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Nearly degenerate gauginos and dark matter at the LHC
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Motivated by dark-matter considerations in supersymmetric theories, we investigate in a fairly model-
independent way the detection at the LHC of nearly degenerate gauginos with mass differences between a
few GeV and about 30 GeV. Because of the degeneracy of gaugino states, the conventional leptonic signals
are likely lost. We first consider the leading signal from gluino production and decay. We find that it is
quite conceivable to reach a large statistical significance for the multijet plus missing energy signal with
an integrated luminosity about 50 pb™! (50 fb~") for a gluino mass of 500 GeV (1 TeV). If gluinos are not
too heavy, less than about 1.5 TeV, this channel can typically probe gaugino masses up to about 100 GeV
below the gluino mass. We then study the Drell-Yan type of gaugino pair production in association with a
hard QCD jet, for gaugino masses in the range of 100-150 GeV. The signal observation may be
statistically feasible with about 10 fb~!, but systematically challenging due to the lack of distinctive
features for the signal distributions. By exploiting gaugino pair production through weak boson fusion,
signals of large missing energy plus two forward-backward jets may be observable at a 4-6¢ level above
the large SM backgrounds with an integrated luminosity of 100-300 fb~!. Finally, we point out that
searching for additional isolated soft muons in the range py ~ 3-10 GeV in the data samples discussed
above may help to enrich the signal and to control the systematics. Significant efforts are made to explore
the connection between the signal kinematics and the relevant masses for the gluino and gauginos, to
probe the mass scales of the superpartners, in particular, the lightest supersymmetric particle dark matter.

DOI: 10.1103/PhysRevD.81.115011

I. INTRODUCTION

If supersymmetry (SUSY) is realized in nature, and the
SUSY partners of the standard model (SM) particles are
present at the weak scale, then new colored supersymmet-
ric particles will be copiously produced at the LHC via the
SU(3).01or Strong interaction. However, the definitive con-
firmation of supersymmetry will require the discovery of
the supersymmetric partners of the electroweak SM parti-
cles as well. The identification of the electroweak sector of
the supersymmetric theory and the measurement of its
parameters is especially important because it is believed
that the dark matter particle, the ‘“‘lightest supersymmetric
particle” (LSP), resides in this sector. On the other hand,
the direct production of electroweak supersymmetric par-
ticles at the LHC suffers from relatively small rates, while
the indirect production in decay chains is rather model
dependent, rendering the missing particle identification
and its property determination challenging.

A further complication is that, whenever the soft SUSY
breaking mass parameters are larger than weak boson mass
My, some of the charginos and neutralinos become nearly
degenerate in mass, making their identification at the LHC

glan gludlce@cern ch
than@hep wisc.edu
“kai.wang @ipmu.jp
$lianwang @princeton.edu

1550-7998/2010/81(11)/115011(17)

115011-1

PACS numbers: 14.80.Ly

more problematic. For instance, when the LSP is mostly
wino, as in models with anomaly mediation [1], the mass
difference between the lightest chargino and neutralino is,
in the limit of large u,

Mo Mo M3, sin?2 Btan?6y, W aMy W
X Xi (M, — M) > 2(1 + cosBy)

For large tanfB the tree-level contribution in Eq. (1) is
suppressed and the leading effect comes only at
O(M,M3,/ u*). Larger mass splittings can be obtained by
introducing higher-dimensional operators suppressed by
an intermediate scale [2].

In the opposite case in which the gaugino masses are
larger than w, the LSP is mostly Higgsino, and two neu-
tralinos and one chargino are approximately degenerate
with mass differences

1 tan®fy
MXg—MX?ZZ(Mlt 0)"’(74‘ )M%Vr

M, M,
(2)

where for simplicity we have taken the limit of large tang.
The one-loop corrections to Eq. (2) are larger than in the
case of the wino, because the leading effect comes from
top-top squark loops.

Another possibility is that M, is accidentally very close
to either M, or u, making the bino nearly degenerate in
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mass with other states. This case may not seem generic in
the allowed parameter space of soft SUSY masses, but it is
actually motivated by dark matter considerations. Indeed,
the annihilation rates of Higgsinos and winos in the early
universe are too fast to make these particles good cold
dark-matter particles as thermal relics, unless their masses
are larger than 1 TeV and thus beyond the region favored by
naturalness considerations of the weak-scale SUSY. On the
other hand, the annihilation rate of binos is typically in-
sufficient to account for a dark-matter thermal relic, and
requires an enhancement from a coannihilation channel.
The mixed cases of bino-wino or bino-Higgsino are there-
fore particularly important, due to the fact that they cor-
rectly reproduce the required thermal relic abundance.
Mixed neutralinos with masses in the range between 100
and 300 GeV are acceptable dark-matter candidates if the
relative mass splittings are less than about 10%-20%,
depending on the specific case [3].

For this reason it is quite important to investigate the
collider search strategies for scenarios in which some
neutralinos and charginos are degenerate in mass at the
level of 10-20 GeV or less. Quite often the final-state LSP,
which is the dark-matter particle and escapes detection,
comes from the decay of the nearly degenerate ‘‘next-to-
lightest supersymmetric particle” (NLSP), and thus the
accompanying decay products (SM leptons and quarks)
are rather soft, typically not passing the detector accep-
tance, and thus becoming unobservable. Even if the col-
ored supersymmetric particles, such as the gluino, are light,
the clean leptonic modes may be lost. Therefore, it is
necessary to reevaluate the experimental signatures of
this scenario and check the observability at hadron
colliders.

In this article, we explore the signatures of nearly de-
generate electroweak gauginos at the LHC and, for con-
creteness, we mostly focus on the case of mixed bino-wino.
The mass difference between NLSP and LSP is typically
larger than about 1 GeV, and the NLSP thus decays
promptly with in the detector.' We consider two classes
of signatures:

class I: jets + Fr, (3)

class II: jets + f; + soft charged leptons €=.  (4)

The hard jets and large missing energy (£r) serve as event
triggers. The jet multiplicity depends on the underlying
production and decay channel under consideration, and the
F is not only from the LSP, but also directly from the
NLSP which may not produce detectable decay products or
a displaced vertex. In the second class of signal, the soft
charged leptons resulting from the NLSP decay, xi,

'For smaller mass differences, one will be led to the signatures
of long-lived charginos, as in the case of pure wino LSP [4]. We
will not pursue such an analysis here.
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X3 — x€=’s, may not pass the triggering requirements,
but can be searched for with off-line analyses of those
events. In addition to expanding the discovery reach for
the gauginos, this class of observables can be particularly
important in measuring the properties of the LSP and thus
discriminating between the mixed bino-Higgsino and bino-
wino cases.

In order to focus on the most model-independent fea-
tures of the signal, we consider the conservative limit in
which there are no light squarks or sleptons to enhance the
supersymmetric production rates. This situation is explic-
itly realized in models with heavy scalars [5] or in split
supersymmetry [6]. Although squarks and sleptons are
assumed to be out of reach of the LHC, gluinos may still
be accessible. We thus first consider the leading channel of
production and decay

pp— 88— qqx),  9d'x;- (5)
The signature in the above process would typically lead
to four jets from light quarks plus large missing energy.
Given the small mass difference of the order of AM =<
10-25 GeV, the charged leptons from the NLSP decay
may be too soft to lead to striking signatures. The detection
of such soft leptons, however, would provide more con-
vincing evidence for the scenario of degenerate gauginos
under consideration. The gauginos from heavy gluino de-
cays are also boosted which makes the lepton transverse
momentum (p%) depend not only on the mass difference
but also on the gluino mass itself. We explore the feasi-
bility of observation for this channel at the LHC in Sec. II.

With or without the contribution from gluino production
in the process of Eq. (5), the electroweak gaugino pairs can
be produced by the standard electroweak processes

pPp—= XTI XX = 707 + Ky,

_ 0)
PP = XTXOX = 0" + o, (
often leading to dilepton and trilepton signals for SUSY.
However, for nearly degenerate gauginos, these clear sig-
nals are lost because the charged leptons are too soft. We
are forced to consider these pair production processes in
association with a hard QCD jet to trigger on. We will
study this monojet plus large missing energy signal, as well
as possible soft leptons, in Sec. Il
Alternatively, we can consider gaugino pair production
via the weak boson fusion (WBF) mechanism
99’ = 94'XT Xi. X XS (7
The characteristic feature of these processes is the ener-
getic accompanying jets in the forward-backward region
with transverse momenta of the order of My /2. This
motivates the ‘“forward-jet tagging,” along with the re-
quirement of large F;. Another important feature of the
WBEF processes is the absence of color exchange between
the final-state quarks, which leads to a suppression of gluon
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emission in the central region between the two tagging jets.
We can thus enhance the signal-to-background ratio by
central jet vetoing. While the WBF processes may not be
the primary discovery channels for degenerate gauginos,
they will be very important to probe the gaugino properties.
The production rates for the WBF processes are very
different for bino, wino and Higgsino, or mixed scenarios.
Therefore, together with signals from the other channels,
even the observation or nonobservation of degenerate gau-
ginos in these channels provides valuable information. We
will study this signal in Sec. IV.

The numerical studies of this paper are primarily per-
formed for LHC with Ecy = 14 TeV. The main effect of
running at a lower c.m. energy is the sharp reduction of the
production rate. We will compare the total cross sections at
two c.m. energies of 14 TeV and 7 TeV, and include
relevant estimates and comments of the difference in signal
reach. Our conclusions are given in Sec. V.

II. GLUINO PAIR PRODUCTION

Gluino pair production is usually considered to be one of
the most important channels in SUSY searches at hadron
colliders due to the large production cross section from
QCD and, in particular, the large gluon luminosity at
higher energies. The total cross section for gluino pair
production is shown as a function of the gluino mass by
the solid curve in Fig. 1 at the LHC for the c.m. energies of
(a) 14 TeV and (b) 7 TeV, with a very heavy squark mass.
We see that the production cross section at the lower
energy of 7 TeV is decreased by more than an order of
magnitude at a low gluino mass and becomes even more
suppressed at a higher mass.

We have used parton distribution functions (PDF)
CTEQ6L [7] in our simulation. We use the SUSY
MADGRAPH [8] and SDECAY [9] for SUSY study and
MADGRAPH/MADEVENT [10] for SM simulation. The facto-
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rization scale and the renormalization scale in «, are set to
be equal, and taken to be M5 for the signal, which is the
gluino mass at the weak scale, and to be \/§/2 for the
background processes. Since our main goal is to propose
search strategies based on kinematical considerations, both
the signal and SM background calculations are only at tree
level without including next-leading-order QCD correc-
tions, and we have not included parton shower and match-
ing. The quantitative result may be modified when taking
into account those effects [11], while we expect the quali-
tative features and conclusions to remain valid.

A. Model parameters

To further demonstrate general features of the gluino
pair production signal in the degenerate gaugino limit, we
focus on the B — W mixing case, characterized by M, =
M,. We choose two sets of parameters for the soft SUSY
breaking masses of the electroweak gauginos

Set I: M| = 120 GeV, M, = 120 GeV-150 GeV,

®)

Set II: M| = 200 GeV, M, = 200 GeV-250 GeV,

()]
with additional common parameters
u=1TeV, tanf =5, A;=0GeV, (10)
and gluino and squark masses
M5 = 500 GeV-1500 GeV, My=5TeV. (11)

The motivation for the parameter choices is as follows. By
setting u as large as 1 TeV, the Higgsino states x5, x5, X3
are all heavy and gluino decaying into Higgsino states will
thus be kinematically suppressed or forbidden. To simplify

(a)10 'I"'I"'I"'I"'I'E(b)10: LA L A B B R BN RN B
Gluino Pair Production L Gluino Pair Production
ot atthe 14 TeVLHC | q¢2L atthe 7TeVLHC |
N (= 4e=0Q/2, CTEQBL) i (= 1=0,/2, CTEQ6L)
g 1%} E ) 102:— .
‘b’ E To’ E
102 - M,q= 5Tev E 10F qu= 5 TeV .
M,=M,=200 GeV ] E M,=M,=200 Ge\
I I I I I 1 I I I ‘:"”t I I
400 600 800 1000 1200 1400 400 600 800 1000 1200 1400
M(GeV) M,(GeV)

FIG. 1 (color online).  Total cross section of gluino pair production versus the gluino mass M3 for very heavy squarks (Mz = 5 TeV)
at the LHC for (a) 14 TeV and (b) 7 TeV. The solid curves correspond to the case without kinematical cuts imposed. The dashed curves
show the case with the missing energy cut of Eq. (16), and the dotted curves include in addition the basic selection cuts in Eq. (17).
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FIG. 2 (color online). Gluino decay branching fraction versus
its mass for M| = M, = 120 GeV. A light-quark jet including b
is denoted by j. The channels involving a top are separately
shown.

the discussion and to ensure squark decoupling, we assume
large squark masses and A =~ 0 GeV.

B. Gaugino decays

Gluinos decay through virtual squarks into quarks and
gauginos

§—4qq3 — qqxl, or qq'xi. (12)

Figure 2 shows the gluino decay branching fractions versus
its mass for M; = M, = 120 GeV. A light-quark jet in-
cluding b is denoted by j and more than 80% of the BR
goes to them. The channels involving a top quark are
separately shown and the phase space suppression is evi-
dent for a lower M5. However, since the partial width is

proportional to mj;“, the decay branching fraction into the

3rd generation quarks can be significantly enhanced in
scenarios which the masses of third generation squarks
are somewhat smaller than those of the first two. Such a
scenario leads to very different and interesting collider
signals, featuring multiple lepton and multiple b final states
[12—19]. Here, we will focus on the more basic and more
challenging scenario of gluino dominantly decaying into
light-quark jets.

The decay branching ratios of the electroweak gauginos
are governed by their mass difference. In Fig. 3(a), we
illustrate the lower-lying gaugino masses versus M, for
M, = 120 GeV. The mass splittings between the gaugino
states for M, > M/ are approximately given by

AM’ZMXIt - M)(? ’ZMXg - MX?
M2 cos26y, sin2 3
m )

=1‘42_1\41_ (13)

Since the sfermions are set to decouple, )((2) and y; decay
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FIG. 3 (color online). (a) Lower-lying gaugino masses and
(b) Xg decay branching fractions versus M, with M, =
120 GeV, with a light-quark jet denoted by j (including b)
and € = e*, u™.

via virtual W*/Z* as

X(2)—>XI£W1*_>XI£€1V’ XI:J]/9 (14)
= XNZ = e ), jixd
Xi = XIW = v, i (15)

Figure 3(b) shows the decay branching fractions of x9
versus the wino mass parameter M, for M; = 120 GeV.
For M, < M, where i and x! are both winolike and
nearly degenerate, x9 decays dominantly via charged cur-
rents. For pure W LSP, however, the mass difference
between xi and ,\/(1) is only due to radiative correction
and is of order m,. The kinematically allowed decay is
X7 — 7 XV, and thus the NLSP can be long-lived. The
thresholds reflect the kinematics due to the masses of 7 and
hadrons. For M, > M, xi and x3 are both winolike and
nearly degenerate. Then the x9 decay to x! is strongly
favored by kinematics.
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C. Signal characteristics of gluino pair production

As seen from the discussion in the previous section,
gluino pairs usually lead to multiple jets with large missing
energy, sometimes accompanied by charged leptons (£* =
e™, u* for simplicity of the experimental observation). A
pair of same-sign charged leptons, as a consequence of the
Majorana nature of the gluino, is known to be a very
important discovery channel at the LHC due to the low
standard model background. However, since we are mainly
considering nearly degenerate gauginos, the quarks and
leptons from ;i and x9 decays will be rather soft, and
thus difficult to identify. We now investigate and classify
these signatures in detail.

We first examine the jets plus missing transverse energy
channel. We will use several representative values of the
mass parameters to illustrate the basic kinematic features
and design the basic event selection cuts. The distributions
of fr and the transverse momentum of a jet (p}) are
determined mainly by the difference between the gluino
mass and the LSP (NLSP) masses. Since we are consider-
ing the nearly degenerate B — W scenario, we choose to
study several values of M;, and vary M, only by 30—
50 GeV around M, as in Sec. Il A. Gluino mass M5 both
controls the production rate and affects the size of Fr and
py. We begin by considering a light gluino M; =
500 GeV. Figure 4 shows the distributions for the missing
transverse energy and the hardest jet transverse momentum
at the LHC for the two sets of parameter choices of Egs. (8)
and (9).

As for our basic event selection, we first demand the
signal to have a minimal missing transverse energy

¥ 1> 100 GeV. (16)

The signal cross section after the £, requirement is given
by the dashed curve in Fig. 1. We see that this selection
becomes increasingly more efficient for higher gluino
masses. Jets from heavy particle decays, such as from
gluinos, are typically harder than the QCD jets in the

(a)10-2""l""l""l""l"'
200 Gev M;=500 GeV |
s “\_120 GeV
© 10° -
3
w
o
©
kel
10—4 1 1 1 h
0 100 200 300 400 500

Miss E; (GeV)

FIG. 4 (color online).
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SM. We thus require additional four jets in the events with
Pl > 50 GeV, In;| <3.0,

max{p}} > 150 GeV.

AR;; > 0.4,
Ji a17)

The high threshold in jet selection implies that the
hadronic decay of yi or ,\/3 as the leading channels will
be largely invisible since the jets will be soft and will not
pass the jet acceptance.

In addition to the £ discussed above, some global mass
variables provide a good measure for the energy scale in
the case of heavy particle production. Typical examples of
such variables include the “‘effective transverse mass” and
the “cluster transverse mass’ defined as

Mz = |phl + K,
J

2\ 2
Mcluster = M%‘ + (zpé") + ET’
\J J

where the sum runs over all observable objects (jets,
leptons etc.), and M is the invariant mass of the system
of observed objects in the final state. Note that the effective
mass is just the transverse mass defined by the massless
objects (jets, leptons etc.) and missing energy in a whole
event. The cluster transverse mass is based on the grouped
cluster of the observed objects. We plot the distributions of
the effective mass in Fig. 5(a) and of the transverse mass in
Fig. 5(b). The qualitative difference with respect to the SM
background is that these two variables have broad peaks
which is correlated with the mass difference ~2(M; —
M; sp). We find it effective to impose an additional cut to
further separate the signal from backgrounds and suggest

to adopt
M iusier = 2(M3 - MLSP)' (18)

This cut is only meant to be qualitative. We do not assume
to know the mass parameters, but some kinematical cuts

ik (b)10-2 L L L B B L B
Ms;=500 GeV
200 GeV ;
s 120 Gev
9
© 10%}
&
°
B
©
10-4 fl Il 1 Il
0 100 200 300 400 500

Jet max{p;} (GeV)

Normalized transverse momentum distributions of the g g signal at the 14 TeV LHC with M3 = 500 GeV for

(a) missing energy F; and (b) leading jet max{pjf}, for M| = M, = 120 GeV (solid curves), and 200 GeV (dashed curves).
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Normalized mass distributions of the g g signal with M5 = 500 GeV for (a) the effective transverse mass M.

and (b) cluster transverse mass Mg for My = M, = 120 GeV (solid curves) and M; = M, = 200 GeV (dashed curves).

should be optimized in realistic simulations for different
masses of the gluino and the LSP.

The gluino decay chains listed in Eq. (12) can often have
charged leptons in the final state. To understand the kine-
matical features of those leptons, we show the normalized
transverse momentum distributions in Fig. 6 for the softer
and the harder leptons in events g8 — 4/ + x{ x| —
4j +2€ + Fr with AM =8 GeV, for M, = 120 GeV
(solid curves) and 200 GeV (dashed curves). We see that
a heavier LSP renders the p¥. spectrum softer. The harder
spectrum of the leptons in Fig. 6(b) is obviously due to the
boost effect from a heavier gluino.

Including these leptons with moderate transverse mo-
mentum, p% ~ 10 GeV as part of the signal identification
can change significantly the search strategy. Instead of
searching for those soft leptons at the trigger level, we
envision looking for them with off-line analyses. We begin
with a discussion of the importance of various channels in
different regions of the parameter space. In our analysis,
we use the following selection requirement for observing
an isolated charged lepton (both electron and muon),

pL>10 GeV,
ARy,

ARy > 0.4,

19)

Under the selection cuts in Egs. (16), (17), and (19), we
plot the cross section contours of 10 fb and 1 fb in M5 —
AM plane as in Fig. 7, where we have used the gaugino
parameters in Eq. (8). In the region above one specific line,
the rate for the corresponding final state is less than 1 fb
and below the line the rate is larger. For example, zero
lepton refers to the final state where no lepton passes our
selection cuts in Eq. (19). The zero-lepton line, the bound-
ary above which the rate for zero-lepton events drops
below 1 fb, is decreasing with AM since we expect more
event will have visible leptons for larger mass differences.
The one-lepton line is one-lepton-only curve where there is
only one lepton that passes our lepton selection cuts. The
two-lepton-or-more line bounds the region where at least
two leptons pass the lepton selection cuts. The contours
show the correlation between AM and M5. For the same

(a)1 T T T T (b) 1 3 T T T 3
E M;=1000 GeV ]
Prlsoft Ms=500 GeV [ pr(soft) ]
10TE % E 10"k 3
S < E
[0} (0]
3 3
T L2 T L2
T 10°F ERP pr(hard)
3 T
(<) (o}
kel © L
10°%¢ 120GV 0% 120 GeV
200 GeV 200 GeV',
104 | > 10 L I
0 10 20 30 40 50 0 20 40 60 80

Lepton p; (GeV)

FIG. 6 (color online).

Lepton p; (GeV)

Normalized transverse momentum distributions of the g g signal for the soft leptons with AM = 8 GeV, for

(a) M3 = 500 GeV and (b) M5 = 1000 GeV, for M; = 120 (solid curves) and 200 GeV (dashed curves).
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FIG. 7 (color online).

Boundaries of regions with sizable cross section of the g & signal for zero-lepton, one-lepton and two-lepton

events from g § — 4jx; x;, in the plane of gluino mass versus the gaugino mass difference, with M; = 120 GeV. The cuts of Eq. (17)
and (18) have been imposed. In the region below each line, the rate is greater than 10 fb (a) and 1 fb (b) for the given channel. A 1 fb
boundary for same-sign soft dimuons, defined in Eq. (22), is also included in (b) for later reference.

gluino mass, a bigger mass difference AM leads to fewer
zero-lepton events.

The signal rates for two representative gluino masses
after imposing the cuts of Eqs. (17) and (18) are plotted in
Fig. 8 for different final states, 4j + F; plus zero-lepton
(solid curves), only one lepton (dashed), and at least two
leptons (dotted) passing the cuts of Eq. (19). As expected,
the no-lepton case is an important channel for degenerate
gauginos and the rates for one-lepton and two-or-more-
leptons are much smaller.

D. Observability of jets + J, signal

The presence of the additional leptons can potentially
provide more handles in signal selection, as is well known
when the mass splitting is sufficiently large [20,21].

|

pp — Z + 4jets

with  Z — v — W + 4jets (including tf — W + 4 jets) with W — (v, tv,,

However, we would like to emphasize that these leptons
under consideration are not that hard due to the nearly
degenerate gauginos. Moreover, unlike some more favor-
able cases with on-shell sleptons as part of the cascade, the
leptons are dominantly from off-shell W/Z decays in the
our case. Therefore, the signal rate is further suppressed by
the leptonic branching fractions. Leptons from standard
model W/Z decays, although typically harder, p{ ~
2040 GeV, still pose serious background to these leptonic
channels. Therefore, we first focus on channels which do
not rely on identifying isolated hard leptons. The most
obvious channel in this category is jets + .

The leading SM backgrounds for this signal are from
electroweak gauge bosons plus QCD jets, as well as #f
production

(20)

104 T T 3 T T T T T
(a) 0 lepton 1 (b)102 = 0 lepton E
[ M;=1000 GeV, M, = 120 GeV
103  M;=500 GeV, My = 120 GeV 4 b
10F
— 1 lepton only — i 1 lepton only
Q Q r
1 O
1k 2 or more leptons -
2 or more leptons 3
10k soft u’u . soft u'u’
10
L n n n n n i PRI NS ST U S S U S S TS NS S T
120 130 140 150 125 130 135 140 145 150
M, (GeV) M, (GeV)

FIG. 8 (color online).

Signal rates of the g g final state for zero lepton, one lepton, and at least two leptons for (a) M3 = 500 GeV

and (b) 1000 GeV with M; = 120 GeV. The cuts of Egs. (17) and (18) have been imposed. Cross sections for same-sign soft dimuons,

defined in Eq. (22), are also included for later reference.
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TABLE I.
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Cross sections after consecutive cuts for the leading SM background 4j + F; as well as 4j + F; + 1 soft muon as defined

in Eq. (22). We impose the cuts of Egs. (17) and (18), and veto the events with leptons satisfying Eq. (19). The rate of soft muon is

obtained after requiring M qer = 750 GeV.

1-soft muon
Basic cuts M uier CUL M usier CUL M usier > 750 GeV,
SM backgrounds (pb) Egs. (16) and (17) >750 GeV >1750 GeV Eq. (22)
Z + 4-jets 110 96 25.1
W + 4-jets with W — {v, 4.6 33 0.4 1.5
W + 4-jets with W — 7v_ — Lyv,v,. v, 5.1 3.6 0.4 1.1
W + 4-jets with W — 7v_ — v_»,_ + pions 9.3 6.8 1.0
tf with W — €y, (fb) 83 33 0.6 14
tf with W — 7v — €v,v, v, (fb) 107 38 0.7 11
tf with W — 7v — v_p_ + pions (fb) 380 120 4
Sum (pb) 129.5 109.9 26.9 2.6

where the charged lepton € from the W and 7 leptonic
decays are below the lepton acceptance in Eq. (19), hence
missing from detection. Given our hard jet selection cut is
p7 > 50 GeV, the hadronic 7’s are very unlikely to be
counted as a jet, leading to the dominant contribution of
the visible W-decay channels. Since the € from leptonic 7
decay (7 — {€v,v,) are typically much softer than the ¢
from W decay, even though the leptonic decay BR of 7 is
only about 35%, the leptonic 7 contribution to invisible
mode is as large as the contribution due to W — €» chan-
nel. The basic cuts in Egs. (16) and (17) already substan-
tially reduce the SM backgrounds. The leading SM
backgrounds of 4j + F; are summarize in Table I with
consecutive acceptance cuts.

We present our signal analyses for two representative
scenarios with M3 = 500 GeV and M; = 1 TeV. The
mass splitting between the nearly degenerate gaugino
states is varied. We have imposed the cuts of Egs. (17) and
(18). In addition, to suppressed the large standard model
backgrounds with harder leptons from W/Z decays, we

veto events with leptons satisfying Eq. (19). Combining
with the background studies above, the integrated luminos-
ity needed to reach 5¢ statistical significance (S/ VB = 5)
for the 4 + F; channel is shown versus in Fig. 9. The
integrated luminosity needed to reach this sensitivity for
the multijet plus missing energy signal is about 50 pb~! or
50 fb~! for a gluino mass of 500 GeV or 1000 GeV,
respectively. We conclude that jets + f; provides a prom-
ising channel for discovering supersymmetry in the case of
nearly degenerate gauginos, regardless the presence of
charged leptons or not. This should not be a surprise given
the similar conclusions in the literature for the case of
nondegenerate gauginos [21-23].

E. Soft leptons in jets + £ events

If some signal events of 4 + [ type are discovered, it
will become crucial to assess if they indeed come from the
SUSY prediction of nearly degenerate gauginos. Such an
evidence could be inferred from the observation of isolated

70 " T T T T
4Jet+Missing E;
M; = 500 GeV 60 4Jet+Missing E; ]
M, = 120 GeV M; = 1000 GeV
—~ 60 S/vB=50 1 = M, = 120 GeV
3 £
< = S/vB=50
€ E 50 E
3 3
E sof £
HN * Ll
. il | il |
120 130 140 150 120 130 140 150
M, (GeV) M, (GeV)

FIG. 9. Integrated luminosity needed for a statistical significance
M, = 120 GeV, and two representative gluino masses M5 = 500

S/\/B =5o0fthe § g signal versus M, in the f; + jets channel for
GeV (left panel) and M5 = 1 TeV (right panel). The cuts of Egs.

(17) and (18) have been imposed, and the events with a least 1 harder lepton satisfying Eq. (19) have been vetoed.
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(@)"° [ adeteMigsing E+1 softmuon ] (0) TFTTTTTTT T
M; = 500 GeV I 4Jet+Missing E;
M; = 120 GeV +same—sign dimuon
10| Luminosity = 1 fb | M; = 1000 GeV, M, = 120 GeV
© —
o T
2 4
5F i
L ——
120 130 140 150 125 130 135 140 145 150
M, (GeV) M, (GeV)

FIG. 10. (a) Statistical significance S/ /B of the & & signal for 1 fb~! luminosity for 4j + f + u™ events with M; = 500 GeV.
(b) Soft muon signal cross sections for 4j + F; + u™ u™ with M5 = 1000 GeV.

soft charged leptons produced in the decay chain 7,
X5 — x)€*’s, namely, from the events

djets + fr + €

soft (21)
To explore this possibility, we revisit the p¥. distributions in
Fig. 6, where the p(} spectrum of the soft leptons is con-
trolled by AM. We see that in a large fraction of the
leptonic events, the lepton is rather soft with pf =<
10 GeV. Therefore, we propose to look for isolated soft
muons in the kinematical region

3 GeV < ph <10 GeV,
AR, > 04,

n, | <238,
T 22)

The upper limit on p% is enforced by the lepton veto
described earlier in this section in order to suppress the
background from leptonic decays of W and Z. The back-
ground for the 4j + F; + 1 isolated soft muon is shown in
the last column of Table I. The dominant backgrounds are
W +4jets and ¢ with W— pv, and W—71v, —
pvv,v.. Z+ 4jets gives negligible background in this
case due to the absence of large [ in this channel. We
compare this background with a typical signal with M3 =
500 GeV in Fig. 10(a) using the statistical significance
S/+/B for 1 fb~! integrated luminosity data. We see this
channel can be useful if the mass splitting is about 5—
30 GeV. The signal rate is decreasing for larger mass
differences since fewer events pass our hard lepton veto.

TABLE II. Cross section rates with consecutive cuts for the
leading SM background #7W to the signal events of Eq. (23).

2 same-sign

Background Basic cuts M usier CUL soft muons
(fb) Egs. (16) and (17) >1750 GeV Eq. (22)
1tW 0.18 12X 1073 <1074

Given the encouraging results for an isolated soft lepton
above, we are thus motivated to consider two like-sign soft
muons as specified in Eq. (22) in the final state

djets + Fr + pogp Mg (23)

This class of events can help to establish the Majorana
nature of the gluinos [24]. The leading irreducible back-
ground turns out to come from

ttW* — bb, 2], uEpus + Er (24)

After the stringent acceptance cuts the background is sup-
pressed to a negligible level, as shown in Table II. As
expected, due to the requirement of an additional same-
sign lepton, this rather clean signal suffers from low rate as
plotted in Fig. 10(b), and higher luminosity would be
needed for observation of the signal.

In the study of soft lepton signals, we have only focused
on the possibilities of observing the soft muons, with the
expectation that it is easier to identify than a soft electron
with similar pr. Soft electrons can be included in the
analysis by properly taking into account the experimental
efficiency and fake rates. The resulting reach can be ob-
tained by properly scaling our results.

F. Gluino signal and SUSY mass parameters

As shown in Figs. 4-6, the global features of the kine-
matical distributions of the leptons and jets carry crucial
information about the SUSY masses. The heavier the
gluino is, the harder the kinematical distributions are,
while the heavier the LSP is, the softer the distributions
are. The experimental observables are governed by three
mass parameters, M3, M; gp, and AM. The gluino mass M5
controls the signal production rate, while the mass differ-
ence M5y — M qp determines the overall kinematical scale.
More precisely, the key features of the M and M e
distributions, such as the peak and the average, are strongly
correlated with the mass difference. Other transverse var-
iables display a similar correlation. The precise form of

115011-9



GIAN F. GIUDICE et al.

such a correlation can be obtained from careful simulation.
Therefore, even with additional uncertainties from higher
order corrections and experimental resolutions, a fit to
these distributions can provide a useful measurement of
Mz — My gp. If the gluino mass can be approximately
obtained from other means, such as from the total cross
section measurements within a given theoretical model,
then a first estimate of Mjqp can be extracted.

The most important parameter to characterize the nature
of nearly degenerate gauginos is AM, and we have studied
its effects in detail in this section. This parameter sets the
kinematical scale for the NLSP decay products and thus
largely determines the interplay among the observed events
with soft leptons/jets or not. Furthermore, a secondary
parameter M5y — M;gp may be inferred as well. For fixed
AM, having a smaller M3 — M| gp will lead to softer jets
and leptons, hence change the signal ratio of different class
of events. Based on the jet selection cuts employed here,
we expect the jets + F channel can be effective until
Mz — My sp ~ 100 GeV. The effectiveness of the soft lep-
ton channels with different M3 — M| qp can be estimated
from our illustrative points, Fig. 7, and properly taking into
account the boost effect.

Running at a lower energy Ecy = 7 TeV obviously
reduces the reach. The effect on the gluino channel is
mainly from the reduction of the gluino production rate,
shown in the right panel of Fig. 1(b). Therefore, approxi-
mately, we can rescale the reach accordingly.

While we have seen that gluino decays provide a prom-
ising channel to study the scenario with nearly degenerate
gauginos, it is nonetheless important to consider other,
more model-independent, channels. This leads us to ex-
plore the electroweak production of gaugino pairs.

III. GAUGINO PAIR PRODUCTION PLUS A JET:
MONO-JET + Ey

With or without any observable contribution from the
gluino pair production of Eq. (5), we should also consider
the electroweak gaugino pair production in Eq. (6).
Whenever the final-state leptons are too soft, which is often
the case in the nearly degenerate gaugino scenario, we are
forced to consider the pair production processes in asso-
ciation with a hard QCD jet with large transverse energy to
trigger on. This is the most model-independent WIMP
(weakly interacting massive particles) production channel,
common to many dark-matter models. By kinematical
crossing, this production mechanism is also related to the
direct detection processes for the WIMP.

Discovery potential of a similar signal at the LHC has
been studied in the focused point scenario [25,26], wino
LSP scenario [27], and other variety of scenarios [28].
Recently, search of dark matter in the same final state at
the Tevatron and the LHC has been studied in Ref. [29].
The interaction of gauginos with the SM quarks under our
current consideration, both weakly coupled and without

PHYSICAL REVIEW D 81, 115011 (2010)
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M,=M;+30 GeV
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FIG. 11 (color online). Total cross sections of the Drell-Yan
gaugino pair production versus M, for M, = M|, M; + 30 GeV
and u — oo where the dotted line refers to mono-jet + xi xJ
(labeled as “jc1n2”), the dashed line to mono-jet + x; x|
[“jc1c1(OS)”’], and the solid line to the sum. The basic selection
cut of Eq. (25) has been imposed.

heavy intermediate state, cannot be modeled in this
formulation.

Notice that in the scenario with a pure wino LSP, such in
AMSB [1], the lightest chargino has a long lifetime. It will
leave charge tracks which give rise to unique signals
[4,27]. A study of this class of signal from a general class
of new physics states have been carried out recently [30].
We will not discuss further this well-studied scenario fur-
ther in this article.

To effectively separate the signal from SM backgrounds,
we choose to impose an acceptance cut on the missing
transverse energy

F > 200 GeV. (25)

Because of the monojet nature of the events, this is equiva-
lent to imposing a cut on the jet.

We first illustrate the variation of the signal rates with
different choices of the SUSY parameters. We plot the total
cross sections versus M, in Fig. 112 for M, = M, M, +
30 GeV, tan8 = 5 and u — oo, with the basic selection
cut of Eq. (25). The cross section is typically less than
0.2 pb. The production rate will be even more suppressed if
X1 x5 are Higgsino-like as in mixed bino-Higgsino case.

A. Monojet plus £ signal

The signal we are looking for is essentially an energetic
monojet plus large missing transverse energy. In Fig. 12,
we plot the normalized transverse energy distributions of
the monojet for two extreme mass values of our interest

?Here and henceforth, we also use “ci(nj)” to denote the ith
chargino (the jth neutralino).
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Monojet+X at LHC
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FIG. 12 (color online). Normalized transverse energy distribu-
tions of the Drell-Yan gaugino pair production for the
mono-jet + £ channel from x; x;j with M- =100 GeV
(dashed line), 600 GeV (dotted line) and the SM background
JjZ (solid line).

M = 100 GeV and 600 GeV. One can see from the

figure that heavier gauginos lead to a harder jet spectrum.

The largest background in rate comes from QCD jets +
FEr, where Fr is due to the jet energy mismeasurement.
This background falls very sharply at higher transverse
energies and can be effectively suppressed by the accep-
tance cut of Eq. (25). The leading irreducible background
is from

Z+ ljet— vv + 1jet, (26)
and there are also backgrounds

W=+ 1ljet with W*— uv, or
: @7

+ + +
W= —7mv. —u-v,v.v
T M mETET

where the charged leptons escape from detection.
Following the same argument for 7 hadronic decay, we
also include the contribution from 7 hadronic decay. We
tabulate these background rates with consecutive cuts in
Table III. The total SM background sums to about 20 pb
after the cuts, while the signal cross section for M; =
120 GeV is about 0.2 pb. which may lead to a statistically
significant signal. For instance, with an integrated lumi-
nosity of 15 fb~!, this yields about a 50 significance.

TABLE III. Cross section rates with consecutive cuts for the
SM background to the mono-jet + £ signal.
Basic cut + lepton 1 soft
veto Eq. (25) and  muon
Background (pb) p‘} <10 GeV Eq. (22)
vy + 1jet 13
€= v+ 1jet 22 0.42
v + ljet with 7 — €vv 1.5 0.38
7y + 1jet with 7 — v + pions 35

PHYSICAL REVIEW D 81, 115011 (2010)

However, due to the rather simple kinematics of the events,
there is no distinctive feature in the shape of the distribu-
tions between the signal and the leading background. Since
the signal-to-background ratio (S/B) is only at a 1% level,
the potentially large systematic uncertainties would render
the signal identification very challenging if we only rely on
the potential access in the total rate. Further refinement and
improvement are possible such as exploiting the leptons in
the events. We will next examine the events with soft
muons.

B. Soft muon signals

Similarly to the case of gluino production, we can also
consider the additional features of isolated soft muons from
the decays of nearly degenerate gauginos. Because of the
lack of boost effects, the result mostly depends on the mass
splitting between x; /x5 and x! states. As considered in
the last section, we intend to explore the signal with an
isolated muon in the hope to separate out the nearly degen-
erate gaugino production. The relevant leptonic decays of
the chargino and neutralino through the off-shell W/Z
yield typical branching fractions as

BR(x; — x{u*r,) =11.1%,

(28)
BR(Y) — xu*u™) ~3.3%.

With these, we estimate that the y7 x5 signal cross section
is about 30 fb. The signal can be roughly doubled if we also
count for other channels of gaugino production.

It turns out that there are still substantial SM back-
grounds with mono-jet + f + u= as that of Eq. (27).
We impose the selection cut as in Eq. (25), and require
that there be a soft muon satisfying the criterion described
in Eq. (22). The entries in the last column in Table III
compare these SM backgrounds as listed, and the total
background rate is about 800 fb.

To compare with the situation in the last section, we
estimate that with an integrated luminosity of 10 fb™!, we
can reach about 7o sensitivity for M| = 120 GeV, while
S/B ~ 4%. Despite the improvement with the soft muon
requirement, one would have to keep the systematic effects
well under control to claim a discovery.

IV. GAUGINO PAIR PRODUCTION VIA WBF:
TWO JETS + F;

Given the difficulty for the observation of the signal
from monojet plus Fr, we next consider gaugino pair
production from weak gauge boson fusion. The rather
distinctive jet kinematics may provide sufficient discrimi-
nation power to extract the signal. WBF gaugino pair
production at the LHC has been studied for the pure
wino LSP case [31] and for general SPS points [8]. In
our degenerate gaugino cases, charginos in WBF produc-
tion will not get highly boosted so the leptons are mostly
soft. Therefore, we will focus on two very energetic for-
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ward/backward jets + F final state which is similar to the
invisible Higgs search [32] but at much smaller rates.
Similarly to what we have proposed in the gluino or
monojet case, one can also search for soft leptons in the
2jets + F; samples.

In addition to being an important discovery channel, the
observation of the WBF process also helps to reveal the
identities of the lower-lying gaugino states. For example,
the pure bino LSP will have a vanishing WBF production
rate. In principle, one can also distinguish the mixed bino-
wino and the mixed bino-Higgsino cases since they predict
different production rates. Similar to the other production
channels, identification of soft leptons will both add a
useful discovery channel, and provide crucial information
of the gaugino spectrum.

A.2jets + F; in WBF

Because of the characteristic features of the WBF kine-
matics [33], we demand the basic cuts for the two tagged

PHYSICAL REVIEW D 81, 115011 (2010)

forward-backward jets

E} >30 GeV, In;| <5.0, AR;;>0.7. (29)
The signal rates including all the gaugino pairs in the final
states are shown by the solid curves in Fig. 13 for
(a) B — W mixing, and (b) B — H mixing. We see that
the signal cross sections in the parameter region of our
interest are of the order of 4-30 fb for the case of B — W
mixing, and 0.5-7 fb for B — H mixing. The rate is typi-
cally smaller than that of gaugino pair plus a monojet
signal studied in the last section by 1-2 orders of magni-
tude. The separate individual channels are shown by the
solid curves in Fig. 14, again for (a) B—-W mixing and
(b) B — H mixing. A light W* scenario from B — W
mixing is significantly larger than the light H* scenario
from B — H mixing. The opposite-sign (OS) pair produc-
tion of "y~ is always a leading channel. The same-sign
(SS) pair production of y= y=, however, is only large for a

light W=, but highly suppressed for a light H~.

(a) T T T T T (b) T T T T T
WBF Gaugino Pair at LHC 10 k- 4
Total Cross Section WBF Gaugino Pair at LHC
Total Cross Section
—_ 10 L —_
£ 2
1= ©
1F
solid M,=M,tang=5 Solid u=M,,tanf=5 ’
dashed M,=M;+30 GeV,tanf=5 |
Dashed u=M;+30 GeV,tanf=5
1 1 1 1 1 1 10-1 1 1 1 1 1
120 140 160 180 200 220 240 120 140 160 180 200 220 240
M, (GeV) M, (GeV)

FIG. 13.

Total cross sections for the WBF signal with the jet-tagging cuts in Eq. (29) versus M, for (a) M, =

M, M; + 30 GeV and

pm — oo, and (b) u = M, M; + 30 GeV and M, — oo. The leading channels of gaugino pair production are all summed over.

L B B B RN L
(a) WBF Gaugino Pair at LHC
M,=M,(Solid),M,+30 GeV(Dashed)
tong=5

10F clct (0S)

clct (SS)

ol(fb)

O [aw T

cict (0S)

1=M(Solid),M;+ 30 GeV(Dashed)

clel (SS)  tonB=5
-1 I I I I -2 || 1 1 1
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FIG. 14 (color online).
(solid line) and M, = M, + 30 GeV (dashed line), and (b) B — H
line). Labels in the figure denote different productions channels j
n2n2.

Total cross sections for the WBF signal with the tagging cut in Eq. (29), for (a) B — W mixing with M, =

M,
m1X1ng with u = M, (SOlld line) and u = M L + 30 GeV (dashed
Xt xi:elel (0S); jixi xi: clel (SS): jjxy x5t cln2; jixSxs:
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Gaugino Pair from WBF ot LHC
102 Mixed Bino—Wino LSP |

spectrum. By applying a large F cut, one can dramatically
reduce the SM background. For this as well as for a
triggering purpose, we demand large missing transverse

s
ener,
3 M,=M,=200 GeV &
< F > 100 GeV. (30)
>
L
3 To further illustrate the striking feature of the WBF kine-
© matics, we look into the two pseudorapidities of the two
5 tagged jets m;,, n;,- The two jets are typically in the
10 My=M,=120 GeV opposite hemispheres with respect to the central region

n = 0. Figs. 16(a) and 16(b) show the normalized distri-
0 PV butions of n; - n;, and |n; — n;,| for the WBF signal,
missing E; compared with the leading QCD background jjW. We thus

impose the additional cuts on them

FIG. 15 (color online). Normalized ¥ distribution for WBF
with M, = M, =120 GeV (red) and M, = M, = 200 GeV
(black). The large rapidity separation of the forward-backward
jets implies a larger invariant mass of the di-jet system,
in comparison with the QCD background, as shown in
Fig. 16(c). We thus impose an additional cut on the di-jet
mass,

n,m;, <0, In; —m;,l>44 31)

For the signal, significant f; arises from the missing
gaugino pairs. As seen in Fig. 15 with two representative
scales 120 and 200 GeV, the heavier gauginos lead to
somewhat harder .ET spectrum. In the case of near degf:n- M,, > 1200 GeV. (32)
eracy under consideration, additional cascades involving
different gaugino states have negligible effect on the £;  We find that tightening up the jet p; could further improve

1 7 1
@' 1 (b)
L
= ©
= j=3
5 1w0'f Qco 1 3 10 1
) 8
10—2“ H\H‘I‘H\HH 10—2 H‘\H‘\H“'-‘\H‘x -
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FIG. 16. Normalized distributions for WBF production of jjx™ ¥~ (solid line) and the QCD background jjW (dashed line) with
basic cuts applied, (a) n; 1;,. (b) |n;, — n;,| and (c) the di-jet invariant mass M ;.
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the signal-to-background ratio, and we thus include one
more cut

py > 60 GeV. (33)

in our background estimates and our final analysis of the
reach.

The leading backgrounds are

(1) 2Jets + Z with Z — v, both from QCD and from
EW;

(ii) 2Jets + W* with W* — vX, both from QCD and
from EW; similar to the discussion in previous
sections.

Besides the kinematical cuts discussed above, we require
that there be no leptons within

pr > 10 GeV, [n| < 3.0. (34)

The QCD background, for which there is color exchange
through the t-channel gluon, has more jet activity in the

PHYSICAL REVIEW D 81, 115011 (2010)

central region. The effect of a central jet veto has been
analyzed for various processes in Ref. [32]. From those
analyses we infer veto survival probabilities of 28% for
QCD Zjj and Wjj, and 82% for electroweak (EW)
ZjjWjj and x;x;jj. We summarize the acceptance of the
backgrounds with the consecutive cuts in Table IV.

To evaluate the signal observability, we study the signal
after applying all the cuts described above for M; = M,,
tanf3 =5, Mf =5TeV, and u = 1 TeV. The resulting
signal rates are shown in Fig. 17 for the individual channels
as well as the total sum (solid line). Considering the back-
grounds given in Table IV, we obtain the integrated lumi-
nosity needed to reach a 5o statistical significance of the
signal in Fig. 17(b). We see that, not surprisingly, that the
signal observation is very challenging. For instance, the
degenerate gaugino signals from the WBF for M;g¢p =
145 GeV may be reached at 5o level with a high luminos-
ity of 300 fb~!. But one must control the systematics very

TABLE IV. The SM background rates (in fb) of two-jets plus £; with the consecutive acceptance cuts. The rows indicated by P, o

denote the estimates after the central jet veto.

Processes (fb) Basic cuts Egs. (29) and (30) Ninp < Olnj] - 77j2| >4.4 M;; > 1200 GeV Py > 60 GeV
Zjj (EW) 1400 170 120 87
Pyno 1200 140 97 71
Zjj (QCD) 125 X 103 3100 970 520
PO 35 X 103 880 270 150
Zjj Total 36 X 103 1000 370 220
Wjj (EW) 200 38 27 20
Pyno 160 31 22 16
Wjj (QCD) 21 X 10° 630 230 120
Pyno 6.0 X 10° 180 64 34
Wjj Total 6.2 X 103 210 86 50
Total BG 42 X 103 1200 450 270
(@) [ M=, tong=5 (b) 388 [
r 700 |
10 b Sum of the chonnels ofter cuts E 600 ¢
(Solid) _ 500 ¢
R :g 400 f
% clct (0S) € 300} 2 J+Missing E;
=
-
1F =
F ) £ 200 } M2=M,,tcnﬁ=5
c1n2 ™ ]
: clet (SS) ‘
10'1 ! ! | | ! 100 L 1 1 ! |
120 140 160 180 200 220 240 120 130 140 150 160 170 180
M, (GeV) M, (GeV)

FIG. 17 (color online). (a) Total cross sections for the WBF signal; (b) Integrated luminosity needed to reach 5o S/ VB for B— W
mixing M| = M,. For both (a) and (b), all the cuts used in Table IV have been imposed. The labels in the figure denote different
production channels: jjx; x7: clcl (0S); jixixi: clel (SS); jixT x5 c1n2; jixIx5: n2n2.
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well since S/B ~ 2-3% only. Further refinement and im-
provement are possible such as exploiting the leptons in the
events. We leave those to a more comprehensive detector
simulations. Instead, we only try to examine the events
with soft muons next.

B. Soft muons

As we described in the previous sections, for a specific

window of mass splitting AM = My = My, the search

for isolated soft muons becomes an important handle to
identify the nature of the neutralino and chargino states.

Considering the WBF signal for the degenerate gaugi-
nos, the leading background with an isolated soft muon
comes from the process 2 jets + W= with W* — v u, with
the soft muon satisfying Eq. (22), both from QCD jets and
from EW quark scattering. The rates of these two SM
background processes are summarized in Table V. With
respect to the previous section, the background situation is
significantly improved. First, here is no significant contri-
bution from Z production due to the requirement both for
large £ and a muon in the final state. Second, the back-
ground rates for the W jj production is reduced by about a
factor of 4 by the soft muon requirement.

Given that the branching fraction of y7 (x3) to a muon
final state is 11% (3%), we can estimate the discovery
potential for the isolated soft muon signal. If M, is around
120 GeV and the AM is sufficiently large, one can expect
the signal rate of about 2 X BR X (7 fb) = 1.5 fb. For
300 fb~! integrated luminosity, we obtain S/ \/E ~ 50,
while reaching S/B ~ 10%. Although the statistical sig-
nificance remains roughly the same before and after the
soft muon requirement, the systematics as reflected in S/B
are clearly improved.

Finally, we would like to point out that there are still
some kinematic features that may be exploited to further
purify the isolated soft muon + 2j + F; signal. In the
QCD processes Wjj/Zjj, the W/Z are radiated from a
quark line and therefore the lepton from the gauge boson
decay is emitted close to a jet. Indeed the AR, distribu-
tion of the QCD background peaks at small values of AR,
as shown in Fig. 18. One could consider to design a further
cut such as ARP™ > 2.0.

Since the vector boson fusion (VBF) channel has a very
small production rate already at Eqy; = 14 TeV, we expect
that running at a lower Ecy will render this channel
unreachable. Since the effectiveness of this channel cru-
cially relies on having high statistics with @(100 fb™ '), we
expect our numerical study with higher Ecy; to be the most

TABLE V. The SM backgrounds of two-jets + f + 1 soft
muon after all cuts and the soft muon selection. The entries
indicated by Py, o denote the estimates after the central jet veto.

Wjj (EW) Wjj (QCD) Total
o (fb) 4.5 3.7 36 10 14
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FIG. 18 (color online). Normalized AR distributions for a soft
muon with respect to the two jets, dashed line for AR?}"‘X and
solid line for AR?}‘“. The WBF signal (red curves) and QCD
background (black curves) are labeled, respectively.

relevant one. Future luminosity upgrade of the LHC can
certainly enhance the prospect of extracting important
information from this channel.

V. SUMMARY AND CONCLUSIONS

In this paper, we have considered the strategies for
discovering electroweak gaugino states with nearly degen-
erate mass at the LHC. Significant efforts were made to
explore the connection between the signal kinematics and
the relevant masses for the gluino and gauginos, hoping to
probe the mass scales of the SUSY breaking and the dark
matter. More specifically, we have focused on a scenario in
which the mass splittings between the gauginos are in the
range between a few GeV and roughly 30 GeV. This
situation is fairly generic in supersymmetric models that
account for the correct density of dark matter. This is
because weak-scale Higgsinos and winos annihilate very
efficiently in the early universe, leading to an exceedingly
small thermal relic density, while binos have the opposite
problem and their typical relic density is too large. A
certain degree of mass degeneracy is a way of solving
this problem and of obtaining a viable supersymmetric
dark-matter candidate. Motivated by this dark-matter con-
nection, we have considered scenarios in which either bino
and Higgsino, or bino and wino, are nearly degenerate in
mass. For concreteness, we studied the later case in details
for our presentation.

In contrast to other well-studied nearly degenerate ex-
amples with more distinct collider signatures, such as the
wino LSP scenario, the decay of heavier gauginos in our
case is prompt in the collider experimental environment.
Therefore, we cannot rely on displaced vertices or long-
lived charged tracks for signal identification. In this paper,
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we carried out comprehensive studies of three possible
discovery channels for nearly degenerate gauginos. We
demonstrated important kinematical features of the events
in the hope to explore the relevant mass scales such as the
gluino mass and gaugino masses. We designed the optimal
judicial cuts and estimated the sensitivity reaches with
respect to the SM background expectations.

(1) Production of gluino pair:

The gauginos are produced as the decay products of the
gluino. Because of the lack of hard leptons, the jets + £ is
probably the most useful channel in this case. We have
demonstrated the dependence on the mass splittings in two
benchmark cases of the gluino mass M; = 500 GeV and
1 TeV. We found that, at Eqcy; = 14 TeV, the reach of a 5o
discovery for the above mass benchmarks with M; —
M sp = 100 GeV may required a luminosity of 50 pb~!
and 50 fb~!, respectively. Running at a lower energy
mainly affects the gluino production rate. We have also
considered the case of looking one additional soft muon, or
two same-sign muons, resulting from the decay of chargino
or heavier second neutralino. We found that both leptonic
channels can be useful in improving the signal-to-
background ratio. Moreover, the presence of such soft
leptons as part of the signal events provides a clear verifi-
cation of the nearly degenerate gaugino scenario. The
reach in this channel is mainly controlled by three factors:
gluino production rate, M3 — M;gp, and gaugino mass
splitting AM. Assuming a signal being from supersymme-
try, this channel would be sensitive to M3 by measuring the
production cross section plus the invariant mass spectrum,
and could offer an early opportunity of determining the
M; sp by measuring M3 — M gp.

(2) Production of gaugino pair plus jets:

We considered the direct pair production of the gaugi-
nos. An additional hard jet is necessary to provide a trigger
for this class of signal when the nearly degenerate gauginos
may not result in easily detectable final-state particles. This
class of signal is perhaps the most model-independent
search for dark-matter candidates at colliders. We found
that the mono-jet + £ signal is very challenging to search
due to its rather small signal-to-background ratio and
kinematical similarity between the signal and the back-
ground. For instance, we can obtain a S/ \/E ~ 50 statis-
tical significance with 10 fb~! in this channel for
M;gp = 120 GeV, while the S/B is only about 1%.
Searching for additional soft muons in the events could
significantly improve both statistical and systematic ef-
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fects, reaching S/B ~ 4%, at some cost of the signal
rate. Measuring Mjsp in this channel requires a precise
prediction of the jet energy spectrum for both signal and
the background. The production rate in this monojet chan-
nel falls very fast with increasing M;qp. The discovery
reach seems to be limited to about My gp ~ 200 GeV.

(3) Production of gaugino pair via weak boson fusion:

We found producing gaugino pairs via weak boson
fusion to be a very useful mechanism at low gaugino
masses about 120 GeV. We argue that these channels can
be extremely informative in probing the nature of the
gaugino states. In particular, these processes represent the
inverse of the dominant gaugino annihilation in the early
universe and thus contain some crucial information that
can be used, in certain cases, to reconstruct the thermal
relic density of gaugino dark matter. We found that the
signals of large missing energy plus two forward-backward
jets may be observable at a 4-60 level above the large
SM backgrounds with an integrated luminosity of
100-300 fb~!. Demanding additional soft muons in the
events could again improve both statistical and systematic
effects, reaching about S/B ~ 10%. Similar to the monojet
signal, the signal rate for the VBF channels also drop rather
fast with increasing M;qp. We estimated the discovery
reach to be once again about My gp ~ 200 GeV.

Given the strong motivation in considering the nearly
degenerate gaugino scenario, we hope our study to be the
first step in dedicated efforts in discovering and under-
standing the rich signals in the variety of channels laid
out in this paper. Although we have considered nearly
degenerated bino-wino as our benchmark, we expect the
lesson drawn from our study is applicable in the nearly
degenerate bino-Higgsino case, as well as other scenarios
where the mass splittings between electroweak-inos are on
the order of GeV to 10s GeV.
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