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ABSTRACT: In this work we present a new search strategy for the discovery of staus at the
LHC in the context of the minimal supersymmetric standard model. The search profits
from the large s-channel b-quark annihilation production of the heavy CP-even and CP-odd
Higgs bosons (H/A) which can be attained in regions of tan 8 > 1 that avoid the stringent
H/A — 777~ searches via decays into stau pairs. We also focus on regions where the staus
branching ratios are dominated by the decays into a tau lepton and the lightest neutralino.
Thus the experimental signature consists of final states made up of a tau-lepton pair plus
large missing transverse energy. We take advantage of the large stau-pair production cross
sections via heavy Higgs boson decays, which are between one or two orders of magnitude
larger than the usual electroweak production cross sections for staus. A set of basic cuts
allow us to obtain significances of the signal over the SM backgrounds at the discovery
level (5 standard deviations) in the next LHC run with a center-of-mass energy of 14 TeV
and a total integrated luminosity of only 100fb~!.
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1 Introduction

Supersymmetry (SUSY) is a well studied theory beyond the standard model (SM) of parti-
cle physics (for a review, see, e.g., [1]). In its minimal version, the minimal supersymmetric
standard model (MSSM) (for reviews, see, e.g., [2, 3]) elegantly solves the gauge hierarchy
problem via the introduction of additional particles (superpartners) with opposite statistics
to those of the SM and can acomodate a SM-like Higgs with a 125 GeV mass, as measured
at the Large Hadron Collider (LHC) [4-6]. Great effort is being put forward at the LHC
in the pursuit of signals of SUSY and the lack of any quantitative deviation from the SM
expectations has led the particle physics community to consider natural SUSY spectrums
in which first and second generation squarks and sleptons are somewhat decoupled from
the low-energy effective theory [7-9]. Furthermore, the MSSM Higgs spectrum consists of
a type-1I two Higgs doublet model, which in the CP-conserving case can be decomposed
into two CP-even Higgs bosons h and H, one CP-odd Higgs boson A and a charged Higgs
boson pair H*. The lightest CP-even Higgs is usually identified with the 125 GeV scalar
resonance discovered at the LHC [10], whereas there are current searches for H and A
in the di-tau channel [11-18] which tend to provide strong constraints in the [my4, tan ]
plane, in particular in the large tan 8 and small m4 region. The reason behind this is
that the H coupling to down-type fermions grows with tan 5. This region of large tan g3
is very interesting since it leads to Yukawa coupling unification y; ~ y, ~ y, and further-
more naturally provides SM-like properties for h. It was shown in [19] that by considering
SUSY decays of H into third generation squarks and sleptons, partial portions of the large
tan 3 regions could avoid the constraints from H/A — 777~ and be consistent with all
other experimental constraints. For third generation down-type sfermions, this was accom-
plished by an increment in A4, the chiral coupling via the trilinear soft-breaking terms in
the potential. In this work we take advantage of these regions for the case of heavy CP-
even Higgs decays into staus, for which the BR(H — Zi’j:m 777;) can be as large as ~
0.25. Light staus in the sub-TeV region can be naturally obtained for example in standard



gaugino-mediated scenarios [20] and constraints on their masses from collider searches still
allow them to be as low as 100 GeV. Interestingly, it turns out that in the newly allowed
regions of large tan 8, the production of stau pairs via heavy Higgs boson decays can be
substantially larger than the usual considered electroweak (EW) pair production, which is
currently the main search channel at the LHC [21-25].

In this work, we consider the production of stau pairs as the decay products of the
resonant heavy Higgs CP-even scalar H, with both scalar fermions decaying subsequently
into a tau lepton and the lightest neutralino that is taken as the lightest supersymmetric
particle (LSP). The final state is made up of two opposite-sign (OS) tau leptons and large
missing transverse energy (B originated from the pair of LSP neutralinos. For the
topology of these final states, a powerful discriminating variable commonly used is mps,
which depends on the momenta of the two visible particles and the Ejr?iss present in the
event. We show that this variable myo is extremely useful in order to discriminate signal
from the main SM backgrounds and, together with other basic cuts, provides significances
at the discovery level (5 standard deviation) for total integrated luminosities as small as
100fb~! at the LHC. These luminosity values will be probed in the near future by this
hadron collider [26].

The paper is organized as follows: the main theoretical features and phenomenological
implications of the MSSM scenarios with large stau mixing are summarized in section 2.
Our alternative search strategy for staus at the LHC is presented in section 3, together
with a general interpretation of the collider analysis within the large stau-mixing MSSM
scenario. Finally, section 4 is devoted to a general discussion of the results and to present
the main conclusions.

2 The MSSM with large stau mixing

The mixed-chirality couplings of the heavy CP-even Higgs H and the CP-odd Higgs A to
down-type sfermions for tan 8 > 1 take the form

1 1
Yadpdr = ~5"Md [+ Agtan g], IHd dn = ~5"Md [—pu+ Agtan 8] . (2.1)

These couplings grow in the same fashion with tan 8 as the couplings to down-type fermions
and, at the same time, increase with A4. Thus, if the mixing among the chiral sfermions
states is close to maximal, it becomes possible to decrease the BR(H/A — 7t77) by
increasing specifically the BR(H — ZZ =12 T5T5).

In [19], a study on the possibility of enlarging the allowed regions in the [m4, tan ]
plane through SUSY decays of the heavy Higgs bosons H/A was performed. More pre-
cisely, the authors show that the severe constraints arising from searches for H/A decaying
into tau-lepton pairs can be avoided by considering new decays to light third-generation
sfermions (see figure 6 of [19]). The details of the scanning procedure are fully discussed
in [19] and we urge the reader to review them. In this study, we focus on the orange
points that appear as a strip on the left hand side of figure 6 of [19], covering the range
of mpg ~ my between [0.8,1.2] TeV and tan € [25,50], for which the existing di-tau
constraints are evaded.



For the mentioned set of points, the cross sections for H production via b-quark an-
nihilation, oy, were found to be in the range of approximately 0.1 pb (with some small
variation depending on myy) leading to opy xBR(H — Zi,jzlﬁ 777;) <1072 pb. In addi-
tion, we have analyzed the heavy CP-even Higgs decays and found that there are basically
two situations for which the branching ratio into staus can be sizable: in one of them the
dominant decay mode is 7{'7; while in the other the decay mode into 7{72 + c.c dominates.
In order to clarify this statement, let us briefly review the stau mass matrix and mixings:

Mz, Miy | _ m%S +m2 + (=1 + 3 sin? O ) m% cos 23 m;(Ar — ptan f3)
M7y Mgy mf, +mZ — % sin? Gym?% cos 28
(2.2)
where we assumed m} , = ms, and that the A; term is defined in such a way that AL =

yTAngf/ng + c.c.. Diagonalizing the mass matrix, one obtains the mass eigenstates 7;
and 7» with masses given by

1
m2 = 7(m7~'11 + msz,, = A) ) (2'3)

T2,T1 2

with A = \/(m;n — m;22)2 + 4m§12.

given by Onix ~ mz,/(mz, —ms,). As can be seen from this approximation, for the case

The mixing angle between the flavour states is roughly

of maximal mixing (fmix ~ 7/4), it is not enough for the mass matrix element msz, to be
large, but it is also required that ms, ~ ms,. In this case of maximal 0 there is a
cancellation between the couplings of H to 7{7» and to 7175, while the couplings to 717}
and 7T»7; are maximal. Since in this situation the decays into pairs of heavier staus 7o
are usually not kinematically available, the decay of H is dominated by the decays into
7177 . The other situation arises when the mixing angle is small, 0,ix ~ 0, but msz, is still
somewhat large, mainly from the large A, term [27]. In this case the chiral couplings are
maximized, such that the left-right part of the coupling of H to 7{7» and the right-left part
of the coupling of H to 7175 are maximal. This latter pattern of decay also shows up for
the supersymmetric decays of the CP-odd Higgs A to staus due to CP conservation. In
this paper we concentrate on the first case and leave the second case for future work.

It is interesting to compare to what is obtained for EW stau-pair production via
gauge bosons at 13TeV, see figure 1 of [23]. Given the final states under consideration,
we estimate that the EW cross section is at most of order 102 pb, which is an order of
magnitude smaller to the cross sections via heavy Higgs decays. Furthermore, because of
the vectorial nature of the gauge bosons couplings, we expect them to be further suppressed
due to mixing than the chiral couplings we are considering. Thus we can safely neglect any
interference effect and concentrate on production of stau pairs via heavy Higgs decays.

To sum up, within the parameter space region of our interest (mpy € [800GeV,
1200 GeV] and tan 8 € [25, 50]), the fact of having large stau mixing allow us to ob-
tain BR(H — 717]) ~ 0.1 —0.2, which reduces the constraints imposed by the searches for
the heavy neutral MSSM Higgs bosons in the di-tau channel. In these scenarios with large
tan 8, the dominant H-production mode is by far the b-quark annihilation and the stau-
pair production cross sections, via H decays, are between one and two orders of magnitude



larger than the usual EW production. This situation provides the possibility of stau-pair
production and decay through the process bb — H — 7177 — 7X\7X}, with sizable cross
sections. Therefore, the final state originated from this decay chain consists of a 7-lepton
pair and large Ejl?iss, with low jet activity.

3 Collider analysis

In this section we describe an alternative search strategy for the production of a pair of
staus through the heavy CP-even Higgs boson H decay, with both scalar fermions decaying
subsequently into a tau lepton and the LSP. Hence, the final state involves two opposite-
sign tau leptons and large missing transverse energy Ejnliss arising from the pair of LSPs,
which escape without being detected. We will detail first the general features of the signal,
the kinematic cuts to reduce the main SM backgrounds and the procedure used to optimize
its potential discovery at the LHC. After that, in order to broaden the scope of our results,
we test the sensitivity of our signal region (SR) by varying the parameters my, tan 3, A,
y msz, within the context of the large stau-mixing MSSM scenario, providing a broader
picture for our search strategy.

3.1 Search strategy for stau-pair production via heavy scalar decay

In order to develop our search strategy, we work with a benchmark that possesses the
following relevant SUSY parameters: ma = 947.5 GeV, tan f = 33.8, M} = 100 GeV, My
= M3 = 2200GeV, p = —327.2GeV, A, = —859.4GeV, mj, = 412.9GeV, and mp, =
393.8 GeV. This SUSY parameters give rise to the following spectrum (computed with
Spheno 3.3.8 [28, 29]) for the variables of collider interest: mpy = 947.6 GeV, mz =
367.5GeV, m;, = 408.4 GeV, and my = 99 GeV.! For a center-of-mass energy of 14 TeV,
the H-production cross section via gluon fusion is 044y = 3.2fb and via b-quark annihilation
is oppy = 194.2 fb, computed both at NNLO with SusHi [30, 31], which uses results of [32—
43]. Hence, it is a good approximation to neglect the former and take into account only
the latter. On the other hand, we have BR(H — 7177) = 0.17 and BR(7, — 7x}) = 0.98.
Therefore, the total cross section for the complete process pp = H — 717 — 7')2(1]7')2(1)
is 31.7 fb.

The main backgrounds are listed in table 1, where we include the cross sections, esti-
mated by using MadGraph_aMC@NLO 2.6 [44] and the number of generated events. Although
all the events corresponding to the background processes have been generated at leading
order, the cross sections for tt, WW and ZZ have been rescaled with K-factors of 1.5, 1.4,
and 1.3, respectively, extracted from [44]. In addition, the cross sections for the W+jets
and Z+jets backgrounds have been estimated by considering up to two light jets. It is

1This benchmark point is slightly in tension with the latest H/A — 77 searches [17]. Nonetheless, we
use it as a reference point to guide us in the construction of the search strategy for staus via heavy Higgs
decays. An appropriate allowed point would require a new scan of the MSSM parameter space as the one
performed in [19], which is beyond the scope of our work. We expect however that imposing the latests
ditau constraints would move mpg to slightly larger values, leaving the rest of the parameters with little
modifications.



Background | Cross section (fb) | Simulated events
tt 10125 10°
W +jets 6.257 x 106 106
Z+jets 4.254 x 100 106
wWw 1188.6 1.5 x 10°
ZZ 183.3 10°

Table 1. Main backgrounds along with the corresponding cross sections and the number of simu-
lated events used for this work.

important to note that for the tt, W+jets, and WW backgrounds we have included only
the decay of the W boson into 7v,, while in the case of the ZZ and Z+jets backgrounds,
we have considered the decays ZZ — 7t7 v and Z — 7777, respectively. The mul-
tijet QCD background is not taken into account for the signal optimization since it is
largely suppressed by the cuts applied on the variables which involve missing transverse
energy that we introduce below. Both the signal and the different backgrounds have been
generated with MadGraph_aMC@NLO 2.6 [44] and showered with PYTHIA 8 [45], while the
detector response has been simulated with Delphes 3 [46]. The implementation of the
different cuts of the search strategy that we present below have been also carried out with
MadAnalysis5 [47] in the expert mode.

We first require that both the signal and background events exhibit exactly two
opposite-sign tau leptons, and satisfy the following set of selection cuts:

pp >50GeV , p7? >40GeV , |n7] < 247, (3.1)

where 71 (72) denotes the leading (sub-leading) tau lepton, and " is the tau pseudo-rapidity.
For the final state topology that we are considering here, a powerful discriminating variable
commonly used is the mpo, which depends on the momenta of two visible particles and the
missing transverse energy present in the event. This variable is defined as follows

{maX [mT(ﬁ%ﬁl)?mT(ﬁg’ﬁ)H ’

min

| (3.2)
ﬁl +ﬁ2 :ﬁTmlSS

mr2 =

where a and b are the two visible states from the parents decays, 1 and §/ o are the
corresponding missing momenta, and ﬁTmiss is the total missing transverse momentum.
Finally, the transverse mass myp is defined as

mT(ﬁ%aﬁTinv) = \/m% +2(4y/m2 + |]5’79£|2E513V — piE _ﬁ%nv) 7

where 2 denotes the detected particle and p is its transverse momentum. Since the main

(3.3)

feature of the myp9 variable is that its distribution has an endpoint around the mass of the
parent decaying particle, it is expected that this variable will be very efficient to separate
the signal from the ¢t and WW backgrounds. In figure 1 we show the distribution of
the mpgy variable both for the signal and the various backgrounds, listed in table 1, after
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Figure 1. Distribution of the mpy variable for the signal and the main backgrounds after requiring
exactly two opposite-sign tau leptons in the event that pass the selection cuts.

applying the selection cuts introduced above. We see that this variable is a powerful
discriminator not only for the t¢ and WW background processes but also for the W+jets,
Z+jets, and, to a lesser extent, the ZZ background. Taking advantage of the fact that
the mypo distributions of W-jets, Z+jets and tt backgrounds exhibit a similar behavior,
the acceptances of the first two backgrounds resulting from a given mpo cut have been
conservatively assumed to be the one obtained for the ¢t process. Besides mrs, we have
also used other variables with good discrimination power: the angular separation between
the two tau leptons in the event, AR(7y,72), the transverse masses mp,, and mg., (see
eq. (3.3)), and the invariant mass of the pair of tau leptons, m,.. In addition, we have
imposed requirements in the number of b-jets (Np) and light jets (N;) in the event. The
resulting signal region is presented in table 2. In order to obtain the significance achieved
in the proposed signal region, we have assumed a systematic uncertainty of 30% on the
estimated sum of all backgrounds, in accordance to the uncertainties considered in similar
searches [21, 23]. Including the potential systematic uncertainties, the signal significance
can be computed as [48]

5 ¢ (5 5y10g (S PATLR) By (1 oS ) o

where S is the number of signal events, B the total number of background events and
op = (AB)B, with AB being the relative systematic uncertainty. The results obtained for
a total integrated luminosity of 100 fb~! are displayed in table 3. Some comments about
our estimation of the number of events of the W+jets and Z+jets backgrounds are in order:

e As can be seen from tables 1 and 3, the maximum number of generated events (109)
is well below the number of expected W +jets events at 100fb~! (> 108). Since the



SR definition
2 OS taus and selection cuts
Ny=0 & N;j <2
AR(71,72) < 3.5
M7r , Mrr > 120 GeV
m.r > 100 GeV
mpo > 180 GeV

Table 2. Summary of the cuts involved in the proposed signal region. The selection cuts were
defined in eq. (3.1).

generation of such a huge number of events is beyond the scope of our computational
resources, we have instead estimated first the acceptance corresponding to all the cuts
in table 2 except for the mrs cut, and then used the acceptance of the tf background
for this last cut. None of the 10° generated events survive the cuts that define
the SR (except the cut in mps), therefore we consider that an upper bound on the
acceptance at this level is O(10~7). On the other hand, the acceptance of the mpo
cut for the tt background is ~ 0.01, which leads to the following estimation of the
W +jets acceptance in the SR: 1077 x 0.01 = 107°.

e In the case of Z+jets, with Z — 7177, we obtain that only one out of 10 events
remains after applying all the cuts except myo. Thus, the acceptance at this level
is 1075, which gives, combined with the mpy acceptance corresponding to tf, an

estimation of 10~8.

e Finally, for Z+jets, but with the Z decaying into neutrinos, the estimation of the
acceptance is entirely similar to the case of W+jets explained in the first bullet.

Finally notice from table 3 that even when a 30% of systematic uncertainties are
included, we obtain a 6.62¢ significance of discovery potential with a total integrated
luminosity of only 100 fb~!. Moreover, on the naive assumption that the background rates
scale as the cross section of the signal [49], we obtain that the statistical significance for
the proposed SR at 300fb~! is 8.500.

3.2 General interpretation within the large stau-mixing MSSM scenario

In this section we select 27 benchmarks belonging to the large stau-mixing MSSM scenario,
all corresponding to the class of orange points mentioned in section 2 and characterized
by different values for mpy, tan3, A,, and msz . First of all, we have applied to all of
them the same search strategy defined in section 3.1 and studied the signal significance
at the LHC in the planes [mg, tan 8] and [myg, A;], depicted in figure 2 for a luminosity
L = 100fb~!. From both plots of this figure, it is clear that our alternative search strategy
for stau pairs at the LHC is very efficient in a broad sense within the context of the large
stau-mixing MSSM scenario we work with, despite the fact that this search strategy has
been optimized only for one of the 27 benchmarks considered here. It is important to



No cut SR
Signal 3171 28.78
tt 1012500 | 2.03
Wjets | 6.257 x 10% | 0.65
Z+jets | 4.254 x 108 | 1.01

%74%% 118860 0
77 18330 0.37
S 1.0x 107° | 6.62

Table 3. Numbers of signal and background events at the 14-TeV LHC with a total integrated
luminosity of 100 fb~!.
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Figure 2. Signal significance in the planes [my, tan 5] (left panel) and [my, A;] (right panel)
for various benchmarks within the large stau-mixing MSSM scenario. The displayed values were
obtained for a center-of-mass energy of 14 TeV and a total integrated Iuminosity of 100fb~!. Red
circles correspond to significances below the evidence level (S < 30), blue circles to significances
between the evidence level and the discovery one (30 < S < 50), and green circles to significances
larger than the discovery level (S > 50).

remember that all the points displayed in the [my, tan 8] plane (left panel of figure 2)
lie within the region covered by the orange points of figure 6 of [19]. From this plot we
see that the largest significances are obtained for values of tan 8 below 35, which arises
from the fact that the lower tan 3 is, the lower the branching ratios of H into b-quark
and 7-lepton pairs are, and then the largest BR(H — 7177) can be reached. In contrast,
for tan 8 > 35, the signal significances drop below the discovery level, although it is still
possible to reach significances at the evidence level, depending on the values of A; and ms, .
On the right panel of figure 2, the results of our search strategy are shown in the [mpg,
A;] plane, in which we can see that for most of the benchmarks significances above 50 are
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Figure 3. Signal significance in the [mg, ms, | plane, within the large stau-mixing MSSM scenario,
for a center-of-mass energy of v/s = 14 TeV and total integrated luminosities of 100 fb~! (left panel)
and 300fb~! (right panel). The light gray area corresponds to significances at the evidence level
(3 standard deviations) and the dark gray area to significances at the discovery level (5 standard
deviations). Finally, the white area represents signal significances below 3o and the shaded red area
is forbidden because the decay mode H — 7177 is kinematically closed.

obtained. Remarkably, our search strategy provides significances at the discovery level for
all the benchmarks with negative values of the trilinear A, due to the fact that a negative
A, implies a larger stau mixing and in consequence, larger values of BR(H — 7177). For
positive values of A, it is still possible to obtain § > 50 providing my is below 1000 GeV,
since otherwise the suppression in the H production cross section leads to a decrease in
the significance, which can fall even below the evidence level if my is large enough.

It is also interesting to interpret our results by performing an extrapolation in the
[mgr, mz] plane from the 27 benchmark points, as displayed in the contours of figure 3.
For a total integrated luminosity of 100fb~! (left panel of figure 3), there is a big portion
of the parameter space (mg > 850 GeV and mz < 300 GeV) in which our proposed search
strategy would not be sensitive to this signal (white area). This situation occurs for two
reasons: on the one hand, the signal cross section is considerably reduced for large values
of mpy, and on the other one, small stau masses produce a final state with less energetic tau
leptons and lower E%‘iss, which in turn reduce the discrimination power of crucial kinematic
variables as mzy or my. Conversely, if mp is reduced or ms increased, the significances
enter first into the evidence level (light gray area) and later on into the discovery level (dark
gray area). Interestingly, for values larger than 350 GeV, we obtain significances above 50
for practically any value of the heavy scalar mass, except for very large values of my, in
which case we would need mz > 400 GeV. If one considers a total integrated luminosity
of 300fb~! (right panel of figure 3), the white area in which the proposed search strategy
is not sensitive is substantially reduced (mg > 925GeV and mz < 250GeV). In fact,
for this luminosity our search strategy is sensitive to the signal in most of the parameter
space, with significances at the discovery level for mpy < 850 GeV or msz > 300 GeV.



4 Conclusions

In this work we proposed, within the context of the MSSM, a novel search strategy for
staus at the LHC based on the resonant s-channel heavy CP-even Higgs boson production
via b-quark annihilation, which can be significantly large for tan 8 > 1. In certain regions
of the parameter space analyzed which safely satisfy all collider bounds, there can be a
sizable branching ratio of H into staus, leading to a stau-pair production cross section that
is between one or two orders of magnitude larger than the usual EW production for these
sfermions. We first presented the MSSM scenarios with large stau mixing, in which it is
possible to obtain large values of BR(H — 717]) ~ 0.1 — 0.2, that allow at the same time
to safely avoid the strong constraints in the [m 4, tan ] plane from the current ATLAS and
CMS searches for H and A in the di-tau channel. We then detailed our search strategy for
this class of stau-pair production, focusing in the case when both staus decay into a tau
lepton and the LSP, the lightest neutralino. In this way, the experimental signature of this
SUSY signal is made up of a tau-lepton pair and large Ejr?iss arising from the two LSPs. In
order to increase the signal-over-background ratio, we performed a set of cuts in different
kinematic variables generally used in the literature, among which the mpsy variable is the
most discriminant for the particular final state topology considered here. We obtained
significances of discovery potential (larger than 50) for a center-of-mass energy of /s =
14 TeV with only a total integrated luminosity of 100fb~!, even under the conservative
assumption of a 30% of systematic uncertainties in the total background.

Finally, we generalized the results by applying the proposed search strategy to several
other benchmarks that also belong to the large stau-mixing scenario and are represented
by the parameters mpy, msz, tan /3, and A,. In this case the results are also promising,
with the significance being above the discovery level for most of the tested benchmarks
for luminosities attainable in the near future. The proposed search strategy appears to
be highly sensitive in most of the parameter space, except when the heavy scalar mass is
very large, typically above 925 GeV, and/or the stau mass is small, approximately below
250 GeV. The sensitivity also worsens for values of tan 5 above ~ 35 due to the increment
in the values of the branching ratios of H into b-quark and 7-lepton pairs that takes place
in this case. Nonetheless, it is still possible to achieve significances at the evidence level
for certain values of the trilinear A,.

We have shown in this work that the search for stau-pair production at the LHC
coming from the heavy CP-even scalar H decay is very promising in regions of the MSSM
still allowed by experiments, with a much better prospect than the usual stau-pair searches
based on the EW production.
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