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Abstract: We show that the signature of two boosted W-jets plus substantial missing energy is very promising for
probing heavy charged resonances (X*) through the process of pp — X*X~ —» W*W~X%X0, where X° denotes the

dark matter candidate. The hadronic decay mode of the /¥ boson is considered to maximize the number of signal
events. When the mass split between X* and X0 is large, the jet-substructure technique must be utilized to analyze
the boosted W-jet. Here, we consider the process of chargino pair production at the LHC, i.e.,

pp — )(f)(l’ - Wtw- X?X?, and demonstrate that the proposed signature is able to cover more parameter space of

my: and Mo than the conventional signature of multiple leptons plus missing energy. More importantly, the signa-

ture of interest is not sensitive to the spin of heavy resonances.
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I. INTRODUCTION

The weakly interacting massive particle (WIMP) is a
promising candidate for dark matter (DM), the existence
of which has been confirmed through various gravitation-
al effects [1-3]. Currently, only null results have been re-
ported by DM searching experiments, which have im-
posed stringent bounds on DM candidates [4-7]. One way
to probe the DM candidate (X°) at the Large Hadron Col-
lider (LHC) is through the so-called “mono-X" channel,
in which a pair of DM candidates is produced in associ-
ation with a jet or a photon radiated out from initial state
partons [8-21]. However, as they are strongly correlated
with DM direct detection experiments, the mono-X chan-
nels are highly constrained in DM direct search experi-
ments [22, 23]. Other methods include the processes of
pp — X*X° and pp — X*X~, where X* denotes the next-
to-lightest dark particle. The collider signature relies on
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the mass split, Am = my- —myxo. If Am is much less than
electroweak (EW) gauge bosons, ie., Am < myz, it
yields a signal of long-lived particles or suddenly disap-
pearing tracks [24, 25]. When Am > my;z, it yields the
signature of missing transverse momentum (£7) plus
either leptons [26-29] or jets [30, 31], depending on how
the EW gauge boson decays, and where 1 predomin-
antly originates from the DM candidates. Owing to the
huge SM background, the potential of the process of
pp — X*X° on probing DM is limited [32].

We consider the process of pp — X*X~ with sub-
sequent decays of X* — W*X?; see Fig. 1. To increase
the signal rate, we impose that the ¥ bosons decay into a
pair of quarks. When mass split Am is much larger than
my , the W boson is highly boosted, such that the quarks
from its decay are collimated and form a fat W-jet (W;).
The conventional jet reconstruction method does not ap-
ply, and the jet-substructure method must be adopted to
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X(Er)

Fig. 1. (color online) Pictorial illustration of the two boos-
ted W-jets plus missing energy Er production at the LHC.

deal with the fat WW-jet. When the transverse momentum
of W islarger than 200 GeV, the jet-substructure al-
gorithm dominates over the traditional method in identi-
fying the W-jet and suppressing the QCD background
[33]. Hence, we focus on the collider signature of two fat
W-jets plus Er, denoted as W;W; £+, and show that it is
much more effective than the conventional method of
probing X° and X*, especially when mass split Am is
large.

The dark particles can be scalars, fermions, or vec-
tors, which arise from various new physics models, in-
cluding the dark scalar, S*, in the Inert Doublet Higgs
models, fermionic supersymmetric particle F* in the su-
persymmetry (SUSY) models [34-36], or the additional
gauge boson V* in the Little Higgs models [37-39]. Our
study shows that the signature of W, W, E; is not sensit-
ive to the spin of the DM candidate, and can thus be ex-
tensively used in DM searches.

II. COLLIDER SIMULATION

We performed a simulation at the LHC with a col-
lider energy of 14 TeV. For simplicity, we assumed that
X* decays entirely into a pair of X° and W* and imposed
that the W boson decays into quarks to enlarge the
branching ratio. The signal and background were gener-
ated using MadGraph5 [40] and then linked with Pythia

[41] and Delphes [42] for parton shower, hadronization,
and detector simulation. To trigger the signal event, we
set exactly two W-jets and no leptons in each event, i.e.,

N=0, N/ =2. (1)

The W-jet was reconstructed using FastJet [43, 44] ac-
cording to the anti-k, algorithm [45] with radius R=0.8
and pr >200 GeV. The N-subjettiness algorithm [46]
was used to suppress the QCD background [47]. In addi-
tion, the trimming [48], Pruning [49], and SoftDrop [50]
techniques were utilized to further groom away soft radi-
ation in the resulting fat jets while also polishing their
masses.

The invariant masses (my) of the reconstructed 2-
pronged W-jets were required to be within the mass win-
dow of [51]

my — 13 GeV <my <my + 13 GeV. (2)

We ordered the two W-jets by their transverse mo-
mentum (pr) as the leading fat-jet J; and the next-to-
leading fat-jet J,. To ensure that the W-jets were boosted
and tagged in the central region of the detector, we fur-
ther imposed large p7 cuts on the two W-jets as follows:

Pt 2200 Gev, <3, 3)

where 1 denotes the pseudorapidity of the i-th jet. Fi-
nally, we imposed hard cuts on the £ and invariant mass
of the two reconstructed W-jets,

Er > 400 GeV, my,j, 2 500 GeV, 4)

to help extract the signal from the SM background.

The signature of interest is not sensitive to the spin of
the X* particle. Figure 2 shows the efficiency of the sig-
nal event surviving all the cuts in the plane of my. and
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Fig. 2. (color online) Efficiencies after applying the cuts in the production of the scalar pairs S*S~ (a), the fermion pairs F+F~ (b)

and the vector pairs VvV~ (c).
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my». The contour lines are approximately linear in the re-
gion of 200 < Am <800 GeV as the reconstruction effi-
ciency mainly depends on the mass splitting Am. Addi-
tionally, the efficiency contour is less sensitive to the
dark matter mass when my. <200 GeV for all cases of the
three different spins considered here.

The SM backgrounds predominantly arise from the
following four sources: 1) the pair production of WW,
WZ, and ZZ bosons; 2) tf production; 3) the associated
production of a W boson with multiple jets (denoted by
W+ijets); 4) the associated production of a Z boson with
multiple jets (Ztjets). The backgrounds from W+jets,
Z+jets and triple gauge boson production are negligible
after kinematic cuts. The number of backgrounds at the
14 TeV LHC with an integrated luminosity (£) of 100 '
before and after event reconstruction are as follows:

I WW wZ 77
Before 5.5x107 9.54x10° 4.36x10° 1.25x10°
After 96.25 19.35 50.0 6.57

The 7 production dominates owing to its high rate at
the LHC. Given the numbers of the backgrounds and the
cut efficiencies of the signal event, we can obtain the up-
per limit of the signal event at the 95% confidence level

in terms of
st
\/—Z(n;, Jn 27 —ns) =20, (5)
n

where n; and n, are the numbers of signal and back-
grounds, respectively.

III. A DEMO IN SUSY SEARCH

To demonstrate the power of our method, we con-
sidered chargino (y7) pair production in a simplified su-
persymmetric extension of the SM in which the y7 is as-
sumed to decay entirely via the mode of y7 — W*y!, i.e.,
the branching ratio Br(y¥ — W*x?) = 1. The neutralino x!
is the DM candidate. In this study, we calculated the
cross section of the chargino pair production with the as-
sumption that it is a pure wino.

When the mass split between the chargino and neut-
ralino is large, for example Am > 100 GeV, it yields a sig-
nature of multiple leptons plus £7, which has been meas-
ured by the ATLAS [26-28] and the CMS collaboration
[29, 30]. In the CMS collaboration analysis, the neut-
ralino mass was set to 1 GeV, i.e., mp =1 GeV, in order
to obtain an upper bound of o(x]x) as a function of m,:
at the 13 TeV LHC with £=359fb"! [29]; see the
black-dotted curve in Fig. 3(a). Following the CMS
group, we set m,» = 1 GeV and performed a collider sim-
ulation of the signature of the two boosted W-jets and £ .
The blue and magenta curves denote the projected upper
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Fig. 3. (color online) (a) Upper limits of o(x]x7) as a func-

tion of myx at the 95% confidence level at the LHC with an in-
tegrated luminosity of 300 fb=! (blue) and 3000 fb~! (magenta)
with mo =1 GeV and Br(y; - W"x9) =1. The black dotted
curve denotes the current limit obtained from the mode of
multiple leptons plus £7. (b) Contours of the upper limit of
o(xTx7) in the plane of s and myo.

limit derived from the signature of two W-jets plus E; at
the 14 TeV LHC with £=300 and 3000 fb~!, respect-
ively. The boosted W-jet method efficiently increases the
sensitivity in the search for the yjx; pair when
my- > 200 GeV for two reasons. The first is the strong ef-
ficiency of the reconstruction of the boosted W-jets, and
the second is the large suppression of the QCD back-
ground [52-55]. From Eq. (5) and the event numbers of
the backgrounds, we obtained the 20~ bound on the
o(xix7) and m,. for a massless X(1) as follows:
o(xixy) <24fb, my >870GeV,
with £=300fb™" and
oltx7) <048 fb, my. > 1240 GeV,

with £ =3000 fb~!; see the blue and magenta dashed ho-
rizontal lines.
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The results of a massive )((1) are shown in Fig. 3(b),
which plots the excluded regions in the plane of m,. and
my» at the 95% confidence level. The gray region is ex-
cluded in the signal signature of multi-leptons plus £, at
the 13 TeV LHC with an integrated luminosity of 139
b [27]. The region under the cyan curve is excluded by
our method at the 13 TeV LHC with an integrated lumin-
osity of 139 . Clearly, our method works better in the
region of heavy x7 with a large mass split, Am. The re-
gion under the blue curve is excluded at the 14 TeV LHC
with an integrated luminosity of 300 fb '. The efficiency
of the W-jet reconstruction increased  with
Am = my: —m,», and the production rate of y x| pairs de-
creased rapidly with m,.. The two effects compete with
each other and here yielded a peak around
my: ~700GeV; see the blue curve. Accumulating 10
times more data, i.e., increasing the integrated luminosity
to 3000fb~', the peak position was shifted to
my- ~ 1100 GeV. It is evident that the signature of two W-
jets plus E; is a better method than the conventional
mode of multiple leptons plus £;; the magenta curve
covers a vast parameter space including the gray region.
Therefore, we recommend that the signature of the two
W-jets plus E; should be used to search for a heavy res-
onance.

IV. SUMMARY

In this study, we explored the potential of searching
for the dark matter candidate X° through the pair produc-
tion of heavy charged resonance X*, which predomin-
antly decays into a pair of W* and X°, i.e., pp — X* X~ —
W*W-XX°. To achieve more signal events, we imposed
that the W boson only decays into a pair of quarks. When
the mass split between X* and X° is large, say
Am = myx- —my > my, the W boson is boosted such that
the jet-substructure method is required to increase the ef-
ficiency of the event reconstruction. The collider signa-
ture of interest is that of two boosted W-jets plus Er,
which originates from the two invisible dark matter can-
didates. We demonstrated that the signature is not sensit-
ive to the spin of heavy charged resonance X* and the ef-
ficiency of event reconstruction mainly depends on Am.
Our method may be used in the search for various new
physics resonances if they decay into a pair of # bosons
and the dark matter candidate.

For further illustration, we considered the process of
chargino pair production in a simplified supersymmetric
extension of the SM, i.e., pp = xTx; > ¥ W W~. Our
collider simulation showed that the signature of W, W, E
is a better method than the conventional mode of mul-
tiple leptons plus £; at the LHC, especially in the region
of 200 < my: —my» < 800 GeV.
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