] and cut efficiency [(%)] of the selection cuts in Table I for the dominant SM

backgrounds, when modeled at the inclusive NLOþ PS level without MPI (Incl.), with MPI (Incl þMPI), and FxFx-merging with MPI
(FxFxþMPI). Uncertainties are obtained by adding the renormalization and factorization scale envelope with the shower scale
envelope and statistical uncertainty in quadrature. At the generator-level, statistical confidence corresponds to 5-10 M events for each
sample and shower variation.

Cut=Channel σðllννÞ [fb] σðlllνÞ [fb] σðtt̄Þ [fb]
Incl. InclþMPI FxFxþMPI Incl. InclþMPI FxFxþMPI Incl. InclþMPI FxFxþMPI

Common Analysis Requirements

Generator 10 200þ4.1%
−4.8% 10 200þ4.1%

−4.8% 10 300þ4.5%
−5.1% 1600þ5.5%

−6.5% 1600þ5.5%
−6.5% 1680þ5.5%

−6.2% 85 800þ9.2%
−10.4% 85 800þ9.2%

−10.4% 91 000þ11.9%
−11.7%

Dimuon Selection 850þ4.1%
−4.8%

(8.4%)
850þ4.5%

−5.1%
(8.4%)

840þ4.9%
−5.3%

(8.4%)
140þ6.3%

−7.0%
(8.7%)

140þ6.3%
−6.8%

(8.7%)
140þ6.1%

−6.5%
(8.6%)

6400þ12%
−12%

(7.5%)
6400þ12%

−12%
(7.5%)

6800þ12%
−13%

(7.5%)

þmll

Requirements
590þ4.2%

−4.8%
(69%)

590þ4.5%
−5.2%

(69%)
580þ5.3%

−5.5%
(69%)

40þ7.0%
−7.6%

(28%)
40þ6.9%

−7.4%
(28%)

40þ6.3%
−6.8% (29%) 5000þ12%

−12%
(77%)

5000þ12%
−12%

(78%)
5300þ12%

−13%
(78%)

+Minimum MT2 2.9þ6.6%
−7.5%

(0.49%)
3.0þ4.6%

−8.8%
(0.51%)

2.4þ9.0%
−6.2%

(0.42%)
0.74þ9.6%

−10%
(1.9%)

0.76þ7.2%
−7.7%

(1.9%)
0.56þ7.0%

−8.2%
(1.4%)

8.8þ13%
−15%

(0.18%)
9.2þ13%

−12%
(0.18%)

8.6þ12%
−25%

(0.16%)

Benchmark Static Jet Veto Analysis Requirements

þpl1

T > 50 GeV,

pl2

T > 20 GeV

2.7þ9.0%
−8.9%

(94%)
2.8þ4.6%

−12%
(94%)

2.3þ12%
−7.2%

(96%)
0.70þ11%

−12%
(95%)

0.71þ7.4%
−8.0%

(94%)
0.53þ7.8%

−10%
(95%)

7.7þ13%
−20% (87%) 8.3þ15%

−13%
(90%)

7.8þ12%
−33%

(91%)

+Static Jet Veto 1.5þ13%
−11%

(54%)
1.5þ5.6%

−17%
(53%)

1.6þ13%
−7.8%

(70%)
0.27þ11%

−12%
(39%)

0.26þ9.3%
−8.0%

(36%)
0.31þ7.8%

−13%
(60%)

0.033þ240%
−20%

(0.43%)
0.049þ66%

−66%
(0.60%)

0.15þ68%
−58%

(1.9%)

Dynamic Jet Veto Analysis Requirements

pVeto
T ¼ pl1

T 2.6þ6.7%
−14%

(86%)
2.5þ7.0%

−8.8%
(85%)

2.4þ10%
−7.4%

(>99%)
0.58þ11%

−9.9%
(77%)

0.58þ11%
−10%

(77%)
0.55þ7.3%

−8.6%
(99%)

3.8þ12%
−13% (43%) 3.9þ12%

−13%
(42%)

4.5þ32%
−32%

(57%)

pVeto
T ¼ pl2

T 2.0þ4.4%
−8.0%

(67%)
1.9þ7.6%

−11%
(68%)

2.2þ11%
−8.6%

(91%)
0.41þ15%

−13%
(55%)

0.43þ9.1%
−8.9%

(57%)
0.50þ7.1%

−7.5%
(87%)

0.84þ25%
−35%

(9.0%)
0.95þ22%

−12%
(10%)

0.98þ57%
−17%

(12%)

pVeto
T ¼ ST 2.8þ6.2%

−12%
(94%)

2.7þ8.2%
−7.7%

(94%)
2.4þ8.9%

−6.7%
(>99%)

0.68þ8.9%
−9.9%

(90%)
0.67þ9.4%

−9.5%
(90%)

0.56þ6.9%
−9.0%

(>99%)
5.8þ19%

−18% (62%) 7.1þ13%
−26%

(71%)
6.6þ23%

−26%
(89%)

HVeto
T ¼ pl1

T 2.2þ7.4%
−16%

(73%)
1.9þ10%

−7.3%
(67%)

2.2þ9.2%
−5.8%

(87%)
0.46þ9.4%

−8.7%
(60%)

0.41þ16%
−10%

(55%)
0.46þ7.3%

−13%
(84%)

0.40þ23%
−13%

(4.2%)
0.49þ25%

−50%
(4.9%)

0.54þ22%
−25%

(7.1%)

HVeto
T ¼ pl2

T 1.5þ4.9%
−11%

(51%)
1.2þ5.3%

−5.4%
(43%)

1.5þ7.7%
−7.3%

(60%)
0.31þ8.3%

−8.6%
(41%)

0.25þ8.9%
−8.0%

(34%)
0.33þ8.6%

−8.9%
(58%)

0.049þ69%
−13%

(0.53%)
0.016þ200%

−210%
(0.17%)

0.12þ62%
−81%

(1.5%)

HVeto
T ¼ ST 2.5þ4.6%

−13%
(84%)

2.4þ6.1%
−8.3%

(82%)
2.3þ9.6%

−9.7%
(97%)

0.55þ13%
−10%

(74%)
0.53þ11%

−10%
(71%)

0.54þ7.0%
−8.5%

(95%)
1.4þ23%

−24%
(16%)

1.1þ44%
−15%

(11%)
1.9þ31%

−20%
(23%)
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3. Dynamic jet veto analysis

The goal of this study is to see to what extent, if at all,
generalizations of dynamic jet vetoes can improve searches
for multilepton final states over traditional, static, central jet
vetoes. To do this, we propose a class of analyses that
simplifies the static veto analysis of the preceding sub-
section. We execute this by removing the stringent high-pT
selection cuts on charged leptons given in Eq. (4.15) and by
setting the central jet veto threshold on an event-by-event
basis. As can be observed from Table II, these lepton-pT
cuts only reduce backgrounds by 5%–10% but at the cost of
hindering signal acceptance, particularly in the mass-
degenerate limit. More precisely, events are vetoed either
(i) if there exists an analysis-quality jet with pj

T > pVeto
T or

(ii) if the event possess HT > HVeto
T . In no case do we

consider simultaneously a veto on pj
T and on HT . The veto

thresholds are set dynamically according to the following
permutations:

ðaÞ pVeto
T ¼ pl1

T ; ðbÞ HVeto
T ¼ pl1

T ; ðcÞ pVeto
T ¼ ST;

ðdÞ HVeto
T ¼ ST; ðeÞ pVeto

T ¼ pl2
T ; ðfÞ HVeto

T ¼ pl2
T :

In principle, one can introduce a scaling factor r, e.g.,
HVeto

T ¼ r × ST , with r ¼ 0.75, and improve the signal-to-
background ratio S=B according to Fig. 3. However, this is
beyond the proof-of-concept scope of our study. Needless
to say, investigations into optimizing a “smart jet veto” are
encouraged.

V. RESULTS AND OUTLOOK

To quantify the impact of dynamic jet vetoes on searches
for smuon pairs, we use the CLS technique [111] to first
determine the 95% CL reach in terms of the event rate
N95 ¼ σ95 × L, for a luminosity L. We take into account

the Monte Carlo uncertainties for both the signal and the
background, and use a flat systematic uncertainty of 20%
on the background prediction derived from our FxFxþ
MPI samples. We use the combined likelihood ratio of the
four signal regions as our test statistic. Sensitivity is then
expressed in terms of the signal strength ðμSSÞ,

μSS ¼ σ95=σp; ð5:1Þ

where σp is the predicted cross section in our simplified
model. A signal strength of μSS < 1 means that the signal
hypothesis is excluded with at least 95% confidence.
As a check, we show in Fig. 5, μSS for (a) the static jet

veto analysis based on Ref. [9], where pVeto
T ¼ 25 GeV,

and (b) the dynamic jet veto pVeto
T ¼ pl1

T , assuming L ¼
35.9 fb−1 at

ffiffiffi
s

p ¼ 14 TeV. To derive these we only
consider the Monte Carlo uncertainty and a flat 20%
additional systematic uncertainty (which is intended to
approximate all additional theory and experimental sys-
tematic uncertainties) in the limit setting, to keep the
comparison as clear as possible. We find that the constraints
derived using the reference analysis are stronger than those
reported in Ref. [9]. This is attributed to three reasons. First,
in comparison with the 13 TeV results explored with data,
we take

ffiffiffi
s

p ¼ 14 TeV. Second, we use a highly simplified
treatment of systematic uncertainties, and finally, we recover
a slightly smaller background prediction for the lowest ET
signal region compared with the data-driven prediction of
Ref. [9] (see Sec. IV C).
With the dynamic jet veto analysis, we observe an

improvement in sensitivity over the static veto analysis,
with mμ̃R ≲ 425 GeV being accessible for mμ̃R ≫ mχ̃1, to
be confronted to mμ̃R ≲ 360 GeV in the static case. For
larger luminosities we find that the improvement is com-
parable. However, as part of the improvement comes from

FIG. 5. Exclusion contours on the signal strength μSS for smuon pair production in the ðmχ̃1 ; mμ̃RÞ plane with L ¼ 35.9 fb−1, for (a) the
static jet veto analysis based on Ref. [9], with pVeto

T ¼ 25 GeV, and (b) the dynamic jet veto analysis with pVeto
T ¼ pl1

T .
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higher signal acceptance rather than large improvements in
S=B, the relative improvement diminishes somewhat. We
stress that while this improvement appears limited, it has
been obtained by relaxing several selection cuts of the
somewhat sophisticated analysis of Ref. [9], and naïvely
applying a dynamic jet veto that has not been optimized
according to Fig. 3. This “out-of-the-box” improvement
even for relatively light smuon masses is encouraging.
To present our main results, for a given jet veto scheme

and luminosity we consider the ratio of signal strengths:

RDyVeto ¼
μCMS
SS

μDyVetoSS

¼ σCMS
95 =σCMS

p

σDyVeto95 =σDyVetop
; ð5:2Þ

where μCMS
SS is the signal strength as determined using the

reference static jet veto analysis and μDyVetoSS is the signal
strength as determined with the dynamic jet veto analysis.
The double ratio has the simple interpretation that a value
of R > 1 implies that the dynamic veto analysis is more
sensitive than the static veto analysis for a given input.
In Fig. 6, assuming L ¼ 500 fb−1, we present R for

ðaÞ pVeto
T ¼ pl1

T ; ðbÞ HVeto
T ¼ pl1

T ; ðcÞ pVeto
T ¼ ST;

ðdÞ HVeto
T ¼ ST; ðeÞ pVeto

T ¼ pl2
T ; ðfÞ HVeto

T ¼ pl2
T :

In the large mass splitting regime where mμ̃R ≫ mχ̃1 , we

find that the veto scheme (f) HVeto
T ¼ pl2

T outperforms the
static veto analysis for mμ̃R ≳ 200 GeV; this finding

extends to (b) HVeto
T ¼ pl1

T , (d) HVeto
T ¼ ST and (e) pVeto

T ¼
pl2
T for mμ̃R ≳ 250 GeV; and we report that all dynamic

jet veto schemes show improvement for mμ̃R ≳ 300 GeV.

Of the schemes considered, the choice ðcÞpVeto
T ¼ pl2

T
arguably performs worst, with limited improvement over
the static analysis for much of the phenomenologically
relevant parameter space. For the compressed regime where
mμ̃R ∼mχ̃1 , the ST schemes demonstrate some improvement,

while (f) HVeto
T ¼ pl2

T is considerably weaker than the static
analysis.
For much of the parameter space of interest, we see that

the improvement is in excess of 25% to 50%. The relative
improvement grows with increasing mμ̃R which allows for
improvement in excess of 100% since the static veto
reduces the signal efficiency for heavier mass scales
(due to harder initial-state radiation) while the dynamic
veto schemes generally remain efficient or become more
efficient (due to harder, final-state charged leptons). At
lower mμ̃R and close to the degenerate limit, final-state
leptons are relatively soft. This leads to pVeto

T and HVeto
T

thresholds that are as tight as, if not more stringent than, the
static veto, thereby eliminating any improvement from
relaxing other selection cuts.

Qualitatively, we observe that HT-based vetoes tend to
perform better at high masses while pj1

T -based vetoes are
better at low masses, indicating the utility of veto schemes
that employ more inclusive measures of the hadronic
activity, e.g., HT . ST-based schemes are competitive.
However pVeto

T ¼ ST is too inclusive for small mμ̃R where
the static analysis gives better results. The inclusive nature
of ST is particularly useful in the compressed region, where
individual lepton momenta are the smallest. In short, a
whole class of dynamic jet vetoes can improve discovery
potential of smuon pairs, but the difference in performance
across the various limits of parameter space suggests that
no single combination of hadronic and leptonic activity
measures will be ideal in all cases. The appropriate leptonic
measure should be investigated on an analysis-by-analysis
basis in order to target specific kinematic regions.

A. Impact of jet veto rapidity window

Experimentally, jets can only be reconstructed within the
range of the detector, i.e, with a pseudorapidity jηj ≲ 4.5 for
ATLAS and CMS. In practice though, stringent, static jet
vetoes are often only applied within the coverage of the
tracker, typically for jets with jηj ≲ 2.4. Extending jet
vetoes to the forward region, 2.4≲ jηj≲ 4.5, is avoided,
among other reasons, to help to mitigate the contamination
of pile-up activity, including the contribution to low-pT jets
that would otherwise never exceed a veto threshold. This
avoidance, however, is at the cost of an increased depend-
ence on higher order QCD splittings, and hence an
increased theoretical uncertainty [30]. On the other hand,
it has recently been demonstrated that rapidity-dependent,
jet vetoes, in particular one wherein pVeto

T is relaxed for
increasing jet pseudorapidity, can reduce this theoretical
uncertainty [30], and are already experimentally via-
ble [112]. Moreover, extending dynamic jet vetoes to the
forward region was found to be necessary to ensure a
sufficient suppression of SM backgrounds in studies at
higher

ffiffiffi
s

p
[42].

In this context, we briefly investigate the impact of a
dynamic jet veto when expanding the η range of the jet
veto-window from jηj < 2.4 to jηj < 4.5. For a widened η
range, we show in Fig. 7, the signal strength ratio,

RX ¼ μXSSðjηVetoj < 2.4Þ=μXSSðjηVetoj < 4.5Þ; ð5:3Þ

for (a) the benchmark static jet veto analysis, where
pVeto
T ¼ 25 GeV, and (b) the dynamic analysis, with

pVeto
T ¼ pl2

T . As before, a ratio of RX > 1 indicates
improved sensitivity. When a static veto is used and the
pseudorapidity range increased, the vetoing of jets outside
the central region reduces background rates while simulta-
neously reducing the signal rates, thereby maintaining a
similar signal-to-background efficiency as in the reference
analysis. For the dynamic veto, however, there is a uniform
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FIG. 6. The ratio of signal strengths ðμSSÞ for (a) pVeto
T ¼ pl1

T , (b) HVeto
T ¼ pl1

T , (c) pVeto
T ¼ ST , (d) HVeto

T ¼ ST , (e) pVeto
T ¼ pl2

T , and
(f) HVeto

T ¼ pl2
T , compared with the CMS reference analysis using L ¼ 500 fb−1. The solid red line shows the 95% exclusion for

μSS ¼ 1 for the benchmark CMS analysis, and the dashed red line the same exclusion for the dynamic analysis.
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Oð5 − 20Þ% improvement for most of the parameter space
due to slightly higher background rejection coupled with a
smaller decrease in signal efficiency. We anticipate this
behavior to hold for all other dynamic veto schemes
considered in this analysis.

B. Impact of jet vetoes when lifting the MT2 cut

As shown in Table II, requiring the selection cut MT2 >
90 GeV greatly suppresses electroweak diboson and top
quark pair production independently of a jet veto. However,
the cut also reduces considerably the signal acceptance
when sparticles are mass-degenerate. Notably, we report
that choosing a more aggressive dynamic jet veto can
control the top pair background sufficiently in the absence
of the MT2 cut, leading to a significant improvement in
sensitivity.
We have checked that using HT < pl2

T as a dynamic veto
is stringent enough to control the top pair background when
lifting the MT2 cut, independently of the signal region.
When relaxing MT2, total background rates grow by a
factor of 5 for the lowest ET signal region up to a factor of
1.5 for the highest ET signal region, while there is a large,
overall increase in signal efficiency. For the benchmark
point ðmμ̃R ; mχ̃1Þ ¼ ð750 GeV; 700 GeVÞ, this results in
negligible changes in the signal (S) over background (B)
ratio S=B for the two lower ET signal regions but
significant increases in S=B for the two higher ET signal
regions. Lifting the MT2 cut when using a stringent
dynamic veto based on HT therefore allows for improve-
ments in sensitivity in the compressed region, independ-
ently of the integrated luminosity, due to the top pair
background being sufficiently controlled by the dynamic
veto itself.

We find though that the improvement does not hold
for all veto schemes considered. When requiring pj1

T < pl2
T

and no MT2 restriction, the top pair background comes to
dominate the background rate in the two lower ET signal
regions and increases the rates by factors of 20–30, thereby
reducing S=B, despite the increased signal efficiency. The
two higher ET signal regions are less affected due to a much
smaller the top pair contribution, with only a factor of 2
increase in the total background rate for the highest ET one.
For ðmμ̃R ; mχ̃1Þ ¼ ð750 GeV; 700 GeVÞ, we see a reduction
in S=B in all signal regions, except for the highest ET one,
suggesting that the simplest incarnations of dynamic jet
vetoes are not sufficient in their own right. This was noted
previously in Refs. [41,42].

VI. SUMMARY AND CONCLUSION

In summary, we have investigated several measures of
leptonic and hadronic activities in the process

pp→ γ�=Z� þX→ μ̃þR μ̃
−
RþX→ μþμ−þET þX; ð6:1Þ

and the associated SM background processes, to explore
possible generalizations of dynamic jet vetoes. Using this
information, we have demonstrated that a general class of
dynamic jet vetoes can be used to improve the sensitivity of
searches for right-handed smuon pair production at the
LHC. The improvement becomes more significant as we
probe mass scales further above the EW scales, and in some
instances hold even when the final-state particles are soft.
Differences between the various processes can be directly
attributed to underlying kinematics and QCD radiation
patterns, particularly when radiation amplitude zeros are
involved (see Sec. IV B). Most choices of measures for

FIG. 7. The ratio of constraints at L ¼ 500 fb−1 for (a) the default CMS analysis, and (b) the dynamic pj1
T < pl2

T , both with a jet
pseudorapidity cut of jηj < 4.5, compared with their respective default analyses employing jηj < 2.4. The solid red line shows the
95% exclusion for μSS ¼ 1 for the standard jηj < 2.4 analysis, and the dashed red line the same exclusion for jηj < 4.5 analysis.
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hadronic and leptonic activities perform better than the
CMS-inspired benchmark analysis, which features a static
jet veto threshold of pVeto

T ¼ 25 GeV (see Fig. 6).
Differences suggest that no single dynamic veto scheme
will always be ideal for all parameter space regions and
rather should be investigated on an analysis-by-analysis
basis. Qualitatively, we find that dynamic jet vetoes using
more inclusive measures of the hadronic activity, e.g., HT ,
perform best, while the ideal choice of leptonic activity
depends on the signal kinematics (see Sec. V). We report
that the impact of including MPI/UE and NLO-accurate jet
merging, e.g., via the FxFx method, does not appreciably
alter this picture; see Table II. The impact of enlarging the
jet veto rapidity window, complementarity to other selec-
tion cuts, and dynamic vetoes built from p⃗T-based observ-
ables were also addressed.
Due to the dynamic nature of these cuts, sensitivity

can likely be improved with machine learning techniques
such future investigations are encouraged. We anticipate
that our results generalize to other searches for new, heavy,
uncolored physics that employ jet vetoes at the LHC, and
push for investigations in this direction.
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