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Tau-sneutrino next-to-lightest supersymmetric particle and multilepton signatures at the LHC
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In models with gravitino as the lightest supersymmetric particle (LSP), the next-to-lightest super-
symmetric particle (NLSP) can have a long lifetime and appear stable in collider experiments. We study
the leptonic signatures of such a scenario with tau sneutrino as the NLSP, which is realized in the non-
universal Higgs masses (NUHM) scenario. We focus on an interesting trilepton signature with two like-
sign taus and an electron or a muon of the opposite sign. The neutralinos and charginos are quite heavy in
the model considered, and the trilepton signal comes mostly from the slepton-sneutrino production. We
identify the relevant backgrounds, taking into account tau decays, and devise a set of cuts to optimize this
trilepton signal. We simulate signal and backgrounds at the Large Hadron Collider (LHC) with 14 TeV
center-of-mass energy. Although the sleptons in this model are relatively light, @(100 GeV), discovery is
more demanding compared to typical neutralino LSP scenarios. The trilepton signal requires a large
amount of accumulated data, at least ~80 tb™!, at the center-of-mass (c.m.) energy of 14 TeV.
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L. INTRODUCTION

Supersymmetry (SUSY) is one of the candidates for
beyond the standard model (SM) theory that is extensively
searched for at collider experiments (see, e.g., [1]). If
supersymmetry does exist at the weak scale, some super-
symmetric particles are expected to be produced by the
Large Hadron Collider (LHC) experiment. To discover any
supersymmetric signal, we need a correct theoretical inter-
pretation of the data, and there have been many studies on
this subject. However, most of these studies assume that the
lightest neutralino is the stable lightest supersymmetric
particle (LSP),' motivated by its feasibility as a dark matter
particle [2]. Nonetheless, the neutralino is not the only
candidate for dark matter within supersymmetry. It has
been shown that a gravitino LSP can also be a good
candidate for dark matter [3,4]. In this case, due to its
very weak interactions, the gravitino itself would not be
seen directly, while the next-to-lightest supersymmetric
particle (NLSP) would appear as a stable particle at
colliders.?

The gravitino dark matter scenario opens up many new
phenomenologies with various possible NLSPs. If a sneu-
trino is the NLSP, all other sparticles that are produced at
colliders would quickly cascade decay to the sneutrino,
giving rise to jets and/or leptons along the way, while the
sneutrino itself would yield a large missing energy signa-
ture in the detectors. Although this is similar to a neutralino
LSP scenario, the mass spectrum, production rates, and
branching ratios are in general different, leading to differ-

"The LSP is stable if R-parity is conserved, which we also
assume in this paper.

*Because of its long lifetime, the NLSP would decay outside
of the detectors and appear to be stable.
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ent characteristics. Therefore, a dedicated study for
the sneutrino NLSP scenario at colliders is justified.
Specifically, we look at a sneutrino NLSP scenario within
a supergravity model with non-universal Higgs masses
(NUHM). A preliminary study on a similar model but
within gauge mediated symmetry-breaking framework
has been performed by Covi and Kraml in [5], and recently
also analyzed by Katz and Tweedie in [6]. In this paper, we
look into a detailed analysis, involving Monte Carlo simu-
lation, of a particular model with tau sneutrino as the
NLSP. We focus on leptonic channels in order to find
distinguishing signatures of the model, and we study
whether the signals in such scenarios can be observed at
the LHC.

For hadron colliders, supersymmetric signals can be
classified as jets plus missing energy (F7) [7], jets plus
leptons plus missing energy, or leptons plus missing energy
without a jet [8]. Because of the nature of hadron colliders,
signals involving jets are expected to have higher event
rates. However, the SM backgrounds for these types of
events are also generally larger. On the other hand,
although with relatively small event rates, isolated multi-
lepton plus missing energy signatures offer relatively clean
signals, which in some cases can be observed above the SM
background. For example, a trilepton signature has been
proposed as a promising channel to discover supersymme-
try with a neutralino as the LSP. Motivated by this, and also
because the lightest effectively stable particle in our model
is leptonic, we look at signals with leptons. We found that
the trilepton signature in our model provides an interesting
channel, which can be used to distinguish it from many
other models. However, search for this signal at the
LHC, and hadron colliders in general, is hindered by the
tau identification problem. On the other hand, inclusive
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analysis, including jets, shows that the LHC at 14 GeV
should be capable of discovering the new physics beyond
the SM.

The outline of this paper is as follows. In Sec. II, we
specify our model and its features, including the sparticle
mass spectrum, decay branching ratios, and production
rates. In Sec. III, we explore the multilepton signatures
of our model. Section IV consists of discussions on the
trilepton signals and backgrounds. In Sec. V, we show the
results of our simulation analysis for the LHC. We con-
clude with Sec. VL.

II. THE MODEL AND ITS FEATURES

For our analysis, we take a specific set of parameters in
the NUHM model [9]. The free parameters in this model
are the universal gaugino m,/, and sfermion masses my,
and the trilinear coupling A, (all three at the grand unified
theory scale); the ratio of the two Higgs vevs tanf; the
Higgs mixing parameter u; and the CP-odd Higgs mass m,
(at the weak scale). It has been shown that sneutrino NLSP
is natural in NUHM in the sense that it has large parameter
space regions allowed by all known constraints from
cosmology, dark matter, and particle physics [10]. Our
choice of a model corresponds to NUHM parameters
tanB = 10, my = 100 GeV, m;;,, = 500 GeV, A, =0,
pm = 600 GeV, and m, = 2000 GeV. It has tau sneutrino
7, as the NLSP and relatively light slepton masses, while
the squarks and gluino are around 1 TeV, still within the
reach of the LHC. The full mass spectrum is listed in
Table I. Note that we use a slightly different value of m,
from the one used in [10].

We assume that the gravitino mass is lower than ms_, but
we do not need to specify its value, as it is not relevant here.
The lifetime of 7, depends on the mass gap between
gravitino G and the tau sneutrino. However, since the
dominant decay channel of tau sneutrino is 7, — G + v,
the tau sneutrino would still appear as missing energy even
if it decays inside the detector.

Among the lighter sparticles, we have the following
mass hierarchy:

m)?g, m/\';li >m)?(]J >m{7L >m,;( >”n7':l >m1')’_, (1)
with 7. as the lightest one. Note that the first two
generations are mass degenerate in the model con-
sidered. Throughout this paper, we define € = ¢, u, while
{' = e, u, 7. The decay modes for these lighter sparticles

are as follows. The chargino can decay as

XN+ WE v, Bttt Fitv, Pt
2)

For the neutralinos, the decay modes are
X0l 0 Petv, FHAT by, )

while for the second-lightest neutralino, we have the addi-
tional decay mode
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TABLE I. The sparticle and Higgs masses of the model we
analyze. We assume top pole mass m, = 172.4 GeV [11] and
my(m,)MS = 4.25 GeV. The Higgs masses are calculated using
FEYNHIGGS [12].

Mass [GeV]
mg, 140.6
my, 90.5
mg, 161.4
mz, 115.3
Mo 206.5
"o 396.0
= .
m)(l 396.1
Mass [GeV]
my —-617.4
3
m o 633.0
. 633.5
X :
mg, 482.7
ms, 459.6
my, 723.6
mg, 994.7
mg, 956.4
mp, 1000.9
mg, 925.6
mg, 10334
mg 1012.7
mg 1036.5
mg 1176.2
Mass [GeV]
my 2000
ny 2000
mi 2002
X=X+ (Zh), 4)

although with small branching ratios.® It is worth noting
that the decay modes for y; and X/g are similar to that in
scenarios with j/(l) as the LSP. On the other hand, €;

exhibits a completely different decay pattern,
b=+ +f  Ft+l+7
&)

1ty t+ v, p,t+L€+ v, vt v+ T

Note that only 3-body decay channels are open for the
selectron/smuon. This is because the mass gap between 0
and 7, is smaller than my,, and also because of the flavor
difference between the selectron and the NLSP. The decays

*Note that j/g can also decay through a loop to ,\7? + v [13].
However, this is subdominant as compared to the tree-level two-
body decay modes above.
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TABLE II. Decays and the total widths of ¥, X/(l),z’ é;, Py, and 7. Only decays with BR = 1% are included. The decay pattern for
smuon fi; is analogous to that for selectron &, . Here, g,, g, represent u-, c- and d-, s-quarks, respectively. Each antiparticle has the
same decay pattern as its corresponding particle.
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- gt A i, G, I' [GeV]
BR [%] 18.7 2 X159 18.5 2 X153 7.0
.= p.v, +cc Doy + c.c FiTT +cc. ;0™ +coc. I’ [GeV]
BR ({?) [%] 2X17.1 4 X175 2 X 10.9 4X3.5 0.5
BR () [%] 2X09.1 4 X178 2X95 4 X178 7.0
é; — Uit v, 7,947y Ve DoV 7 Firte” T e I' [keV]
BR [%] 30.0 2X220 1.7 7.3 7.3 1.0 1.0 12
Dy — D.vvg, Viv,vg .t Fiv - I' [keV]
BR [%] 70.1 21.0 84 0.4
7~-1_ - 177_17€€_ ﬁTﬁTT Ijrqd(?u r [keV]
BR [%] 2X11.1 11.0 2 X333 17.2
TABLE III.  Cross sections in fb for (a) slepton pair, (b) chargino and neutralino pair, and (c¢) squarks and gluino production at the

Tevatron and LHC with c.m. energies 7, 10, and 14 TeV. The calculation was done with HERWIG++ [17]. Note that squarks and gluino
are too heavy to be produced at the Tevatron. Here, § represents the sum over the light squarks i + d + § + ¢, while € can be either &

or fi.

5+

e

=+ = ek

TR

(a) Do 172 17 7~'1+ o o, Ty 7
Tevatron 2.9 4.7 4.4 4.4 13 28 28 34
7 TeV LHC 15 26 48 22 57 205 109 153
10 TeV LHC 29 43 86 45 100 344 201 261
14 TeV LHC 51 83 144 81 165 545 339 421
(b) X Xxr Ax’ X OxT XX Xy Xy
Tevatron 0.03 0.002 0.002 0.07 0.07 0.002 0.17
7 TeV LHC 0.3 0.03 0.11 29 8.2 0.19 55
10 TeV LHC 0.7 0.08 0.26 7.8 19 0.6 14.2
14 TeV LHC 1.3 0.18 0.5 17 38 14 30
(©) qq qq i 2q 238 X1q X527 X'q X1 d
7 TeV LHC 44 27 1.4 6.6 0.2 1.0 0.7 1.0 0.3
10 TeV LHC 34 126 9.4 79 4.1 3.9 3.4 52 2.0
14 TeV LHC 163 356 43 444 38 14 12 19 7.7

in Eq. (5) are mediated by virtual W (#,f'f), chargino
(P veT, Tivev,), or neutralino (71€7, 7,.£v,) exchange.
It is interesting to note that the decay mode l, — v Ay,
is highly suppressed because of a destructive interference
between %V and Y9 exchange contributions. Similarly, for

the electron-sneutrino we have only 3-body decays
Ve— T v+, FL+l+ v,
(6)

vty t+ v, v, +E€+ T

These decays are mediated by virtual chargino (7€¢v,,
p.£7) or neutralino (7,v,7, ¥.€7) exchange. The decay
width of the sneutrino is highly suppressed with respect to
the left sleptons (see Table II). Heavier selectron mass
provides more phase space, and the number of accessible
decay modes is significantly larger. The stau 7; can practi-
cally* decay only to the tau sneutrino 7.,

“Since the direct decay of stau to gravitino is negligible.
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Fro b+ f+ R (7)
where the dominant decay mode is mediated via W (#,.f'f)
and the other one by chargino and neutralino. We use
SDECAY 1.3 [14] to calculate the 2-body decay branching
ratios, and the FEYNARTS/FORMCALC [15] package to cal-
culate the 3-body decay widths.” The branching ratios for
the decay channels with branching ratios = 1% are col-
lected in Table II. Note that the dominant decay mode for
7y is invisible.

We calculate the (pair) production rates for the sparticles
in our model at the Tevatron and at the LHC. We assume
three center-of-mass (c.m.) energies for the LHC: 7 TeV,
10 TeV, and 14 TeV. The results are shown in Table III.
Note that the chargino (¥;) and neutralinos (j/?,z) are
relatively heavy in our model and near the production
threshold for the Tevatron. Note, also, that the squarks
and gluinos are not produced at the Tevatron because of
their heavy masses.

For the light sparticles’ pair production processes, i.e.,
Table III(a) and (b), we see that at the Tevatron 7 7}
(which is invisible) has the largest cross section due to
the light 7. mass, followed by 7{ 7, and 7| #; (which are
the largest visible channels). For the LHC, which is a
proton-proton collider, 7; 7, has the largest cross section,
followed by #,.7; and 7| #;. For both colliders, gaugino
production is subdominant due to their (relatively) heavy
masses, and in the case of )”((f, also by its bino-dominated
content. As in most models with neutralino LSP (e.g.,
SPS1a [18]), )}8 Xi -associated production is the largest
among the gauginos, followed by ¥; ¥; . For comparison,
the Y% production rates for SPS1a at the LHC is about
900 fb, for 14 TeV c.m. energy.

As we can see from the table, squarks and gluinos
require large energy because of their heavy masses. At
7 TeV, the production of squarks and gluinos is negligibly
small. At 10 TeV, their total production rate is still lower
than that of sleptons. At 14 TeV, the g § becomes important
and, together with § g, provide promising channels for
SUSY discovery.

III. THE LEPTONIC SIGNATURES

Let us now look at the supersymmetric signals in our
model. First, let us focus on the pure multilepton plus
missing energy signals without associated jet.® These sig-
nals are generated from the production of color singlet
sparticles, i.e., the charginos, neutralinos, and sleptons.
Thus, we look at chargino pair production (¥ )}11),7 neu-
tralino pair production (i? f((;), associated chargino-

>The 3-body decays of sleptons and sneutrinos have also been
calculated analytically by Kraml and Nhung in [16].

®We will consider inclusive searches, including jets produc-
tion, in Sec. IV.

’Same-sign chargino pairs can only be produced with some
associated jets [19].
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neutralino production (¥ j/?), and slepton pair production
(€ €, € 7, €1 9y and 7,7y, where €' = e, u, 7) as
listed in Table III. From here on, we will implicitly assume
the case for the LHC at 14 TeV, unless explicitly stated
otherwise.

Let us first look closer at the dominant leptonic decay
modes for sleptons, sneutrinos, the lightest chargino, and
the second-lightest neutralino. The charged sleptons of the
first two generations can decay directly to 7, as

0y —oi+1 +u, G —=o +15+5,. 8
Note that the decay channels - S e A
v, + € are suppressed due to the cancellations mentioned
below Eq. (5), in Sec. II. The selectron/smuon can also
decay to the respective sneutrino

EZ - 17( + €/7 + Ijgr, EZ — 77; + €/+ + Vo, (9)
where again € = e, w and €' = e, u, 7; or with smaller

branching ratios to the stau
(r—F +rm+465 F+0 +05 (10

The electron/muon-sneutrino decays mostly invisibly to
the tau sneutrino and neutrinos. The largest visible decay
mode is
pp—o 0+, +77, =t oi . (1)
They can also decay to stau:
pe— 7 v+, i o+ (12)
The leptonic decays of stau are
Flo i+ + oy, Fl— 0, 47 + b (13)

The second-lightest neutralino has a much larger produc-
tion rate (in association with chargino) than the lightest
neutralino, due to its mostly wino content. It decays as

/?2 — EZ: + gli’ Vo + vy, 17?, + v (14)

The chargino decays as
Xi— e+, O vy, Fi—vi+e, O+
(15)

We can classify the pure leptonic signals based on the
number of the isolated leptons (e, u, and 7°) in the final
state as follows:

(I) 1 lepton + Er: The signals can appear from:

(1) 77 #; (7 P,) production with the stau decays to

D, + vy + £, where €' could be either e, u, or 7.
2) €, 7, (€] 7,) production with the sneutrino decays

invisibly as P, — P, + v, + v,, while the

selectron/smuon decays as EL_ — Uity + T,

8We will consider tau decays in Sec. V.
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Since the branching ratio for selectron/smuon decay
to 7, + £ + v_is small, the 7 final state is dominant.

(3) ¥i X5 production with the chargino decays to #, +
7, and the neutralino decays to #, + v,. Again, the 7
final state is dominant.

The SM backgrounds are coming from direct charged
lepton + neutrino production through s-channel W boson
exchange, from single W boson production with a cross
section of 20 nb [20], and from WZ with invisible Z with a
cross section 3.3 pb [21,22]. These backgrounds are, by
orders of magnitude, larger than the SUSY signals, which
are O(10 fb).

(I) 2 leptons + Ky (dilepton): The SUSY signals can
arise from

(H {72 (?Z production where each slepton produces one
tau through 3-body decay ¢, — 7, + 7 + v,.

(2) 77 production with each stau decaying through
3-body decay mode 7, — ¥, + vy + € where
O =e u, .

(3) P¢¥, pair production with one of the sneutrinos
decaying as 7, — ¥, + £ + 7, producing a tau and
an electron/muon of opposite signs, while the other
one decays invisibly as 7, — 7, + v, + v,.

(4) X7 xi pair production with the charginos decaying
to 7~ #% and 71 ¥, respectively.

Contributions from neutralino pair production is sup-
pressed by the small production rate. The SM backgrounds
come from direct production through y*, Z* (Drell-Yan);
from single Z boson production (with a cross section of
1.9 nb [20]); from ZZ, where one Z yields a neutrino-
antineutrino pair, while the other Z yields €¢/* €'~ (with a
cross section of 0.3 pb [22,23]); and from W+ W~ produc-
tion (with a cross section of 12.6 pb [24]). Again, the SM
backgrounds are much larger than the SUSY signals.
(IIT) 3 leptons + Ky (trilepton): The SUSY signals can
come from
(hH {7[ vy (ZZ Dyp)-associated production, followed
by € > ¥+ v,+7 and 7> P+ €T + 77
decays. In this case, we have two taus of the
same sign and an electron or a muon of the opposite
sign.
(2) ¥i ¥5-associated production, with the chargino de-
caysas y; — 7+ 7} and the neutralino decays as
(a) ¥ — €7 + €7 followed by €, — &, + v, + 7,
(b) ¥y — 71 + 77 followed by 7| — 7, + vy + €/,
or (¢) ¥ — ¢ + vy followed by 7y — 7, + 7 + £.

The SM backgrounds for three leptons are from WZ and
W)/".9 For the neutralino LSP case, in which the dominant

9At the detector level, there are also some processes that can
mimic trilepton signature, such as ZZ, tf, Drell-Yan, and fake
leptons [25].
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channel is through yi ¥5-associated production, this tri-
lepton signature has been studied thoroughly and appears
to be a promising channel to discover SUSY [26]. In our
scenario, however, the ¥i Y5 production is subdominant
(and certainly insufficient for the Tevatron), and the trilep-
ton signals come mostly from {7[ 7y and EZ 7}, production.
It is interesting to notice, however, that for our scenario,
we can have two taus of the same sign (i.e., SF + SS), and
that the SM background for this is expected to be smaller.
In this case, the SM background receives contributions
from the production of three W bosons, which has a small
cross section.

(IV) 4 leptons + F;: The SUSY signals can arise from

(1) »¢7; production, followed by 7, — v, + 7+ ¢
decays.

2) (72{7[ production, with one 7 . decaying as {72 —
o+ €'~ + by (where €' = e, u, 7) followed by
P, — #, + €~ + 7, while the other slepton decays
as ] — o, + 1+ + 7.

(3) X¥{ x{ production, with one of the charginos
decaying as y; — 7 + 7~ and the other one de-
caying through ¥; — 7, + ¢* followed by 7, —
b+t

The dominant SM background comes from ZZ that has a
cross section of 0.12 pb [23]. In our scenario, Higgs bosons
H and A are quite heavy (~ 2 TeV); therefore, their
production at the LHC would be suppressed. Moreover,
the neutralinos and charginos in our scenario are also
relatively heavy. Thus, we do not consider the same kind
of analysis as done in [27].

(V) 5 leptons + E: The SUSY signals can arise from

@))] (7{ vy ((7[ y)-associated production, where the ¢ L
decays similarly as in the 4-leptons case, producing
3 leptons while the sneutrino decays as 7, — 7, +
€+ 7.

(2) Again, neutralino-chargino {3 y; -associated pro-
duction provides subdominant contribution. Here,
the neutralino decays as y5 — ¢+ €', followed by
0 — 7.+ 7+ vp,'° while the chargino decays as
Xi — 7o + ¢, followed by 7y — 7, + € + 7.

The SM backgrounds are from WZZ [28], WZy*, and
Wy*y*. Note that even though the SUSY 5-lepton signal
has a small rate O(0.1 fb), suppressed by branching ratios
of £ . and P, decays, the SM background is also small.
Thus, this might also be an interesting channel to look at.
The question, however, is how much luminosity would be
needed to receive enough significance.

'Recall that for this specific model, the decay 0 — v, + €+
v, has a very small branching ratio. Having this decay channel
available, we would have 5-lepton signature with only one tau.
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IV. THE TRILEPTON SIGNALS
AND BACKGROUNDS

As mentioned in Sec. III, the trilepton signature with a
pair of like-sign taus is particularly interesting. The signals
that we are looking for are 7" 7% (e, )~ and 777 (e, u) ™,
which, in our SUSY scenario, arise mainly from slepton-
sneutrino-associated production followed by cascade de-
cays (illustrated in Fig. 1). If the taus and their charges
could be identified in the detectors, then this would provide
us with an excellent supersymmetric signal with a dis-
tinctly larger cross section than the SM background. In
the SM, this signature can be mimicked, primarily through
the production and decay of three W bosons:

pp—= WW'W™ — 7ty 5 v 0 by, (16)
and
pp—= W W W7 o1 v Alty, (17)

respectively.

In reality, however, taus decay quickly inside the detec-
tors, producing either leptons (i.e., e, 4 and neutrinos) or
jets (plus tau neutrino). Tau identification could present a
problem, especially for a hadron collider such as the LHC
with high jet multiplicities. If a tau decayed to e/ u, then it
would be difficult to distinguish it from the electrons/
muons produced by other processes. On the other hand, it
is not easy—although not impossible—to identify jets that
are coming from taus [29,30]. Let us recapitulate on the
signals as seen by the detectors:

(@) e“u~(e, )7,

(b) eTeTe™, utu

(c) e"e ™,

(d) 7 (e pu™,

(e) 7, (eTe™, p*p

) 7,7, (e, )™

S

ot
7;|+ It
- o
+ 4l

* x
Q
+ 4

—

Here, 7, represents a hadronic tau. The ratios are approxi-
mately

(a):(b):(c):(d):(e):(f) = 6:3:3:22:22:42. (18)

At this level, there is another SM background from the
following process:

~ Z/T
\\\ . °
AN ot*
N X L
P I;[
T+

FIG. 1. Example of trilepton signature from slepton-sneutrino-
associated production.
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pp—WrZ—-7t7 17w, (19)

with the taus decaying either leptonically or hadronically.
In addition, there is a background from WWW, which
can produce the leptonic signals directly without going
through any tau. Signals (a), (b), and (e) also receive
backgrounds from WZ and W+vy*, which produce e/u
directly. Thus, the interesting signals to look at are (c),
(d), and (f). Signal (c) provides a clear signature, but is
suppressed by the branching ratios. Although (d) is quite
interesting, the signals might be overwhelmed by fake taus.
Therefore, we concentrate on (f) in our analysis, where we
look for two tau jets of the same sign and a muon/electron
of the opposite sign. From here on, we will always mean
hadronic tau (7;,) when we say tau (7), unless explicitly
stated otherwise.

At the simulation level, we need to consider some addi-
tional backgrounds. This is due to the fact that there could
be some leptons or jets that do not pass the selection
criteria, resulting in a different signature. For example,
we can have ZZ with each Z decaying to a pair of taus,
then two taus decaying hadronically, one tau leptonically
while the other one is missing. Thus, for 747" ™~ signal,
we need to include Z-pair, top-pair, and single-top
W-associated production as well.

The detection of hadronic tau is also not straight-
forward. Full analysis would require detector simulation
and tau reconstruction, which are beyond the scope
of our paper. To take the tau identification problem into
account, we can make an estimate by attaching a detection
efficiency factor to each hadronic tau, 0<e, <l.
However, to be more precise, this factor should be taken
as a function of transverse momentum and pseudorapidity
[31,32]. Note that this factor affects both the signal
and the background. For this reason, we do not include
this factor in the histograms shown in Sec. V. In addition,
the tau charge should also be identified correctly for
our case. Charge identification is expected to become
worse for larger tau momentum, although it should not
be impossible for the interesting range in our model at the
LHC [29]. This charge identification can be used to
eliminate some background events arising from 7, but
not entirely.

At the detector level, there could be additional back-
grounds from jets that are misidentified as taus, i.e., fake
tau signals. For example, the W jj, which has a much larger
production rate [33], can be problematic. The rejection rate
of fake taus depends on the detector’s capability and is
correlated to the tau identification efficiency [29]. If we
assume an (effective) rejection factor of 500, with an
etw,jj cross section of 670 pb, we obtain 2.4 fb of fake
tau background, which is comparable to the SUSY signal.
We notice that the missing transverse energy for this
background is below 200 GeV.

On the other hand, hadron colliders, such as the LHC,
produce many jets in both SUSY and SM processes.
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By looking at trileptons plus any number of jets, we would
obtain more signal events. We start with an inclusive search
of 7" 75 u* + nj, where n = 0, 1,2, ..., and then employ
cuts to reduce the backgrounds. Our SUSY signal now
consists of slepton-sneutrino, chargino-neutralino, and
SUSY QCD. In SUSY QCD, squarks and gluinos are
produced and cascade decay to the tau-sneutrino NLSP.
We found that this SUSY QCD contribution gives large
transverse energy to the final states, due to the big gap
between the squark sector and the slepton sector in our
model. Thus, this can be used as initial evidence of new
physics beyond the SM.

V. ANALYSIS AND RESULTS AT THE LHC

In this section, we study the inclusive trilepton signals at
the LHC for a c.m. energy of 14 TeV. The inclusive SUSY
signal has been generated by the Monte Carlo program
HERWIG++ 242 [17]. We have included all sparticle
pair production processes and all possible 2-body and 3-
body sparticle decays in the HERWIG++ simulations. All
background processes have been simulated with the
Monte Carlo program SHERPA 1.2.0 [34]. For the SHERPA
simulations, we have used COMIX [35] to compute the hard
matrix elements.

After generating events, we apply the following selec-
tion criteria:

(1) Jets reconstructed according to the anti-k algorithm

with D = 0.7 [36], which are required to have
(20)

Pl >20 GeV, In;| <4.5.

(2) N, = 1: Isolated muons with R, ; > 0.7.
(3) N, = 2: Isolated like-sign taus with R ; > 0.7.
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(4) The hardest lepton is required to have

p(; > 10 GeV, [ne| <2.5. 21

(5) The two hardest taus in the event are required to
have

Py > 15 GeV, In,,| <2.5. (22)

(6) Leptons and taus are required to be isolated with

Ry, >04 R, , >04 (23)

ThTh

These form our basic cuts. We have used RIVET 1.2.1 [37]
and FASTJET 2.4.2 [38] in order to analyze events according
to our prescribed selection criteria.

In Fig. 2, we show the transverse momentum distribution
for the hardest jet, p’TI, after the basic cuts. It is obvious that
the distribution at large p; is dominated by contributions
from SUSY QCD, i.e., from production of squarks and
gluinos—similarly for the second-, third-, and fourth-
hardest jets. This would provide a clear signal of new
physics beyond the SM. Note that this feature should also
be found for signals with any number of leptons in our
scenario, and also for other scenarios in which squarks and
gluinos are much heavier than the LSP. Thus, although
high p7 jets indicate new physics, it is not a unique feature
of our model.

We then apply optimized cuts to enhance the signal-to-
background ratio. At this point, we have two branches
of analysis. The main branch is focusing on the leptonic
features of the SUSY signal, with the following set
of cuts:

pr of the leading jet

1 T T T T T T ‘ T T T ‘ T T T ‘ T T T

LTI
Lo

—— Z’(‘X
= e —
% 07 T —— SUSYqep —
l E .o e SM 3
£ 8 1

1
T T 1711
=
1 lHHld

do/dp

T 1171

==_am|

600 800

o

200 400

plft Jet [GeV]

(b)

[
o}
[}
o}

FIG. 2 (color online). The distribution of the hardest jet transverse momentum, pjTl for (@) 77t u~ +jetsand (b) 77 u" + jets

for SUSY signals and SM background.
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(1) Veto on b jets and more than one jet, i.e., N, = 0
and N; = 1.

(2) Cut on the transverse momentum of the hardest
jet in the event above 200 GeV: i.e., we require
20 GeV < pj =200 GeV.

(3) Require myp (@, 7) = min(m(uy, 1), m(py, 7)) <
55 GeV and ¢(u, py) = 1.5 rads.

We call this set opt.A for short. It optimizes the SUSY EW
signal. For the side branch analysis, we have the following
set of cuts (opt.B) which is designed to promote the
high-p7 jet of the SUSY QCD signal [39,40]:

ey

(1) We require N; = 2 and p]T1 = 200 GeV, and

(2) AIT = Zi:h:ptons,jetsEiT =300 GeV.

The results of our simulations are tabulated in Table I'V for
the £ = u case. The £ = e case is similar to the u case,
hence is not shown here. Backgrounds for the case
of the 7777 €~ signature include 7* v, 7" v, u™ 7, denoted
simply as WW*W~, 7t777%v_ denoted as ZW™,
7 7t7~ denoted as ZZ, Wi[—-r1ty W [—
w b, bbrt T denoted as iZ, — b7ty J—
bu v, W' [— 77r,] denoted as W', W'[—
v W [—= u7,lbb denoted as W*W bb, and

TABLE IV. Generation characteristics for pp — u~ 7/ 7 +
Ey and pp — p* 7, 7, + Er. Tau detection efficiency is not
included.

T 7-Jr/-‘“7 T basic [fb] ToptA [fb] O optB [fb]
Susy EW 3.55 1.78 0.0828
Susy QCD 4.09 0.00 3.73
Susy xx 1.83 0.0986 0.322
W+ 4.80 0.829 0.200
zZ 1.80 0.172 0.0164
WTW~bb 104 0.0390 0.285
Hw™ 0.0506 5.81 X 1073 0.002 89
1z 0.127 3.50 X 1073 0.006 42
WrWWw- 0.0728 0.0117 0.004 23
ZWTW- 0.0348 0.004 53 0.00232
T 7'7/'1’Jr O basic [fb] T optA [fb] O optB [fb]
Susy EW 2.46 1.24 0.0523
Susy QCD 3.51 0.001 50 3.18
Susy xx 0.676 0.0676 0.203
A 3.64 0.633 0.0927
zZ 1.78 0.161 0.0161
W*TW~bb 9.07 0.0204 0.0529
1w~ 0.0305 5.02 X 107 0.001 37
1tz 0.135 5.36 X 107 0.00571
Wrw-w~ 0.0498 0.0106 0.00299
ZWrW- 0.0333 0.004 80 0.00236

PHYSICAL REVIEW D 82, 075016 (2010)

w o, v,rT 7T denoted as ZWTW™. Note that the
backgrounds from top-pair production and single-top
W boson—associated production are already included
in W"W~bb. We have similar backgrounds for the
7~ 7~ £", but with the charges conjugated.

In opt.A, the veto on jets helps to reduce the SM QCD
background, in particular ¢7, although it also suppresses the
SUSY QCD signal. The cuts on m,;,(w, 7) and ¢(u, pr)
are used to suppress backgrounds from ZZ and ZW. As we
can see from the table, the SUSY signal is now comparable
to the SM background. In total, it is greater than the
background for both the 757"y~ and 777 u™ cases,
but we obtain an improved result for the 777 u~ case.
With opt.B, on the other hand, the SUSY EW signal is
suppressed due to the low jet multiplicity. We see that after
the optimization, we obtain a SUSY QCD signal signifi-
cantly higher than the backgrounds.

We now focus our discussion on the main analysis (i.e.,
opt.A). In Fig. 3, we show the muon transverse momentum
distribution p/ after the optimized cuts. The largest back-
ground comes from ZW. The shape of ZW is following
that of SUSY EW, but it is softer. However, the signal
distribution is larger for smaller p/, decreasing rapidly
with increasing p’. Therefore, there is less incentive to
optimize the cut on p%.

The transverse momentum distributions of the two taus
are shown in Fig. 4. Here, 7, is the hardest tau and 7, is the
softer tau. The hardest tau momentum peaks at around
40 GeV, and the p7' cut (in the basic cuts) does not reduce
the signal much. For the softer tau, however, the cut is
significant. Increasing the p7* cut from 10 GeV to 30 GeV,
for example, can reduce the effective cross section by
~40%. We choose our cut at 15 GeV, which, although
difficult from an experimental point of view, should be
possible at the LHC. Again, we see that it is difficult to
reduce the ZW background any further.

Figure 5 shows the distribution in the invariant mass of
the u and 7 pair. We note that the signal distribution is
concentrated at m,, <50 GeV. This suggests a bump
feature which arises from the w and 7 pair, coming from
the same decay chain [i.e., from 7,; see Eq. (6)]. The end
point of this bump indicates a mass gap of ~50 GeV
between 7, and 7, which agrees with our mass spectrum.
There is also a smooth distribution without an end point for
high invariant masses. This arises from pairing the p with
the 7 that comes from smuon decay. We might be able to
cut ZW a little bit more in this case by cutting out around
60 GeV, but the gain is not significant.

In Fig. 6, we show the invariant mass distribution of
the 77 pair. There is no end point feature seen in this
plot, suggesting that the two taus always come from oppo-
site decay chains. On the other hand, notice that the invari-
ant mass distribution peaks at around 50 GeV, indicating
that both taus are coming from decays of weak scale
particles.
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FIG. 3 (color online). The distribution in the (a) #~ and (b) u™ transverse momenta, p#i and pf : , respectively. Channels providing
negligible contribution are not shown here.
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FIG. 4 (color online). The distribution in the (a, b) 7" and (c, d) 7~ transverse momenta, p? and p7 , respectively. Channels
providing negligible contribution are not shown here.
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In all of the plots above, the tau efficiency factor e
has not been included. Note that since both signal and
background are affected by €, including this factor would
only rescale the distribution height but would not change
the ratio between signal and background,'" except for the
fake tau rate, which is not included in the plots. Here, we
assume that the fake tau rate, which depends on the real
data analysis, can be kept under control.

Significance can be estimated as follows:

Ecff * \/_]—ﬁ (24)

where €.y is the effective tau identification efficiency
factor over the whole spectrum and [ £ is an integrated
luminosity. Here, we have used the fact that there are two
taus in our signal, and assumed (for simplicity) the same
effective efficiency factor €. for both taus. The tau charge
identification efficiency is implicitly included in €, i.e.,

S _ Tg .
\/S"‘B \/O-S+0-B

€= Efecharge-

Recalling the effective cross sections for the 7,7,¢
signal after the cuts as summarized in Table IV, we find
that the total effective cross sections are o7y 2(SUSY) =
3.2 fb and ooua(SM) = 1.9 fb, respectively, including
both 7t7 ™ and 777~ u™. We see that for 5 — o dis-
covery level, the required integrated luminosity is

[ﬁ@@wwz1zyéﬁmrw. 25)

Taking €.; = 0.4 [29], for example, we find that 5 — o
discovery requires about 80 fb_l of data.

On the other hand, for p’T analysis (opt.B), we have
Top8(SUSY) = 7.6 fb and o, 5(SM) = 0.7 b respec-
tively, leading to

[£6®WB=3WéM%”) 26)

Thus, with €. = 0.4, 5 — o level in this case requires only
about 23 fb~! of data. Note that this is not necessarily the
most promising channel to look for high pr jets, i.e., we
should also compare it with the pure jets channel, etc., each
of which requires a separate set of analysis.

Here, we have assumed 14 TeV c.m. energy for our
analysis. Even using the highest energy expected at the
LHC, we see that we need a significant amount of data for
discovery. We can deduce from Table III that it would be
very difficult with 10 TeV c.m. energy and practically
impossible with 7 TeV. Thus, we hope that the LHC can
overcome its technical difficulties and reach the original
designed energy of 14 TeV.

”Note, however, that € varies with respect to some observables
such as the tau transverse momentum p7 and rapidity. Therefore,
the rescaling is not constant.
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VI. CONCLUSION

We have studied the leptonic signatures of a model
in which the tau sneutrino is the effectively stable
lightest supersymmetric particle at the LHC. The model
that we consider has relatively heavy charginos and neu-
tralinos, and relatively light sleptons and sneutrinos.
The cross sections for pure leptonic signals are generally
small, partly due to the fact that neutralino-chargino-
associated production in this model is suppressed by the
heavy gaugino masses. Nevertheless, we find that the
trilepton signature is still interesting to look at. It con-
sists of a signal with two like-sign taus and one electron
or muon of the opposite sign, coming from 7
production.

We employ an inclusive search strategy in generating
signals and use a set of cuts to look at this particular
signature. At the Tevatron, the sparticle production rates
are too small to yield any observable supersymmetric
signal in our scenario. At the LHC, sufficiently large c.m.
energy is still required. With 14 TeV and the optimized
cuts, we can obtain 5 — o SUSY trilepton signals after
~80 fb~! integrated luminosity. We also investigated the
leptons + jets signatures, and noticed that we can use a pJ.
cut to observe the new physics signal above the SM back-
ground. In our case, for p} = 200 GeV, where j, is the
hardest jet, SUSY QCD is dominant due to the large mass
gap between the squark sector and the slepton sector. In
this way, we can obtain a significant signal-to-background
ratio after 23 fb~! of integrated luminosity. However, this
does not tell us much about the underlying model, since
this is generally true for any supersymmetric model
with heavy squarks and gluinos. Note that these are opti-
mistic estimates, assuming that we can suppress the fake
tau event rate.

Our study suggests that the search for supersymmetry
can be quite challenging, depending on the specific super-
symmetric model. This is especially true when we want to
look into the detailed characteristics of the model. Even
though the slepton spectrum is relatively light—around
100 GeV—we still need large amount of data and high
energy to see a significant excess of signal over
background.

If this scenario is realized in nature, a big challenge in
the data analysis at the LHC would come from tau recon-
struction and identification, as well as rejection of fake
taus. As tau can appear copiously in many models beyond
SM, we might need new methods in this aspect. Indeed,
there are ongoing efforts to alleviate these problems [41].
Nevertheless, hadron colliders, such as the LHC, might not
be sufficient to explore the physics beyond the SM. In this
case, a lepton collider such as the proposed e*e”
International Linear Collider (ILC) [42] would help. For
the ILC, the tau signal would be much cleaner. Only then
would it be possible to probe the model further—for ex-
ample, by reconstructing masses and measuring couplings.
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