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ABSTRACT: Particle collisions at the energy frontier can probe the nature of invisible dark
matter via production in association with recoiling visible objects. We propose a new potential
production mode, in which dark matter is produced by the decay of a heavy dark Higgs
boson radiated from a heavy W' boson. In such a model, motivated by left-right symmetric
theories, dark matter would not be pair produced in association with other recoiling objects
due to its lack of direct coupling to quarks or gluons. We study the hadronic decay mode via
W' — tb and estimate the LHC exclusion sensitivity at 95% confidence level to be 10% —10° fb
for W' boson masses between 250 and 1750 GeV.
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1 Introduction

Though dark matter (DM) represents the majority of the matter density of the universe,
its particle nature remains a mystery. A variety of DM candidates have been considered,
many with connections to the electroweak symmetry-breaking scale [1, 2|, which would also
explain the observed relic density [3]. A robust program of dedicated experiments search
for DM interactions [4-7], which have not yet detected a signal.

At particle colliders, searches for DM production focus on the visible recoil X from
the invisible DM, which leaves missing transverse momentum, pss. Cases where X is a
SM particle such as a quark or a gluon [8-13], a W boson [14-16], a Z boson [17-19], a
Higgs boson [20, 21], a photon [9, 22, 23], or a non-SM particle such as a Z’ boson [24], a
leptonically-decaying W' boson [25], or a heavy quark [26-29] have been considered. For a
review of simplified models for DM at the LHC, see refs. [30, 31].

In this paper we describe a new search mode, in which DM recoils against a heavy W’
boson that decays to a hadronically decaying top quark and a b quark (referred to as the tb
final state). This mode provides a statistically independent and theoretically distinct probe
of DM production from other piss +X searches.

In addition to probing DM, this channel also probes the W’ boson itself. While the LHC
already sets very stringent limits on high-mass W’ bosons [32, 33], searches at lower masses
(mw+ < 1TeV) are more challenging due to the stringent trigger requirements on the decay
products of the W’ boson. The recoiling DM allows p2i-based triggers to be used, which
opens up the possibility to push W’ boson searches to lower masses.

The paper is organized as follows. A model of DM production in association with a W’
boson is presented. Selection and reconstruction strategies are proposed and the expected
sensitivity of the LHC dataset is described. The final section puts the expected sensitivity
in experimental and theoretical context.

2 Model

We present a model of a heavy W’ boson that can be produced in association with invisible
DM particles via the radiation of a dark Higgs boson, which decays to DM particles. Such a
model would not produce a signature in other p?iss +X search modes."

1As will be discussed, the Z’ boson is assumed to be substantially more massive than the W’ boson.
Additionally, we require that the DM be pair produced.
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Figure 1. Feynman diagram describing the production of a heavy W’ boson recoiling against a dark
Higgs boson (hp) and decaying to a top and a bottom quark. If the s-channel W’ boson is virtual
(real), the decay is 2-body (3-body).

The W' boson is a new gauge boson that commonly arises in models of new physics,
such as extended gauge theories [34—-38] or composite Higgs [39]. In this work, we consider
extending the electroweak gauge group SU(2)r x U(1)y to SU(2)r x SU(2)r x U(1)p_1
typically known as the left-right symmetric model [34, 35].

In this model, the SU(2)r x U(1)p—r, symmetry is broken to U(1)y which results in one
new massive charged gauge boson, the W’ boson, and one new massive neutral gauge boson,
the Z' boson. This symmetry breaking is accomplished through the vacuum expectation
value of an additional scalar multiplet.

The fermion content of the theory is the same as the SM, with the addition of a right-
handed neutrino, Ng. The gauge representations of the fermions under SU(2)z x SU(2)r x

U(1)p_r are:
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The scalar content consists of a bi-doublet ¢, which contains the SM Higgs doublet, and
an SU(2)r triplet Ag:
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We assume the potentials are engineered such that these scalars have the vacuum expec-
tation values:

<¢>=¢1§<’§ 0) <AR>=\}§<UORS>, (24)

where v? = k? + k3 = (246 GeV)? and vg is a free parameter.



After accounting for the states that give mass to the W’ and Z’ bosons, the triplet
AR contains one neutral state, one charged state, and one doubly-charged state. We call
the neutral state a dark Higgs boson (hp) due to its lack of direct interactions with the
SM quarks, preventing it from being produced in an s-channel process at the LHC. It is
given by 6% = (vg + hp)/V2.

For simplicity we assume no mixing between scalars. In principle the SM Higgs boson
and the hp boson can mix, however, experimentally a non-zero mixing would still need
to be small, < O(10%) [40, 41].

In this model the mass of the W’ is

9R
My = T fv? + 2%, (2.5)

where gp is the gauge coupling of SU(2)g. Using eq. (2.5), the mass of the W’ boson (myy)
can be specified, rather than the value of vg, such that the relevant parameter space of
this model is my» and gr. The gauge coupling of U(1)p_y, is determined by the choice of
[):] since SU(Q)R X U(l)B,L — U(l)y.

The hadronic decay of W’ — tb is mediated by the interaction

_ 9dRr i 1+
L= ﬁ(uR’y dR)Wu + h.C., (26)
while the production cross section of pp — W' — hptb is proportional to (g%vg)?. When
myy is fixed and vg > v, the cross-section scaling becomes proportional to g}li,.
The mass of the Z’ boson in this model is

4
mz = \/(912:5 + 9Bk + Zl(g?;{gfg%%l)v?, (2.7)
where gpy, is the gauge coupling of U(1)g_z. The Z’ boson couples to leptons, which
would be visible unless the Z’ boson is heavy enough to avoid experimental bounds. When
my =~ 800 GeV and gpr, 2 2.5, the mass of the Z’ boson (mz/) 2 7 TeV.

In this minimal version of a left-right model, the hp boson can dominantly decay to
right-handed neutrinos Ng. If these are sufficiently light, less than of order keV, then
they could comprise the majority of the DM in the universe [42]. More generally, the DM
could be any new stable particle. Our search, like other collider searches, is agnostic to
the identity of the DM.

3 Experimental sensitivity

The model described above includes interactions which can generate a final state with a top
quark, a bottom quark, and missing transverse momentum, see figure 1. We estimate the
sensitivity of the LHC dataset to these hypothetical signals using samples of simulated pp
collisions at /s = 13 TeV with an integrated luminosity of 300fb~1.

Simulated signal and background samples are used to model the reconstruction of the
W' boson candidates, estimate selection efficiencies, and expected signal and background
yields. Collisions and decays are simulated with MADGRAPH5 v3.4.1 [43], and PyTHIA



Figure 2. Three possible W’ boson reconstruction strategies, using wide-cone and narrow-cone jets,
which can be b-tagged, W-tagged or top-tagged. See text for details.

v8.306 [44] is used for fragmentation and hadronization. The model for the W’ boson was
adapted in FeynRules [45] from ref. [46]. The detector response is simulated with DELPHES
v3.5.0 [47] using the standard CMS card, extended to include an additional reconstruction
of wide-cone jets, and ROOT version 6.2606 [48].

Selected narrow-cone (wide-cone) jets are clustered using the anti-kr algorithm [49]
with radius parameter R = 0.4 (R = 1.2) using FASTJET 3.1.2 [50] and are required to
have pr > 20 GeV and 0 < |n| < 2.5. Wide-cone jets with mass within [50, 110] ([125, 225])
GeV are tagged as W-boson (top-quark) jets. Events are required to have no reconstructed
isolated photons, muons, or electrons with py > 10 GeV and |n| < 2.5; isolation requires
that less than 12% (25%) of the pr of the electron or photon (muon) be deposited in a
cone with AR < 0.5 centered on the particle. To satisfy a trigger requirement and suppress
backgrounds, events must have at least 200 GeV of p%iss.

Candidate W’ bosons are reconstructed in one of three approaches:
e t -+ b: one top-tagged, b-tagged wide-cone jet and a b-tagged narrow-cone jet
o W +0b+0b: one W-tagged, un-b-tagged wide-cone jet and two b-tagged narrow-cone jets

e jj+ b+ b: two un-b-tagged narrow-cone jets and two b-tagged narrow-cone jets
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Figure 3. Top (bottom): distribution of the reconstructed W’ boson candidate mass in simulated
events with mj;, = 1000 (1500) GeV, for each of the three reconstruction strategies (see figure 2),
where the selected objects are angled-matched (AR < 0.4) and -unmatched (AR > 0.4) to the correct
parton-level objects.

The three approaches are illustrated in figure 2. If several reconstruction approaches are
available for a single event, preference is given to ¢t + b and then W + b+ b. If several jets are
available within one approach, preference is given to the jets that minimize the difference
between the reconstructed and known top-quark and W-boson masses. Distributions of
reconstructed W’ boson candidate masses are shown in figure 3 for two choices of W' boson
mass, and the selection efficiency is shown in figure 4. Collider searches for signals with this
event topology typically focus on the hadronic decay of the W boson [51, 52] as it has a
larger branching fraction and its decay can be efficiently reconstructed using large-radius
jets and state-of-the-art tagging algorithms. The background from multijet events can be
accurately modelled using data driven methods.

The dominant backgrounds are the production of top-quark pairs (¢t) or the production
of a single top quark in association with a b quark (tB or tb). Additional backgrounds are
due to production of a heavy vector boson (W or Z bosons), which decays invisibly or whose
decay products are not reconstructed, in association with two b quarks and two additional
hard quarks or gluons. Radiation of additional gluons is modeled by PyTHIA. Contributions
from QCD multi-jet production is suppressed by the p&ss requirement. Distributions of the
expected reconstructed W’ boson masses for the background and signal processes are shown
in figure 5 and the expected yields in 300fb~! are shown in table 1.

We also consider the 3-body decay of the W’ boson, in which the hp boson is a W’
boson decay product rather than radiation from an on-shell W’ boson. Reconstruction of the
W' boson, in principle, requires knowledge of the invisible hp boson’s four-momentum. We
reconstruct the 3-body decay using the same techniques as for the 2-body decay, but with piiss
added to the W’ boson candidate as an estimate of the hAp boson transverse momentum. No
estimate is made of the longitudinal momentum of the hp boson. Distributions of expected
background and signals are shown in figure 6.

Expected limits are calculated at 95% CL using a profile likelihood ratio [53] with the

CLs technique [54, 55] with PYHF [56, 57] for a binned distribution in the reconstructed mass



Process o [tb] € N

tt 6.74 x 10° 1.42 x 1073 2.89 x 10°
Z4+bb,Z — vv 247 x 10° 142 x10~* 10560
th+ tb 1.00 x 10* 2.7 x 1074 820
W= +bb, WE — (*v 1.74 x 10°  1.2x 1075 620
M}, = 300, My, = 10 2280 0.0016 1060
M}y, = 800, My, = 100 66 0.056 1120
M}y, = 1250, My, ,, = 250 16.9 0.129 650

Table 1. Expected yields in 300 fb~! of LHC data for background and signal (W’ — tb) processes.
Cross sections for backgrounds are at NLO in QCD [43]; cross sections for signal are set to the expected
95% CL upper limit. The calculations are described in the text. Shown are the cross section (¢), the
trigger and selection efficiency (g), and the expected yield (NV).
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Figure 4. Efficiency of the selection in each approach (¢t +b, W +b+b, jj + b+ b, see figure 2) as a
function of the W’ boson mass, for two choices of the dark Higgs boson mass (myp,, ).

of the hypothetical W’ boson, with 20 bins, where bins without simulated background events
have been merged into adjacent bins. The background is assumed to have a 50% relative
systematic uncertainty. Expected limits as functions of the W’ boson mass are shown in
figure 7 and translated into limits on the coupling (gr) in figure 8.

4 Discussion

Studying the 2-body case alone, we find a cross section limit that ranges from a~ 3 pb, when
both the W’ boson and the hp boson are light, down to = 20 fb, when both the W’ boson
and the hp boson are relatively heavy. As either the W’ boson or the hp boson becomes
more massive, the v/3 of the system is pushed to larger values and leads to better sensitivity.

In the 3-body case, the v/3 of the system only depends on myy. The sensitivity, however,
still depends on my,,, through the efficiency, as seen in figure 4. The limits here range from
~ 30 pb at low mass to =~ 20 fb at high mass. Generally, the 2-body and 3-body cases
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Figure 5. Top: distribution of the missing transverse momentum (p2i) for the expected background

and selected signals normalized to an integrated luminosity of 300fb—! after all requirements other
than piss > 200 GeV are met. Bottom: distribution of the reconstructed W’ boson 2-body candidate
mass for the expected background and selected signals normalized to an integrated luminosity of
300fb~! after the full selection.
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Figure 6. Distribution of the reconstructed W’ boson 3-body candidate mass for the expected back-
ground and selected signals normalized to an integrated luminosity of 300 fb~! after the full selection.

are produced simultaneously and can be considered in a combined limit, however, we make
conservative bounds and separate them for the purpose of clarity.

In terms of the left-right model used, figure 8 shows the expected limits on the SU(2)g
gauge coupling gr. At low masses, coupling values are probed down to ~ 0.6, while at
higher masses, the limits are expected to be marginally weaker. Even though the limits are
calculated using a particular left-right model, they will roughly correspond to the limits found
in other models with a W’ boson. This is because, generically, such models are parameterized
by a mass that scales roughly as ~ grvgr and a cross section that scales roughly as ~ gjl%.

If DM particles are exclusively produced in the decay of a hp boson, this model provides
a unique opportunity to detect them. In the context of this model, the Ap boson does
not couple with any SM particles, making it impossible to produce directly at the LHC, as
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opposed to other scalar mediators predicted by traditional DM simplified models [30, 31].
While the model does include a Z’ boson, which could provide an additional signature via
pRiss 177 [24], here we assume the Z' is too heavy to be visible, making the proposed piiss
+W’ channel the only one accessible at the LHC.

When analyzing the discovery potential for a W’ boson in the final state predicted by
this model, the presence of significant p%iss provides a boost to the W’ boson, allowing for an
increased sensitivity to lower masses when compared to searches for W’ bosons produced at
rest [32, 33, 58]. A similar argument can be made for the case when the W’ boson is boosted
by initial state radiation, which is possible in the context of this model. When comparing the

PR +TV/ channel to the jet+W’ channel, considerations on the effect of the trigger have to



be made. At the LHC, searches that look at final states with hadronic jets, and no other
objects, have to rely on datasets that are collected online by triggers, which require high
thresholds on the jet transverse momenta. To select a jet+W’ final state, a requirement of
~ 500 GeV is placed on the recoiling jet pr to be in trigger efficiency plateau. The pRiss +1W’
channel can rely on events selected online by triggers that require large p%’iss. Thresholds are
typically lower for those triggers. For example, to select a p%iss +W' final state, a requirement
of ~ 200 GeV is place on the p2i to be in the trigger efficiency plateau. This provides higher
signal efficiency at low mass, and therefore, a stronger limit on the couplings. Previous
dedicated searches for W’ — tb in the low-mass region were performed at the Tevatron, with
the results obtained by the CDF experiment in 2015 [58] still yielding the strongest limits in
the 300-900 GeV range , at the level of gy /gw < 0.1(0.2) for my» = 300(500) GeV.

For the simplest case of a right-handed neutrino as dark matter, the decays of W/ — ¢Np
where the N is invisible is another relevant search channel [59, 60].

5 Conclusions

In this work we study the search channel of pp — W'(tb)hp where the hp boson decays
invisibly. This channel plays a dual role of extending the mono-X program of looking for
DM at the LHC through the recoil of the visible object X and extending the searchable
range of W’ bosons to lower masses. Expanding the mass range for W’ boson searches
is especially novel and is accomplished through use of p&iss triggers, which have a lower
threshold than comparable hadronic jet triggers.

We estimate that the current LHC dataset could be sensitive to W’ boson production
in the range from 20fb to 30 pb, depending on the W’ boson mass. These translate to
limits on the coupling (gr) as low as 0.6, which can be interpreted across a fairly generic
set of W' boson models.

Future directions include improved reconstruction algorithms for the W’ boson, perhaps
using machine learning [61, 62] to improve the accuracy of the jet-parton assignment and
reconstruction of the missing z component of the invisible decay of the hp boson.
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