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Vector boson fusion (VBF) processes offer a promising avenue to study the non-colored sectors
of supersymmetric extensions of the Standard Model at the LHC. A feasibility study for searching
for the chargino/neutralino system in the R—parity conserving Minimal Supersymmetric Standard
Model is presented. The high Et forward jets in opposite hemispheres are utilized to trigger VBF
events, so that the production of the lightest chargino )ﬁt and the second lightest neutralino 3 can
be probed without a bias by experimental triggers. Kinematic requirements are developed to search
for signals of these supersymmetric states above Standard Model backgrounds in both 7 and light

lepton (e and p) final states at /s = 8 TeV.

I. INTRODUCTION

The LHC has put bounds on the masses of the gluino
() and first two generation squarks (§). For comparable
masses, they are excluded up to about 1500 GeV at 95%
CL at /s = 7 TeV with 4.7 fb~! of integrated luminos-
ity [1-3]. Limits on the masses of the third generation
colored superpartners have also been under serious the-
oretical scrutiny recently [4, 5], and bounds in certain
decay modes have been obtained from the LHC [6].

On the other hand, the bounds on charginos and neu-
tralinos are less constrained, since, expectedly, these par-
ticles suffer from smaller electroweak (EW) production in
a hadron collider. The chargino/neutralino system plays
a crucial role in the dark matter connection of supersym-
metric models. The lightest neutralino Y9, as the light-
est supersymmetric particle (LSP), is the canonical dark
matter candidate in the R-parity conserving minimal su-
persymmetric extension of the Standard Model (MSSM).
Various schemes of supersymmetry breaking and media-
tion predict myyg (where X9 is the second lightest neu-
tralino) and ms (where i is the lightest chargino) to
be larger by a factor of 1 — 3 than mgo, under broad
For Higgsino-like X!, the degeneracy
This implies that if mgo is in the
mass range of O(100) GeV, the X3, Xi system may be ex-
pected to be in the 100 — 300 GeV range, which is within
the range of detection at the LHC given suitable search
strategies.

From the perspective of a hadron collider, where EW
production is small, a classic strategy to study the
chargino/neutralino system is to detect the neutralinos
in cascade decays of gluinos and squarks. For example,
reconstructing a decay chain like § — § — X9 — 71 —
%Y using endpoint methods [9, 10] leads to mass mea-
surements of X9, 71, ¢ and g, where 7 is the lighter stau
mass [11]. However, in a scenario where colored objects
are heavy and the production cross-section is limited, one

assumptions [7].
is much stronger [8].

has to use different techniques to probe the EW sector.

The purpose of this paper is to show that the
chargino/neutralino system can be studied in events
through vector boson fusion (VBF) processes [12, 13].
VBF processes have been suggested for Higgs searches
[14] and supersymmetric searches, in the context of slep-
ton and gaugino productions at 14 TeV LHC [15-17].
VBF production is characterized by the presence of two
jets with large dijet invariant mass in the forward region
in opposite hemispheres. A sample diagram of chargino
production from VBF processes is shown in Figure 1.
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FIG. 1: Feynman diagram of production of charginos pairs
by VBF processes.

Direct searches for X9 and Y7 at ATLAS [18, 19] and
CMS [20] mainly involve the search for signal in events

with 3 leptons and Fr: )Zli N = Hlvx)xY 1. This

I For example, ATLAS bounds in the trilepton +r searches at
Vs = 7 TeV, with 4.7 fb~! of integrated luminosity rule out
charginos with mass up to about 500 GeV for mgo < 230

GeV and large branching ratios of )at and )2(2) to a slepton.
In anomaly-mediated supersymmetry breaking scenarios, AT-
LAS has placed a bound on the chargino mass of 90 GeV, for
mgya < 32 TeV, mg < 1.5 TeV, tanB =5 and u > 0.



can proceed through ¥ decaying through (#1), (I,v), or
(W()59), and 1§ decaying to (i11), (), or (Z()52).

Several features of existing searches at the LHC may
be highlighted for better contrast with the present study:

(a) Searches target X9 and YT produced via Drell-Yan
production, i.e., without requiring the presence of for-
ward/backward jets.

(b) The bounds assume mgx ~ mygy and an enhanced
branching ratio to trilepton final state provided by my ~
(mﬁc + mygo)/2 (where I, is the lighter slepton, and [
denotes either e or u). The slepton mass my is carefully
placed such that the mass splitting is large and thus the
leptons have relatively high pr to be free from trigger
bias.

(¢) Searches resulting in 7 final states do not exist due
to the larger 7 misidentification rates which make it diffi-
cult to both manage the level of backgrounds and main-
tain low enough pp thresholds for triggering.

In this paper, final states with 27 + Fr as well as
21 + Pr (along with two high pr forward/backward jets)
arising from )Zli and Y9 produced by VBF processes are
studied. This offers certain advantages:

(1) With increasing instantaneous luminosity at the
LHC, both ATLAS and CMS experiments are raising
their pr thresholds for triggering any object. This mo-
tivates us to probe signals for supersymmetry in VBF
processes at /s = 8 TeV where production of superpart-
ners in VBF processes are free from trigger bias.

(7i) VBF production allows the investigation of final
states with 7. 7y is typically lighter than fi; and é; for
large tan 5. A light 71 with small mass splitting is favored
in coannihilation processes [21] that set the relic density
to correct values, in the case of Bino dark matter. Light
71 is also motivated in the context of the MSSM by the
enhancement of the h — ~~ channel [22]. These facts
stress the importance of searches in 7 final states with
low pr and large backgrounds, for which production by
VBF processes is more suited since the VBF signature al-
lows for the reduction of the backgrounds to manageable
levels.

(7i7) For the leptonic final state, a search based on
VBF processes can be complementary or better than the
existing LHC searches based on Drell-Yan production,
since it is not constrained by the trigger bias. It is also
interesting to note that the Drell-Yan production cross-
section falls faster than the VBF production cross-section
with increasing mass [15].

The structure of the paper is as follows. In Section
II an outline of the search strategy is given, followed by

results in Section III. Conclusions are given in Section
Iv.

II. SEARCH STRATEGY

The %9 and fﬁi are produced by VBF processes and
then decay into the lighter slepton states (71, fi1 and é;)

by the decay processes )Zli — fiv = XI1v, )Zli = v —
Xilv, and similarly for X3 via X3 — 717 — x{77 and
X9 = Ll — XYL

Depending on the branching ratio of Y9 and )Ef to [
and 71 the results presented here can be used in feasi-
bility studies of detecting different models with smaller
chargino/neutralino masses around the EW scale at the
LHC.

A benchmark point is first defined and the following
processes are investigated:

PP = X3 Xi i, XXy G0 Xt XSdd. Xexsii- (1)
The benchmark point is Myt ~ Mgy = 181 GeV, mz, =
130 GeV, and mgo = 100 GeV. The X5 and X9 are mainly
Wino, while ¥} is mainly Bino.

The search strategy is based on two steps: first, use
the unique features of VBF processes to reduce back-
ground V+jets events (where V is either W or Z), and
second, use decay properties of the centrally produced
supersymmetric particle to reduce non-supersymmetric
channels that are also produced by VBF processes.

(1) VBF processes: VBF processes are characterised
by the production of two energetic jets produced in the
forward-backward regions with large |An|. Requirements
on |An| as well as M, ;,, where M;, ;, is the dijet invari-
ant mass, are effective in reducing V+jets and ¢t back-
ground events, where the jets are less energetic and more
central. Moreover, the leading jet is expected to have
high pr since the incoming partons need significant mo-
mentum to create a pair of heavy supersymmetric states.
This motivates a pp cut on the leading jet to reduce back-
ground.

(2) Decay of )Zli and x9: Having reduced the back-
ground using the above selections, the remnant back-
ground consists of other particles that have been pro-
duced centrally, also by VBF processes. For R—parity
conserving models, the decay of the charginos and neu-
tralino proceeds as

)Zli — 7:1iu — Tifggy
Xy = T = rErFY (2)
The Y9 LSP escapes the detector as the dark matter can-
didate, and gives rise to Pr.

The production of VV (where V may be wither W
or Z) by VBF processes mimics the signal when the
bosons decay leptonically. A Fr cut is effective in re-
ducing this background. Moreover, requiring multiple
7’s in the event further reduces background. Results
will be presented for requiring same-sign and oppositely-

signed 7 pairs, as well as an inclusive study. Although
Mg ~ Mgy is chosen as an example, the methods de-

scribed in this paper are applicable in detecting Y9 and
)Zf separately.

After presenting results in the 2 7 event selection, fur-
ther results will be presented for 21 event selection, cor-
responding to

Xy = T = 1FIFRY . (3)



III. RESULTS

In this section, the main results are presented. Signal
and background samples are generated with Madgraph
[23] followed by detector simulation using PGS4 [24].

For the VBF selections, motivated in the search strat-
egy in Section II, we accept jets with pr > 50 GeV in
[n| < 5, and require a presence of two jets (ji, jo) satis-
fying:

(i) pr(j1) = 75 GeV;

(#) 1An(jr, j2)| > 4.2;

(7’”) N Mgz < 03

(Z"U) Mj1j2 > 650 GeV.

We note that the signal acceptance with this selection
is less sensitive to effects on the signal acceptance due to
initial/final state radiation, pileup, and fluctuations in
jet fragmentation.

The productlon Cross- sectlons at /s = 8 TeV for
X1 X1 X7 X1 ’Xl 19, and Y9 XY as a function of mass af-
ter imposing JUSt |An| > 4.2 are displayed in Figure
2. For the xEx{ mode, the production cross-section is
~ 7 b for Mgt ~ 100 GeV while for oppositely signed
charginos, the corresponding cross-section is ~ 5 fb. At
the benchmark value of m £ = 181 GeV, the corre-
sponding values are 2.5 fb and 1.5 fb respectively. We
have used Madgraph 4 for our calculation.

The appremable production cross-sections for X1 X1
and x1 x2 mean that same-sign 7’s are significantly
present in the final state. As will be seen, the same-sign 7
selection leads to considerable reduction of background.

DRSS
Ys =8 TeV — VBF > 1.7,

- VBF -5 1%,

----- VBF > ¥ 7,

=0
—-VBF—)x'x
10

VBF - ﬁ“x“

e I T T T T T A N T S HU SV AN
107400 120 140 160 180 200 220

M(E) = M(x,) [GeV]

1

FIG. 2: VBF production cross-section at /s = 8 TeV as a
function of mass for various channels after imposing |An| >
4.2 using Madgraph 4.

In Figures 3 and 4, the distributions of Mj j» and the
pr of the leading jet are displayed for X1 X1 Dpair pro-

S E

- ~t ot . -

@ r P, %, i

1 —pp—oV+jets -

- —pp—=>VVjj .

107 =

102 =
10
10

M, . J,) [GeV]

FIG. 3: Mj,;, distribution normalized to arbitrary units for
)Zlif(li pair production by VBF processes, V+jets background,
and V'V background produced by VBF processes.
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FIG. 4: pr distribution of the leading jet normalized to ar-
bitrary units for )fo(li pair production by VBF processes,
V+jets background, and V'V background produced by VBF
processes.

duction by VBF processes, V+jets background, and V'V
background produced by VBF processes. The VBF pro-
duction channels have large Mj, ;, due to the highly ener-
getic forward jets. The leading jet has high pt required



to create a pair of heavy supersymmetric states. The
VBF selections are thus very effective in reducing the
background.

Although the central jet veto has been used in the past
for VBF Higgs, we do not employ a central veto cut in
our case as our backgrounds are already small and such
a veto in high pileup conditions can degrade the signal
acceptance and requires extensive study in the future.

We reviewed a successful CMS analysis of for-
ward/backward jets along with Z production at 7
TeV [25], which demonstrated the powerful and efficient
identification of forward /backward jets. Furthermore, we
do not foresee any problems carrying out any CMS anal-
ysis with 8 TeV. For example, Fr is calculated using the
entire detector (calorimeter coverage up to |n| = 5). The
same conclusion holds for ATLAS [26]. Thus, we expect
that both ATLAS and CMS will be able to carry out
these VBF analyses at 8 TeV.

With our proposed VBF cuts, it is fruitful to divide
the study into the 27 + Fr and 2! + Jr final states
separately.

A. >2j+ 27 + Pr

For this final state, the following selections are em-
ployed in addition to the VBF cuts described above:

(i) Two 71’s with pr > 20 GeV in |n| < 2.1, with
AR(r,7) > 0.3. All 7’s considered in this paper are
hadronic. The 7 ID efficiency is assumed to be 55% and
the jet — 7 misidentification rate is taken to be 1%, both
flat over pr [27]. A branching ratio of 100% of Xi and xJ
to 71 has been assumed. In realistic models, this branch-
ing ratio can be close to 100%.

(#) Fr > 75 GeV. This cut is expected to be effective,
due to the fact that the main source of Pr for signal is
the ¥{ LSP which leaves the detector, while for the back-
ground it is the neutrinos produced by leptonic decays of
the vector bosons.

(#4i) We also apply a loose b-veto which is useful in
reducing the ¢t background.

In Figure 5, the normalized distribution of the pr of
7 is displayed for AM = Myt — Mgy = 30 GeV and 15
GeV. For smaller AM, the distribution peaks at lower
pr and the signal acceptance is less efficient.

In Figure 6, the Fr distribution is displayed for )Zf )Zf
pair production by VBF processes, V+jets background,
and V'V background produced by VBF processes. These
distributions show that requiring fir > 75 GeV is effec-
tive in reducing the background.

A summary of the effective cross-section at each selec-
tion stage of the study is presented in Table I for the main
sources of background and inclusive )Zlif(li, )H’)N(l_, ﬁ;zg
and Y9Y9 pair production by VBF processes. The VBF
and Jr cuts are very effective in reducing the back-
ground. The significance (at 25 fb~!) for inclusive,
opposite-sign, and like-sign 7 pairs are 2.4, 1.8, and 1.7,
respectively at the benchmark point, where AM =
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FIG. 5: pr of 7 distribution normalized to arbitrary units in
> 2j + 27 final state for AM = Mmyx — Mgo = 30 GeV and
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FIG. 6: Fr distribution normalized to arbitrary units for
)Zf)}li pair production by VBF processes, V +jets background,
and V'V background produced by VBF processes.

mz, — mgo = 30 GeV. For AM = 15 GeV, the sig-
nificance (at 25 fb~!) for inclusive, opposite-sign, and
like-sign 7 pairs are 0.9, 0.7, and 0.6, respectively.

We have also considered the t¢ background (cross-

section 225 fb) and found that the cross-section for



> 2j + 27 final state is 0.002 fb (the VBF cut efficiency
is 1073, and the combined efficiency of Pr, 27 inclusive
selection and loose b-veto is ~ 107°) which is small com-
pared to the other backgrounds. The VBF cuts are very
effective in reducing the background in this case unlike
the VBF production of Higgs [28, 29] where much lower
jet pr (pr > 25 GeV for ATLAS, pr > 30 GeV for CMS)
is used for VBF selection. Also, Mj,;, is much smaller
in the VBF production of Higgs (for example CMS used
Mj, ;, > 450 GeV). In the SUSY case, due to the re-
quirement of larger energy in the VBF system to pro-
duce chargino/neutralino pair, the jet pr is higher which
is utilized to select the signal events [15].

Figure 7 shows the distribution of M}, ;, for inclusive
;zf;zf,;zf;z;,;zf;zg and Y9Y9 pair production by VBF
processes and the main sources of background at /s = 8
TeV for 25 fb~! of integrated luminosity. There is an
excess of signal over background above Mj, ;, ~ 650 GeV.

TABLE I: Summary of the effective cross section (fb) for in-
clusive )Zf)a[, TR, XF %5 and ¥9%5 pair production by VBF
processes and main backgrounds in the > 25427 final state at
/s = 8 TeV. Results for same-sign and oppositely-signed final
state 7 pair, as well as inclusive study, are shown. The final £
cross-section after all cuts is 0.002 fb in the > 2j + 27 (inclu-
sive) final state at /s = 8 TeV, and this has been neglected
in the computation of the significance. Masses and momenta
are in GeV. The significance is displayed for 25 fb~?.

Signal Z+jets WHjets WW WZ

3.70 x 10> 97.0 19.0
5.29 x 10> 17.6 3.45

VBF cuts 4.61 10.9
Fr > 75,b-veto 4.33 0.27

27, inclusive  0.45 0.06 0.23 0.09 0.04
(S/v/S+ B) 2.4

TErE 0.21 0 0.11 0.02 0.01
(S/v/S+ B) 1.8

TEIT 0.24  0.06 0.12 0.07 0.03
(S/v/S+ B) 1.7

B. >2j + 2 + Fr

In the previous section, the VBF search strategy in
the multi-7 final state has been outlined. Although the
search with 7 leptons are expected to be the most daunt-
ing case amongst the three generation of leptons, it is
worthwhile to study the potential sensitivity in cases
where the charginos and neutralinos preferentially decay
to the first two generation of sleptons.

In this subsection, results for event selection with >
2j + 2u + Fr are presented. A branching ratio of 100% of
)~<1i and Y9 to ji has been assumed. After VBF selections,
the following selections are employed:

(i) Two isolated u's with pr > 20 GeV and pr > 15
GeV in |n| < 2.1
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FIG. 7: Distribution of Mj,;, for signal and background at
Vs = 8 TeV for 25 fb~! of integrated luminosity in the
> 2j + 27 (inclusive) final state. The blue (dark) region dis-
plays Mj, j, distribution for inclusive )ﬁ[)ﬁc, )2'1*')21_, 921"92(2) and
X5X3 pair production by VBF processes. The yellow (lightest)
region displays V+jets background. The green (light) region
displays V'V background produced by VBF processes.

(#4) Fr > 75 GeV.

(#ii) We also apply a loose b-veto which is useful in
reducing the t# background.

A summary of the effective cross-section at each
selection stage of the study is presented in Table
II for the main sources of background and inclusive
xﬁf,x{f;};,xmg and Y9Y9 pair production by VBF
processes. The VBF and Jir cuts are very effective in re-
ducing the background. The t background cross-section
for > 2j + 24 final state is 0.04 fb (the VBF cut effi-
ciency is 1072, and the combined efficiency of Pr cut, 2u
inclusive event selection, and loose b-veto is ~ 2 x 107%)
which is small compared to the other backgrounds. Also
we note that, the inclusive and opposite sign muon cross-
sections are same, 0.04 fb, but the same sign dimuon
cross-section is almost zero.

The significances (at 25 fb=1) for inclusive, opposite
sign, and like-sign p pairs are 6.0, 4.4, and 4.1, respec-
tively. For Mgt o~ Mgy ~ 260 GeV, the significances

(given by S/+/S+ B) for inclusive, opposite-sign, and
like-sign p pairs are approximately 2.7, 1.8, and 1.7, re-
spectively (at 25 fb=1).

Figure 8 shows the distribution of Mj, ;, for inclusive
ﬁﬁ,xm;,xmg and Y9Y9 pair production by VBF
processes and main sources of background at /s = 8 TeV
for 25 fb~! of integrated luminosity. There is an excess
of signal over background above M;, ;, ~ 650 GeV.

1J2



TABLE II: Summary of the effective cross section (fb) for in-
clusive )ﬁt )ﬁt, TR, X4 %S and ¥9%5 pair production by VBF
processes and main backgrounds in the > 25 + 2u final state
at /s = 8 TeV. Results for same-sign and oppositely-signed
final state p pair, as well as inclusive study, are shown. The
final ¢ cross-section after all cuts is 0.04 fb in the > 25 + 2u
(inclusive) final state at 4/s = 8 TeV, and this has been added
in the computation of the significance (inclusive and opposite
sign muon cross-sections are same, 0.04 fb, but the same sign
dimuon cross-section is almost zero). Masses and momenta
are in GeV. The significance is displayed for 25 fb~?.

Signal Z+jets Wjets WW WZ

3.70 x 10> 97.0 19.0
5.29 x 10> 17.6 3.45

VBF cuts 4.61 10.9
Fr > 75 4.33 0.27

2, inclusive 1.83  0.15 0 0.12 0.19
(8/V/S+ B) 6.0

pEp 0.87 0 0 0.03 0.05
(S/v/S+ B) 45

urpT 0.96 0.15 0 0.09 0.14
(S/v/S ¥ B) 4.1

ys=8TeV,L =25 b
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FIG. 8: Distribution of Mj, ;, for signal and background at
Vs = 8 TeV for 25 fb™! of integrated luminosity in the
> 2j + 24 (inclusive) final state. The blue (dark) region dis-
plays Mj, ;, distribution for inclusive X x<, X7 %1, X7 X3 and
X5X3 pair production by VBF processes. The yellow (light-
est) region displays V+ jets background. The green (light)
region displays V'V background produced by VBF processes.

IV. CONCLUSION

This paper has investigated the production of )Zli and
X9 by VBF processes at the LHC at /s = 8 TeV. The
presence of high Fr forward jets in opposite hemispheres
with large dijet invariant mass is used to identify the
VBF production. Kinematic requirements to search for
signals of these supersymmetric particles above SM back-
ground arising from VBF and non-VBF processes have
been developed. They have been shown to be effective
in searching for )~(1i and x5 in both 2/ as well as 27 final
states.

Searches for the EW sector in 7 final states in Drell-
Yan production face the challenge of controlling the level
of backgrounds due to the larger T misidentification rate
as well as maintaining low enough pp thresholds for trig-
gering. The VBF searches are capable of reducing the
background to manageable levels and thus probing multi-
7 final states.

At the benchmark point (mﬁ ~ mg = 181 GeV,

mz = 130 GeV, and mgo = 100 GeV), the significances
(at 25 fb~1) for inclusive, opposite-sign, and like-sign 7
pairs are 2.4, 1.8, and 1.7, respectively, for AM = mz —
mgo = 30 GeV, while 0.9, 0.7 and 0.6, respectively, for
AM = 15 GeV.

The significances for inclusive, opposite-sign, and like-
sign p pairs are 6.0, 4.5, and 4.1, respectively, at the
benchmark point. However, the significances are reduced
to 2.7, 1.8, and 1.7, respectively, for Mgt ~ Mgy ~ 260
GeV.

The next-to-leading order QCD corrections to the VBF
electroweak production cross sections have not been con-
sidered. The inclusion of the K factor, which is very
modest for VBF production (~ 5%) [29], would improve
the signal significance [30].

With increasing instantaneous luminosity, both AT-
LAS and CMS experiments are raising their py thresh-
olds for triggering objects. The VBF trigger offers a
promising route to probe supersymmetric production free
from trigger bias. This is complementary to the existing
LHC searches based on Drell-Yan production.
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