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Abstract The possibility in supersymmetric scenarios that
the dark matter candidate is a Higgsino-like neutralino means
that its production can be associated with Higgs bosons. Tak-
ing advantage of this fact, we propose a LHC search strategy
for gluinos with t leptons in the final state, coming from the
decay of a Higgs boson. We consider the strong production
of a pair of gluinos, one of which decays into the Higgsino
plus jets while the other decays into the bino plus jets. In turn,
this bino decays into the Higgsino plus a Higgs boson which
finally decays into a t-lepton pair. Therefore, the experimen-
tal signature under study consists of 4 jets, 2 t leptons, and
a large amount of missing transverse energy. This work rep-
resents a proof of principle of a search that is sensitive to a
spectrum such that the gluino does not directly decay to the
dark matter candidate but to an intermediate electroweakino
that then produces Higgs bosons in its subsequent decay.
Our cut-based search strategy allows us to reach, for a LHC
center-of-mass energy of 14 TeV and a total integrated lumi-
nosity of 1 ab™!, significances of up to 2 standard deviations,
considering systematic uncertainties in the SM background
of 30%. The projections for 3 ab~! are encouraging, with
significances at the evidence level, which in more optimistic
experimental scenarios could exceed 4 standard deviations.

1 Introduction

As the Standard Model (SM) naturalness problem is linked
to the very existence of the Higgs boson, its experimental dis-
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covery at the Large Hadron Collider (LHC) [1,2] led to the
strong belief that beyond the SM (BSM) physics should be
somehow related to the Higgs sector. This belief motivated
considering supersymmetry (SUSY), and in particular the
minimal supersymmetric extension of the SM (MSSM) [3—
5], as a possible ultraviolet completion where the naturalness
problem is solved. Moreover, as an interesting spinoff, the
MSSM (in the presence of R-parity symmetry which protects
proton decay) was shown to contain a candidate for dark mat-
ter (DM), the lightest supersymmetric particle (LSP), most
likely the lightest neutralino. As the LSP is stable, its pres-
ence should be “detected” as missing energy (E%‘iss), which
is the characteristic signature of supersymmetric searches.

After a plethora of direct DM searches, the case of the
LSP being identified as a (nearly) pure Higgsino )Z? (the
SUSY partner of the Higgs boson) with a mass of ~ 1.2 TeV,
remains as a viable and exciting possibility [6], as many of
its properties are inherited from the Higgs sector and are so
rooted in the solution of the naturalness problem. This pos-
sibility was thoroughly studied in Ref. [7] where imposing
correct electroweak breaking, the correct Higgs mass and
some unification properties of supersymmetric parameters
at the unification scale My ~ 2 x 10'® GeV, the super-
symmetric mass space was constrained, in particular in the
gaugino/Higgsino sector.

As the production cross section of the Higgsino is too low
for discovery at the LHC, an alternative search is gluino g
production followed by a decay chain leading to the LSP.
As the standard searches use the gluino decay channel being
(100%) g — )Z? jJj, we have proposed in a recent paper
the case where the gluino entirely decays as g — )Zg JjJj
(where f(g is a heavier (nearly) bino) followed by the decay
)Zg — X?h, and so we were studying the signal pp — gg —
4j+4b+ ET' [8]. In that case, this spectrum would escape
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current experimental searches. This possibility appears in
models where the first and second squark generation are
heavy and degenerate in mass while the third-generation
squarks are heavier and thus in practice fully decoupled, a
possibility which can appear in the effective theory of super-
string models [9].

However, depending on the supersymmetric squark spec-
trum, the gluino can have non-vanishing branching ratios for
the channel § — %7jj and § — %! jj and so in this paper
we will consider the case of asymmetric decays where one
of the produced gluinos decays into )Z? jJj and the other into
)Z?h jj and, to partly avoid the QCD background, we will
consider the decay of the SM-like Higgs bosons into a t-
lepton pair, i — tT77. Then, in situations where the LSP
would be a Higgsino, this final state with tau leptons is a com-
plementary channel to previously analyzed ones (in general
involving b-jets).

The rest of the paper is organized as follows: in Sect. 2 we
summarize the theoretical framework of the MSSM scenarios
with Higgsino-like dark matter that we work with. Section 3
is devoted to the collider analysis, in which we characterize
the signal against the SM backgrounds, develop our search
strategy and show the signal significances one can expect
in the high-luminosity phase of the LHC. Finally, we leave
Sect. 4 for conclusions and final remarks.

2 Theoretical framework

As already explained we will consider the same spectrum
as in our previous work [8] with the lightest electroweaki-
nos ( 5(?,2’ )Zli) being mostly Higgsino-like, nearly degenerate
with a mass of ~1.2 TeV, a bino-like neutralino ( )Zg)) with a
mass of ~1.5 TeV and a gluino (g) with a mass of ~1.7 TeV.
The rest of the supersymmetric spectrum is heavy and pro-
vides the appropriate branching ratios we have considered in
the numerical analysis.

As stated in the previous section, the gluino can then either
decay to the Higgsino-like doublet plus jets or to the bino-like
singlet plus jets, the relative branching ratios are controlled
by the spectrum of squarks. The bino will decay to the LSP
and the SM-like Higgs boson. The fact that one can produce
Higgs bosons in chains is a generic feature of any spectrum
where the LSP is mostly Higgsino. This opens up the possibil-
ity of exploring discovery channels for this kind of spectrum
in different channels of Higgs boson decays. One of these
possibilities is when the Higgs bosons decay into a t-lepton
pair, which is the case we will consider in this paper.

It is important to notice here that supersymmetric searches
by ATLAS [10,11] and CMS [12] with taus in the final state
are based on models with light staus, which are produced
in colliders, directly (T — t )Z?) or in chargino/neutralino
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decays ( )Z? — 7T, )Zli — V), and the produced t leptons
are related to the missing transverse energy. In our case we
are producing strongly-coupled gluinos whose production is
enhanced relative to the former. Moreover our 7-lepton pairs
are unrelated to the E 7“}153 but they stem from Higgs decays so
that its invariant mass can reproduce the Higgs mass. So our
proposed channel with a t-lepton pair might be disentangled
from the present supersymmetric searches with taus in the
final state.

3 Collider analysis

In this work we study an asymmetric SUSY decay chain at
the LHC that comes from the production of a gluino pair,
pp — gg as in Fig. 1. One of the gluinos decays directly
into the LSP Higgsino plus two light jets (8 — )Z{)’ij).
However, the other gluino decays into f(g and two light jets
(& = x3jJ). while % goes to 7, and the 125-GeV SM-
like Higgs boson, which in turn decays into a t-lepton pair.
Thus, the experimental signature under study consists of four
light jets, a hadronic t-lepton pair, and a large amount of
missing transverse energy (4 + 2t + E ?iss), whose main
backgrounds are QCD multijet, Z + jets and W + jets produc-
tions; ¢7 production; 7 production in association with Higgs
and electroweak bosons, tf + X (X = h, W, Z); and diboson
production (WW, ZZ, W Z) plus jets.

The LHC search strategy is developed for a center-of-
mass energy of /s = 14 TeV and a total integrated luminos-
ity of £L = 1 ab™!, corresponding with the high-luminosity
LHC (HL-LHC) phase. Both signal and background events
are generated with MadGraph5_aMC@NLO 2.8.1 [13],
whilst we make use of PYTHIA 8.2 [14] for the parton

T+

Fig. 1 Gluino decay chain relevant for this work
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showering and hadronization and Delphes 3.3.3 [15]
for the simulation of the detector response.

We have confronted our spectrum of interest with the gen-
eral searches at the LHC of new physics with 8, 13 and 14
TeV by using the software CheckMATE 2.0.24 [16] and
we conclude that this spectrum is allowed by the validated
analyses in CheckMATE 2.0.24. In particular, the most
sensitive searches for /s = 8, 13 and 14 TeV are [17] (in
the SR04 — 5j region), [18] (in the SR : 4 — 1400 region)
and [19] (in the SR5j region), respectively. In addition, the
resulting r parameters are 0.57, 0.29 and 0.48, respectively

Since this comparison with the general validated searches
in CheckMATE is far from being sensitive to gluino-pair
production with our spectrum, it is relevant to develop a ded-
icated search strategy in the special final state considered
here as a complement of other search strategies with Higgs
boson decaying into b-pairs. We present it in the following.

Therefore, in order to reduce the large background cross
sections and make Monte Carlo event simulation more effi-
cient, the following generator-level cuts on the pr of the light
jets and 7 leptons for the background are imposed: !

]1 > 150GeV, p]T2 > 80GeV,

n > 20GeV, p? > 20GeV,
p7 >20GeV, pF >20GeV, (1

where j| — ja (1 —12) runs from the most to the least energetic
light jet (z lepton). In order to deal with the many jets in the
final state, we have implemented the MLM algorithm [20,21]
for jet matching and merging. We set xgcut to 20 for all
generated samples and gcut equal to 550, 50, and 30 for
signal, 77-like and backgrounds with bosons, respectively, to
optimize the simulation and check that the distributions of
the related jets are smooth. In addition, we perform the sim-
ulation using a working point for the 7-tagging efficiency of
€r =90% [22,23] and a misidentification-rate equal to 0.02.
Concerning the b-tagging efficiency, we use €, = 75% and
misidentification-rate equal to 0.01 for light jets. The simu-
lation input files and the internal analysis codes are available
upon request to the authors.

By means of SOFTSUSY 4.1.10 [24-30] we compute
the SUSY spectrum and branching ratios for our bench-
mark, and we obtain the value of the NLO+NLL gluino-
pair production cross section from [31]. The masses of the
particles involved in the proposed decay chain are as fol-
lows: M; = 1.7 TeV, mg = 1.5 TeV, andmxo =12
TeV. The production cross section of two glumos of 1.7
TeV is o(pp — gg€) = 7.6 fb, and the branching ratios
of our SUSY decay chain are BR(g — )Z?’zjj) = 0.39,

! For the signal event generation, the default cuts on the pr of the light
jets and 7 leptons have been used ( p§ > 20 GeV and p7 > 20 GeV).

BR(Z — xjj) = 0422 BR(Z{ — %) = 0.27, and
BR(h — t7177) = 0.06. Then, for a luminosity of £ = 1
ab™!, 19.6 signal events are expected.

Concerning the backgrounds, it is important to mention
the following issues:

e QCD multijet. This background is relevant when jets are
misidentified as t leptons and large missing transverse
momentum is induced by jet energy mismeasurements.
In general it is treated with data-driven techniques and is
beyond our computational capacity. The fact of demand-
ing a large amount of E %‘iss allows us to reject the instru-
mental missing energy related to this background, by
means of the E ?iss significance and spatial configura-
tions, as it is usual in the experimental searches. In par-
ticular, we follow [32] in order to give an estimation of
this background since it corresponds to the same signa-
ture and a similar strategy was implemented.

e Diboson + jets. The W W+jets and Z Z+jets productions
are the main backgrounds in this category. We simulated
up to two extra jets. Taking into account our parton level
cuts and BR(W — tv) =0.11, BR(Z — vv) =0.21,
and BR(Z — t71)=0.03, we expect 1 x 10* events for
W Wets and 1.2 x 103 for ZZ+jets at £ = 1000 fb~!.

e 7 production. This process with both top quarks decaying
into t leptons is the most dangerous background, in spite
of BR(tfzy) = 0.01. We expect 7.1 x 10° events after
the generator cuts and the inclusion of one extra jet in the
simulation results in 6.3 x 10° events more. Furthermore,
we consider an estimation of #7+2 j taking into account an
extra 10% factor to the simulated ¢,y and tf,,+j events
(given by the ratio of the corresponding cross sections).

e 17+ X backgrounds. Related to the previous background,
we consider the #fsemitau + W (tv) case with BR(##semitau)
= 0.15 and tfhag + Z(TT), tihaa + h(TT) cases with
BR(##haq) = 0.46 Then we expect 1.1 x 10% events in
this category for our generation setup.

e V+jets production: we consider W (tv)+3jand Z(r 1)+
3j as the main reducible backgrounds in this category.
In the first case, a second 7 lepton can arise from a jet
misidentified as a fake 7 lepton. In the second case, the
jet energy mismeasurements produce the large missing
energy. Then we expect 1.76 x 107 and 1.8 x 107 events
at £ =1000 fb~—! with our generation setup, respectively.

We will demand exactly two hadronic t;, leptons in the
final state in order to tagging the Higgs boson of our signal of

2 For completeness, the other gluino decay channels have BR(§ —
%iFjj) = 0.15, BR(Z — %i°th) = 0.015 and BR(§ — #Vi7) = 0.01
Remember that the aim of this work is to consider intermediate states
for the gluino decays, i.e. not directly decaying into the lightest elec-
troweakinos.

@ Springer
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Fig. 2 Distributions of the fraction of signal and background events
corresponding to the number of tagged light jets N;

interest. Then this 7,-lepton pair comes from a disintegration
at the end of the decay chain and it is not closely related to the
missing transverse energy or other SUSY intermediate states
(as it is usual in sleptons signals). On the other hand, as we
do not expect bottom quarks, electrons and muons in our
signal, the corresponding vetoes will be imposed in order to
characterized the signal against the background. In addition,
the distributions of the fractions of events of the number of
light jets, N, is shown in Fig. 2. With these results in mind,
we can define the following selection cuts that characterize
our signal:

Nr/,:27 Nj24» Nb,e,u:()- (2

We devote Fig. 3 to six decisive kinematic variables, for
which we show the distributions (after the selection cuts) of
the fraction of signal and background events: the transverse
momentum of the leading light jet p}‘ (upper left panel);
the missing transverse energy, E?i“ (upper right panel);
the E?i“ significance (medium left panel) defined as the
ratio of the missing transverse energy over the square root
of the hadronic activity Hr = Y ipPT plus tau activity
H =Y. o, Prs the azimuthal angle difference betwqen
the leading jet and the missing transverse momentum p;"'s*,
AP(Ji, p7“3iss) (medium right panel); the effective mass, ne
(lower left panel), defined as the sum of E?iss plus the
hadronic activity (mefr = ETS + Hr); and the sum of the

k7 T .
transverse masses of the 7, leptons, my' +m* (lower right

panel) in whichm?f, = \/Zp} E?iss(l —cos Ap(p7, p;’iss)).

Many interesting features can be obtained from this Fig. 3.
Starting with the p# distributions, the corresponding ones to
the backgrounds are all chopped at values between 150 GeV
and 200 GeV, while the signal presents the highest fraction
of events for values above 250 GeV. We will see later, when
we will define our search strategy, that a cut on pJTl together

with another on pJTZ, whose distributions we do not show here

@ Springer

for space saving, will be very useful to increase the signal-
to-background ratio.

The E %ﬁss distributions of signal and background present
different patterns. The latter have their largest event fractions
for values below 200 GeV and practically disappear at 400
GeV. On the other hand, the signal distribution is more or less
flat in the interval from 200 to 400 GeV, and extends beyond
600 GeV. In that sense, it is to be expected that a strong cut on
this variable would be really efficient in killing a large part
of the background while preserving an important portion of
the signal events.

On the other hand, the E %ﬁss significance distributions for
the backgrounds have peaks near 5 GeV'/? while the sig-
nal have most of its events above this value. Also, A¢(ji,
pITniSS) distributions are virtually identical for all the con-
sidered backgrounds and our signal. Standard cuts on these
two variables (E?iss significance > 5 GeV!/? and |A¢(ji,
p;“iss)| > (0.4) do not affect the signal events too much but
they reject most of the QCD multijet background, in which
poorly measured jets or neutrinos emitted closed to the axis
of a jet produce large missing energy. Supported by the data-
driven analysis of this background in [32] corresponding to
the ‘27 channel’, we will include 0.3 events at the end of our
cut-based analysis for £ = 1 ab~!. Notice that it is a conser-
vative estimation since it corresponds to a direct extrapolation
from £ = 36.1 fb~! to the luminosity considered here.

Fortunately, the meg variable is also shown to be really
efficient in discriminating signal from background, since all
the distributions of the latter have peaks below 700 GeV,
while the signal presents a broad peak around 1000 GeV,
extending beyond 1500 GeV with a non-negligible fraction
of events.

In addition, the sum of the transverse masses of the two
7, leptons is another very interesting variable. The signal
distribution is practically flat in the range from 200 to 1000
GeV, while the distributions of the backgrounds have their
peaks of maximum event fraction values below 300 GeV,
and from this value they drop strongly, being negligible for
values larger than 400 GeV.

Taking into account everything discussed above, we
impose the following cuts at detector level, called ‘MET cuts’
in short:

p) > 170GeV, pF >90GeV,

PR >20GeV, ppt™ > 20GeV,
EMS > 150GeV, |A¢g(ji, piis)| > 0.4, 3)

and define our search strategy with the following steps:

Selection cuts of Eq. (2),
‘MET cuts’ of Eq. (3),

mege > 1000 GeV,

and m;" +m7 > 450 GeV.
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Fig. 3 Distributions after selection cuts in Eq. 2 of the fraction of signal
and background events of the transverse momentum of the leading light
jet p}' (upper left panel), the missing transverse energy E 'T"iss (upper

From the experimental point of view, the same signature
was studied by the ATLAS Collaboration [32], and a similar
search strategy was developed there. However the spectrum
considered in that analysis is very different to ours and the
resulting topology of the SUSY decay chains too. In particu-
lar, in that search the t leptons are associated to the t sleptons,
7, and the LSP, while in our case the t leptons are related
to the Higgs boson. Previous similar experimental searches
have been reported by ATLAS [33-35] and CMS [36].

To get an idea of the signal significance that we can obtain
with this search strategy, we will use, on the one hand, the
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right panel), the ErTniSS significance (medium left panel), the azimuthal
angle difference A¢(ji, p}“i“) between the leading jet and the p}“iss
(medium right panel), the effective mass meg (lower left panel), and the

sum of the transverse masses of the 7, leptons (lower right panel)

expression of the statistical significance, defined in [37] as:

B
Ssta = | =2 ((B + §) log <B—+S> + S) ) 4)
where S represents the number of signal events and B is the
number of background events. On the other hand, if we want
to take into account our lack of knowledge about the back-
ground, we can calculate a more realistic estimate of the sig-
nal significance by means of the following expression [37]:

@ Springer
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Sqys =
e B2+ (S + B)oj

2 2
2 <(B + S)log <(S+ B8 +UB)) . B—zlog (1 n
Op

B(B+o3) )]’

where op = (AB) B, with A B being the relative systematic
uncertainty, chosen here to be of 30%.3

The results of our search strategy, applied step by step on
the signal and background events simulated at 14 TeV and
a luminosity of 1 ab™!, are shown through the cut flow of
Table 1, for which we have considered a hadronic tj-tagging
efficiency of 90%. The selection cuts leave us with 25% of
the total signal events, but they are really efficient in reduc-
ing the backgrounds: #7 + 2 (inc.) and t7 + X decrease by
almost 3 orders of magnitude, and the Diboson and V +jets
backgrounds are reduced by two orders of magnitude. The
‘MET cuts’ cause us to lose only two signal events, leaving
us with more than 60% after the selection cuts, while 25% of
the t7 +2j (inc.), tf + X and Diboson backgrounds survive,
and only 3% of V+jets. The mg cut reduces all remaining
background events by one order of magnitude, while only
eliminating one signal event. Finally, the mTTh1 + m?z cut
hardly affects the signal and completely kills all the surviving
background events except 0.4 of 77 + 2 (inc.). As we antic-
ipated, we include a QCD multijet estimation (0.3 events)
in the significances at the end of the search strategy. With
this cut flow we obtain signal significances, both statistical
and with systematic uncertainties of 30%, around 2 standard
deviations. The projections for a total integrated luminosity
of 3 ab~! are actually promising, obtaining a statistical signal
significance near 40. When considering a conservative 30%
systematic uncertainties in the background, the significance
is reduced, but retains a value above the level of evidence
3o).

On the other hand, it is important to note that if we con-
sider a more moderate working point for the 7-tagging effi-
ciency of €;, = 75%, these results are hardly altered. The
signal significances for a luminosity of 1 ab~! would be
Ssta = 1.75 and Sgys = 1.69. The corresponding projec-
tions for £ = 3 ab—! would reach values of Sy, = 3.04 and
Ssys = 2.73, both signal significances remaining close to the
evidence level again.

Furthermore, the robustness of our results in Table 1
resides in the estimation of the QCD multijet background (it
is negligible in the ATLAS search [32]) and the conservative
30% systematic uncertainties in the backgrounds for the last
HL-LHC upgrade [41]. Hence, following our search strategy,
if we neglect the QCD multijet the resulting significance with

3 Using the Zstats package [38], we have verified that the resulting
Ssta and Sgys are compatible with the values obtained with the expres-
sions for discovery significances proposed in [39,40], with differences
of 5-10%.
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30% systematics for £ = 1 ab™! (3 ab™!) is 2.370 (3.840).
On the other hand, keeping the estimated 0.3 events for the
multijet but considering 20% of systematics uncertainties we
obtain Sgys = 2.050 (3.390) for £L = 1 ab~! (3 ab™1). The
most optimistic case, QCD multijet under control and reduc-
ing the systematics to 10%, yields to the promising results
Syys = 2.460 (4.220) for L =1ab~! (3ab™!).

Finally, the main message of our proof-of-concept col-
lider analysis is presenting a new signal, beyond the usual
simplified models, in which the dark matter candidate is
Higgsino-like and can be produced from a gluino with a bino-
like neutralino as intermediate state. Then the SM-like Higgs
boson is also produced and it is tagged by a t;-lepton pair.
The resulting experimental signature was already analyzed
by ATLAS and CMS, however their corresponding SUSY
chains involve sleptons as light degrees of freedom whereas
they are decoupled in our proposed spectrum. This SUSY
spectrum was analyzed in [8] with b-jets in the final state
but it is very interesting to explore the sensitivity to gluinos
and Higgsino-like dark matter with 7, leptons in the final
state. The results obtained by the particular SUSY scenario
studied here, with conservative background analysis, encour-
age the development of dedicated interpretations by the LHC
experiments.

4 Conclusions

In this work we propose a new signal at the LHC based on the
production of a pair of gluinos, which produce an asymmet-
ric decay chain. One decays directly into the LSP (Higgsino-
like) plus jets, while the other decays into jets plus a bino,
which in turn decays into the LSP and the Higgs boson. Con-
sidering the decay of the Higgs boson into a pair of t;, leptons,
the experimental signature consists of 4 jets, 2 t and a large
amount of missing transverse energy. We identify as the most
problematic SM background ¢7+jets and treat in a conserva-
tive way the QCD multijet background. Our cut-based search
strategy allows us to obtain signal significances, with 30%
systematic uncertainties in the backgrounds, of 2 standard
deviations for a center-of-mass energy of 14 TeV and a total
integrated luminosity of 1 ab—!. The projections for 3 ab™!
are promising, increasing this significance to values above
the level of evidence. If we consider that for this luminosity
the multijet background is under control and negligible, the
significance would be slightly lower than 4o. Finally, in a
more optimistic scenario, if the statistical uncertainty in the
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Table 1 Cut flow of expected signal and background events for a LHC
center-of-mass-energy of /s = 14 TeV and a total integrated luminos-
ity of £ = 1 ab™!, considering a hadronic 7, -tagging efficiency of 90%.
Selection cuts from Eq. (2) and ‘MET cuts’ from Eq. (3). Significances

from Eqgs. (4) and (5), the latter with a background systematic uncer-
tainty of 30%. A QCD multijet estimation of 0.3 events [32] is included
in the significances of the last step (accordingly, 0.9 for the projection)

Process Signal tt +2j (inc.) tr+X Diboson V +jets Ssta Ssys
Expected 19.6 1.47 x 10° 1.1 x 103 1.12 x 104 3.56 x 10° 0.01 4 %107
Selection cuts 5.6 3283.7 9.9 167.5 9952.4 0.05 1.4 x 1073
‘MET cuts’ 3.82 772.3 2.31 44.3 262.7 0.12 1.2 x 1072
mege > 1000 GeV 2.6 9.8 0.4 7.9 43.8 0.33 0.13

myt 4+ my? > 450 GeV 2.4 0.4 0 0 0 2.10 1.99
Projections £ = 3 ab™! 7.2 1.2 0 0 0 3.64 3.15

background were reduced to 10%, we would obtain signifi-
cances greater than 4 standard deviations. This final state with
tau leptons is a complementary channel to previous analyses
(in general involving b-jets) and can be used to discover and
characterize a SUSY spectrum where the LSP has a signifi-
cant Higgsino component. This work constitutes a proof of
principle of a search which is sensitive to a spectrum such that
the gluino does not directly decay to the LSP, but to an inter-
mediate electroweakino that then produces Higgs bosons in
its subsequent decay. That spectrum would escape experi-
mental searches since it does not assume the typical 100%
branching ratio of the gluino to the LSP as in the current
searches.
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