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ABSTRACT: Current searches for dark matter at the LHC focus on mono-X signatures:
the production of dark matter in association with a Standard Model (SM) particle. The
simplest benchmark introduces a massive spin-1 mediator, the Z’ boson, between the dark
matter x and the SM. Limits derived from mono-X channels are most effective when the
mediator can decay into two on-shell dark matter particles: Mz 2 2M,. We broaden
the experimental reach into the complementary region, where the Z’' mediator is much
lighter than the dark matter. In this scenario the Z’ mediates an effective long-range
force between the dark matter, thereby facilitating the formation of darkonium bound
states, as is common in many dark sector models. The darkonium becomes active when
M, > Mgy /aeg, where oeg is the effective fine-structure constant in the dark sector.
Moreover, the darkonium could decay back into SM quarks, without producing missing
transverse momentum in the detector. Considering multijet final states, we reinterpret
existing searches to constrain the simple Z’ benchmark beyond the region probed by mono-
X searches. Assuming a baryonic Z’' mediator and a Dirac dark matter, direct detection
bounds can be loosened by giving a small Majorana mass to the dark matter. We also
consider the interplay between mono-X and darkonium channels at future high energy
colliders, which is at the frontier of probing the model parameter space.
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1 Introduction

One important mission of the Large Hadron Collider (LHC) and future high energy col-
liders is to probe the nature of dark matter. If the dark matter particle has a coupling
to the standard model sector, it could be produced at the LHC, usually in pairs if the
dark matter is stabilized by a (possibly new) symmetry. The dark matter particles are
expected to escape the detector like neutrinos. They can lead to events with large missing
transverse momenta, if another visible object (e.g., an energetic jet) is produced at the
same time. The monojet process has been widely studied at the Tevatron, LHC and future
colliders [1-3]. The same idea has been extend to other standard model particles being
produced in together with dark matter leading to the so-called mono-X searches [4].
Going beyond mono-X, another important aspect of dark matter at colliders is the
production of dark bound states. Bound states made of dark matter and its anti-particle
(darkonium) exist generically in dark sector models with a dark force carrier whose cou-
pling to the dark matter is strong enough. They are the analog of the positronium or
heavy quarkonium states in the real world, which have played an instrumental role in our
understanding of the SM. It is conceivable that similar phenomena would occur in a dark



sector containing the dark matter [5—22]. The signatures of darkonium have been studied
at both lepton and hadron colliders in several models [23-26]. The bound state forma-
tion channel is also an ideal place for probing the self-interactions of dark matter in the
laboratories [24].

In this work, we investigate the complementarity between the mono-X and darkonium
channels in the LHC search for dark matter. Our study is based on a simple renormalizable
model where a Dirac fermionic dark matter x is charged under the gauged baryon number
symmetry. The new Z’ boson mediates the interaction between dark matter and quarks.
This simple model is widely adopted as the benchmark for LHC monojet analyses [27, 28].
So far, experimental limits have been derived in the region of parameter space with Mz 2>
2M,, where the Z' can decay into two on-shell dark matter particles. Outside of this
region the production rate of a pair of dark matter particles through the off-shell Z’ is too
small and the mono-X searches become ineffective. It is possible to directly search for the
production of Z’ which subsequently decays back into the SM quarks, resulting in multijet
final states [29-33]. However, the resonance search in the multijet final states quickly loses
its constraining power for a Z’ at or below the weak scale, due to the overwhelming QCD
background. Therefore, there is presently no experimental search that is sensitive to the
Z' benchmark when the Z’ is light.

In this work we would like to point out that, in the commonly adopted benchmark
for mono-X searches, the Z’ boson could mediate a long-range dark force between dark
matter particles, when its mass is light and coupling to dark matter strong. Then the xx
darkonium bound states could exist in nature and be produced at a high energy collider.
Once produced, the xx inside the darkonium will eventually find each other and annihilate,
causing the latter to be unstable and decay back to SM quarks. The novelty here is
that, although the dark matter particle is produced at the collider, there is are missing
energy /momentum in the final state! In this case, the darkonium would appear as a
resonance in multijet final states and its production can be constrained in these searches.
In turn, an experimental limit on the production rate of darkonium can be translated
into constraints on the mass and couplings of the dark force carrier: the Z’. In the end
we find the darkonium signals are most active when the Z’-quark coupling is weak and
the Z’-dark-matter coupling is strong. When darkonium exists, it offers a new handle to
explore the nature of dark matter at colliders, and can be highly complementary to the
mono-X channel as well as the direct searches for the Z’ boson.

This paper is organized as the following. In section 2, we describe the simple benchmark
model and discuss the necessary condition for the darkonium bound states to exist, which
includes requiring the Z’ to be lighter than the dark matter, precisely the region where
the mono-X search in ineffective. We give a brief summary on the existing searches for a
light baryonic Z’ boson. In section 3, we calculate the darkonium production cross section
and the possible decay channels. We explore the feasibility of using the di-jet channel to
search for the darkonium states appearing as new resonances. We derive the existing LHC
limit as well as the projections at the future high-energy high-luminosity LHC, as well as
a possible 100 TeV pp colliders. These results are compared with the reach of the monojet
channel. We highlight the complementarity of mono-X versus darkonium searches, both



of which are needed to effectively cover each other’s blind spot. In section 4, we discuss
the implications from other areas of dark matter searches, including direct and indirect
detections, as well as the its production mechanism in the early universe. We identify the
parameter space where high-energy colliders are at the frontier of searching for dark matter
in this model. Then we conclude in section 5.

While this paper was being prepared, a related work [34] appeared which explored
dark matter bound state signals in several non-minimal dark sectors with quite sizable dark
couplings. However, the simple benchmark model discussed in this work was not covered.

2 The benchmark model

In mono-X searches the commonly adopted simplified model includes a massive spin-1
boson, the Z’, mediating the production of the dark matter particle, which is assumed to
be a vector-like pair of fermions (x, x). The leading low-energy effective Lagrangian takes
the form

Lorr = Lovi+0,08'a— 3 200, 7 + L MBZL 2" 4% (i 4 0y + o) 2/ — My) X (2.)
The Z' is assumed to have a universal coupling g, to SM quarks and, to be general, we
allow for both the vector and axial-vector current couplings with the dark matter. The axial
coupling then implies the Z’ current is anomalous, which can be remedied by postulating
spectator fermions to restore the gauge invariance associated with the Z'. We further
assume these spectator fermions to be much heavier than the weak scale. Since we will
not consider loop-induced processes involving the Z’ boson in this work, the anomalous
Z' current (or equivalently the anomaly-cancelling spectator fermions) plays no role in our
study [35].

A concrete example of a Z’ boson is to gauge the baryon number symmetry U(1) 5 in
the SM, which is anomalous with respect to the electroweak gauge groups. The ultraviolet
complete models of gauged baryon number have been discussed in [36-43]. In eq. (2.1) we
have also extended the minimal gauged baryon number model by introducing an additional
dark matter field x that is charged under the U(1)p. The presence of the axial coupling
g, implies that xz and xg must carry different charges under the U(1)p. As a result
the dark matter mass M, is not U(1)p invariant and must be generated via the Yukawa
coupling of y to the vacuum expectation value (vev) of a U(1)p Higgs field. The same vev
also contributes to the mass of the Z’. In the appendix A, we present a simple model for
this. Requiring the Yukawa coupling to satisfy the unitarity constraint results in an upper
bound on g; (see eq. (A.6) and also [44]),

J < My
X~ M
Therefore, if Mz < M,, which is the region of interest in this work, g; need to be small.

. (2.2)

For a dark matter interacting with the quark through a Z’ mediator, constraints from
dark matter direct detection are quite stringent for a light Z’ [45-48]. Such constraints
could be relaxed by introducing, in addition to the Dirac mass term for x, a Majorana
mass in eq. (2.1) [49-52],

5
§XCX +h.c.. (2.3)



We assume 0 is small enough compared to the Dirac mass M, so that our discussions
on collider phenomenology in section 3 remain valid at the zeroth order in the small §
expansion, which allows us to treat y as a Dirac fermion in collider studies. On the other
hand, § must be large enough to evade the direct detection constraints. A quantitative
estimate of § satisfying both considerations will be presented in section 4. A non-vanishing
¢ will have implications in cosmology and indirect detection of dark matter, which will also
be explored in section 4.

2.1 The formation of darkonium

One important aspect of dark matter we want to explore is bound state physics. The
7' exchange yields a Yukawa potential between y and y. With a light enough Z’ and
large enough couplings g, g;(, bound states made of x and ¥ could form. Because of the
fermionic nature of x, there are two darkonium ground states, one with total spin S = 0
and the other with S = 1, which we denote by np and T p, respectively. We will focus on
ground states in this work.

The vector coupling of the Z’ with the dark matter yields an attractive Yukawa poten-
tial while the sign of the potential from the axial coupling depends on the total spin [53].
We can define the effective fine-structure constant of the Z’-mediated long range interaction
between the dark matter particles as

acg(S) = ay + % <S(S—|— 1) — 2) a;( (2.4)
where o, = gi /(4m), o, = g;? (4m). The potential is attractive for S = 1 and repulsive for
S = 0. The Z’ boson plays two roles in this model. It is not only the mediator between the
dark matter and the SM, but also the dark force carrier responsible for self-interactions of
the dark matter.

At the LHC, the darkonium can be created via an off-shell Z’ boson, much like the
production of J/W¥ particle through an off-shell photon in QCD. Therefore, the spin-1
darkonium Yp can be singly produced on resonance, while the spin-0 darkonium 7p has
to be produced in association with another Z’.! In what follows we will focus on the spin-1
darkonium Y p, in which case

2
Ooff = Qty + ga; . (2.5)
Then the condition for the ground state to exist is [54],
oer My, w2
— = > 168 ~ —. 2.6
A\, G (2.6)

The mass of Tp is given by 2M, minus the ground state binding energy, BE. In the
Coulomb limit (Mz — 0), BE = o¢u/2, where p is the reduced mass of the system

1

IThis is different from fixed energy colliders where the np and Yp channels are comparably impor-
tant [24].



For general nonzero My, the binding energy can be solved numerically [54]. A useful
analytic approximation can be obtained using the Hulthén potential to mimic the Yukawa
potential [55]. In this case,

2 2 2
BE ~ # (1 - 7TMz,ao) , (2.8)
where ag = 1/(cegpt). One could also derive the bound state wavefuction at the origin,

which is [55],
W(0) \/1 - (WQMZ:;GO/H)Q . (2.9)

Tag

The single production of Y p at the LHC could be described, effectively, by a kinetic
mixing with the Z’ boson, which takes the form [24]

K

['TD—Z’ mixing — 9 Z;WT%V 3 (210)

2
K=/ ngqf(()). (2.11)

Through this kinetic mixing Y p could couple to SM quarks. Any non-zero axial current

where

coupling will introduce further kinematic mixings of both the Z’ and Yp (known as the
17~ ground state) with the 17" state, an excited bound state made of yy. However,
these mixings are suppressed compared to eq. (2.10) by additional powers of aeg. We
will therefore truncate the spectrum and only consider the ground state for the rest of
this paper.

2.2 Current constraints on the Z’ mediator

Experimentally, a vector boson Z’ that couples to SM quarks could be produced at hadron
colliders such as the Tevatron and LHC. If the Z’ is lighter than twice of the dark matter
mass, it can only decay back to a SM quark and antiquark. Existing dijet resonance searches
cover the Z' mass window from 50 GeV to multiple TeV scales. Below we list several
limits from the recent analysis on the Z’-quark-qntiquark coupling from dijet searches (see
also [33]).

CMS 13TeV [29] | 35.9fb~" | 50GeV < My <300GeV | gy < 0.06 — 0.2
ATLAS 13TeV [30] | 34fb~" | 450GeV < My < 950GeV | g, < 0.06 — 0.14
CMS 13TeV [31] | 129671 | 600 GeV < My < 3500GeV | g, < 0.07 — 0.44
ATLAS 13TeV [32] | 37.0fb7' | 1.5TeV < My <35TeV | g, < 0.07 —0.27

These limits directly apply to the Z’ in our model when it predominantly decays into ¢g.>
The future running of LHC and the dijet searches could further improve the coverage of

21f the Z’' is heavier than twice of the dark matter mass, there are mono-X constraints which will be
reviewed briefly in the next section.



Z' mass from 50 GeV up to a few TeV, leaving the region of light Z’ below 50 GeV as a
blind splot.

Through the quark loops, the Z’ boson mixes with the SM Z-boson. As a result, when
the masses of the two are close enough, there are useful limits from the hadronic Z-boson
width measurement at the LEP [56, 57]. For even lighter Z’, below a few GeV, there are
also constraints on its mixing with the heavy quarkonium states like the T and J/¥, as
well as the rare decay of meson states into the Z’. For a recent study, see [58]. It is also
worth noting that for very light bayonic Z’, the heavy anomalon fields can have strong
non-decoupling effects on flavor-changing neutral current processes [59, 60]. However, our
study here will mainly focus on the region My > 10 GeV, thus these non-decoupling effects
can be evaded.

In the next section, we will show that the same search results could be reinterpreted
as constraints on the production of the darkonium Y p, leading to new limits on the dark
matter simplified model that are complementary to the mono-X searches.

3 Darkonium versus mono-X

In this section, we will explore the interplay between darkonium and mono-X channels in
searches for dark matter whose interaction is mediated by a U(1)p baryonic vector boson.
They turn out to be highly complementary to each other in probing the model parameter
space. Moreover, the dijet Z’ search at LHC seems to have a blind spot for light Z’
below 50 GeV. As explained above, a Z’ is light enough could facilitate the existence of
darkonium bound states. Search for the formation of such new states at the LHC could in
turn constrain the light Z’ as a dark force and help covering the above blind spot. These
important features are summarized in figure 1. We will go through the details of this plot
for the rest of this section. Generically, the mono-X searches are most sensitive to the
region Mz 2 2M,, while the darkonium searches mainly probe the region Mz < cegM, .

Hereafter, we will choose the follow benchmark values for the model parameters,
My

7 (3.1)

a, =05, g4=0.1, g;( =

Before moving on, we comment on how our results change when the benchmark values of a,

and g, vary from the choice in eq. (3.1). First, from eq. (3.2) (see below), the dark matter

4
X

(dominate by ISR jet radiation) is proportional to a,. Their limits will get substantially

bound state production cross section is proportional to «f. The monojet cross section
weaker for smaller values of «,, especially for the bound state channel. We also restrict
ourselves to the region with o, < 1 so that the x particles in the bound state are still non-
relativistic and we could reliably do perturbative calculations in the small o, expansion.
Second, we choose a relatively smaller value of g, than commonly used in the previous
monojet analysis (where g, 2 0.2 is used). This is mainly driven by the increasingly
stronger bound from the Z’ search in the dijet channel. With a coupling g, 2 0.2, most
the region in figure 1 with Mz > 50 GeV is already excluded by the current LHC data.
We will scan the rest of parameter space and present our results in the Mz versus M,
plane. We find that, with the current LHC data (13 TeV, ~ 36 fb~!), we are not yet able to
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Figure 1. Colorful curves show the future high-energy pp collider constraints on the model where
a fermionic dark matter y interacts with SM quarks via a Z’ boson. For the couplings defined

in eq. (2.1), we set g; = 0.1, a,, = 0.5 and g} = Mz /M,. The regions to the left of the cyan
curves (monojet search) and below the blue, red, green curves (darkonium resonance search) could
be covered. The horizontal yellow bands are excluded by the existing dijet search for Z’. In the
future, this search will cover all the region above Mz > 50 GeV but below the orange line.

derive a competitive limit in the parameter space of interest. However, future experiments
such as the upcoming high luminosity running of LHC at 14 TeV (expected luminosity up
to ~ 3ab~1), the high-energy high-luminosity LHC running at 27 TeV (expected luminosity
up to ~ 15ab~1 [61]), and a possible 100 TeV hadron collider [62], will enable us to derive
very useful limit in the parameter space where the dark matter bound states could be

produced. In figure 1, we show the region of parameter space that could be probed by
these future experimental programs.

3.1 Mono-X searches

The simple model in eq. (2.1) has served as the benchmark model for many mono-X searches
for dark matter at the LHC, where the dark matter particles x and ) are produced in
together with a SM particles. In particular, the “monojet” final states are characterized
with very large transverse missing energy (MET) plus one or more jets. A representative
Feynman diagram is shown in figure 2 (left). The gg initiated process is dominant because
of the large gluon parton distribution function (PDF) at small z. In the parameter space
where My > 2M,, the Z' boson could be produced on-shell in association with one or
more jets, qg — q + Z', followed by the decay Z’ — ¥ resulting in MET.
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Figure 2. Feynman diagram for a monojet event in xx production at LHC, due to initial state (left)
and final (right) state radiations.

Recent monojet analyses of the model by ATLAS and CMS collaborations can be
found in refs. [27, 28]. With g, = 0.1 and ap = 0.5, constraints derived from rescaling
the results in refs. [27, 28] do not yet place useful limits on the parameter space shown in
figure 1. However, according to our estimates, this will change with the future running of
the LHC at higher luminosities (300 fb™! and 3ab™!). The reaches are shown by the cyan
dot-dashed and dotted curves in figure 1. The region to the left of these curves could be
covered. With a large enough luminosity, the monojet constraint extends slightly into the
region where My < 2M,, where the monojet production is a 2 — 3 process, qg — gxX,
with the Z’ being off-shell. Nevertheless, the cross section decreases rapidly with increasing
dark matter mass, because the radiated jet needs to have a large transverse momentum, of
order a few hundred GeV, to satisfy the experimental trigger. This feature limits the ability
of using monojet channel to probe the parameter space deep in the Mz < 2M, region.

Instead of initial state jet radiation, one may also consider final state radiation of the
Z' boson, q§ — xxZ'. In the Mz < 2M,, region, the Z’ can only decay back to ¢g, which
appear as two jets. For a sufficiently light and boosted Z’, the two jets will be collimated
with each other and may appear as a single jet in the detector. In this case one could apply
the monojet analysis to this channel. However, the final state radiation process must be
initiated by ¢q initial states, see figure 2 (right), and the cross section is suppressed by the
anti-quark PDF over the gluon PDF compared to initial state radiation case. We include
this channel in our analyses and find the modification to the total monojet cross section
to be small (less than 10%). It is possible to study this channel further by exploring the
possible jet substructure [63], as well as displaced vertex [64] signatures.

3.2 Darkonium searches

The limitation of mono-X searches outside the Mz < 2M, region strongly motivates us
to consider additional possible dark matter production channels at the LHC, in particular,
bound states of x, x. These states are unstable and will decay promptly back (the decay
rates are given by eq. (3.3)) to SM quarks, appearing as dijet (or multi-jet) resonances,
which lead to very different collider signatures from monojet. We want to emphasize again
that the darkonium search here is different from direct searches of Z’ as dijet resonances
discussed in section 2.2. Here the Z’ plays the role of a dark force for the darkonium to
exist. The darkonium production cross section is proportional to its wavefunction at the
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Figure 3. Left: Feynman diagram for darkounium state T p production at LHC. The blue cross
represents the Y p-Z’ kinetic mixing given in eq. (2.10). Right: Feynman diagram for one of the
Y p decay channels, into two Z’ bosons, with the latter cascade decay into jet(s). The blue square
represents the Y p-Z'-Z’ vertex given in eq. (3.4).

origin thus depends on the Z’ mass and couplings. Constraining the formation of such
darkonium state allows us to indirectly constrain the dark force. We discuss these in detail
in this subsection.

3.2.1 7Y p production

As discussed in section 2.1, we will focus on the spin-1 darkonium state Y p at the LHC.
It is mainly produced via ¢g fusion and the Feynman diagram is shown in figure 3 (left).
The production cross section at a proton-proton collider takes the form

2
oo T (e ) 5 [ [ttt ()i ()] 02

SCM

where T = M%D /scM, scu is the center-of-mass energy of pp collision, and the parameter
Kk is given by eq. (2.11). In figure 4, we plot this cross section at various collider energies
(v/som = 14,27,100 TeV) as a function of the dark matter mass, M,, with My, = 50 GeV
and the other parameter fixed as in eq. (3.1). The choice of g} value follows from the
consideration in eq. (2.2). Here we calculated the cross section using the NNPFD [65] with
the PDF set NNPDF30_lo_as 0118 nf 6. After the production, T p will decay into two (or
more) jets as will be discussed in the section 3.2.2. We will use the dijet resonance search
data to set limits and estimate future reach at the LHC and higher energy colliders.

3.2.2 Y p decay

After production, there are three ways for the darkonium Y p to decay: 1) to ¢q via an
off-shell Z’; 2) to two Z’ bosons; 3) to three Z’ bosons. The partial decay rates are

_ Nygagy  AME

2
X !
8929/2(M2 _ M2/)5/2

r f= XX 2 W(0)> 3.3
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X



107 Mz=50GeV, g,=0.1, @,=0.5. g,'=Mz/M,
proton—proton collider
€ 105 .
;a 100 TeV
A
& 1000} 1
b
14 TeV
10 ]

0 500 1000 1500 2000 2500 3000
M, (GeV)

Figure 4. Production cross section of T p at the LHC as a function of the dark matter mass M,,.

where N is the number quark flavors that T p can decay into, and ¥(0) is given in eq. (2.9).
The calculation of non-relativistic bound state decay is reviewed in [66]. The first decay
channel is simply the inverse process of the Feynman diagram in figure 3 (left). The second
decay channel Yp — Z'Z' is possible only in the presence of nonzero g, coupling, which
violates the charge-conjugation (C') parity. The Feynman diagram for this process is shown
in figure 3 (right). The effective operator responsible for this decay channel is [67]

Or oz = EpwapTh 2" 2198 (3.4)

For the Tp — 3Z' decay rate, we work in the limit that g, > g;( and Mz < M,.
This allows us to derive an analytic expression for the decay rate, in analogy to that
of T — 3y decay in the SM [68]. Using the value of g} from eq. (3.1), we find that
Py, oz > Dy, 3z, ie., the three-Z' decay is always subdominant.

3.2.3 Dijet resonance search for Yp

With the above production and decay channels, we are now ready to quantify the experi-
mental constraints for Y p by recasting dijet resonance searches. To date, the ATLAS and
CMS collaborations have published several results on the dijet resonance search [29-32],
which covers the resonance mass from ~ 50 GeV to multiple TeV scales. These searches
assume the heavy resonance to have 100% decay branching ratio into ¢g.

However, in our model, Y p, as the heavy resonance, has more than one decay channels.
In order to properly interpret the LHC limits from dijet resonance searches, we need to
simulate the selection efficiency of each possible decay channel of Y p in eq. (3.3). To this
end we first create a FeynRules [69] model containing both the Z’ boson and the spin-1
darkonium Y p. In the model file we include the kinetic mixing in eq. (2.10) responsible
for the production of Yp, as well as the effective coupling in eq. (3.4) that mediates the
Y p decay. Then we use MadGraph5 [70] to generate the Y p production and decay to jets
at pp colliders, and run PYTHIA8 [71] and DELPHES 3 [72] for hadronization and detector

~10 -
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Figure 5. The efficiency factors for the Yp — ¢g (Effy, first tow) and Yp — 2Z" — 2(qq) (Effs,
second row) channels for passing the event selection cuts in three mass windows of dijet resonance
searches for new vector boson.

simulations. We follow the dijet event selection cuts described in [29-32] to derive the
efficiency factor, Eff;, for each Tp decay channel. In figure 5, we show the efficiency
factors for the Tp — ¢ and Yp — 2Z" — 2(qq) channels to pass the event selection
cuts in each mass window, which are called Eff; and Effs, respectively. We simulate the
production of T p at the LHC and take into account of its boost on event-by-event basis.
A lighter Yp is typically born with a higher boost, thus when it decays the opening angle
of final states tends to be smaller, leading to a lower efficiency factor. Such an effect is
shown in the upper left panel of figure 5.

It is worthwhile remarking on the dijet efficiency factor for Yp — 2Z" — 2(¢q) decay,
which is the following. Kinematically, when My, > My, the Z’' bosons from the decay of
Y p are boosted. For an T p produced at rest, the two jets from each Z’ have a maximal
opening angle

Mz
(ARjj)max = 2arctan FZ ) (3.5)
X

The formation of darkonium requires Mz < 6o M, /7r2 ~ 0.6 aer My, which leads to
(ARjj)max ~ 0.6 with the benchmark parameters. If the two jets are within the cone size
of 0;; < 0.4, they will be reconstructed as a single jet typically. There is an order 1 chance
for this to occur. This estimate is confirmed by the plots in the second row of figure 5.
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We find it convenient to define the effective coupling between T p and SM quarks

Zi BI“i X Effi

e (3.6)

9rp = 9gk
where i goes through all the possible Tp decay channels labelled in eq. (3.3). The sub-
label “1” stands for the Tp — ¢g decay channel. The upper limit on the effective coupling
gy can be directly read from the existing LHC limits on elementary Z’-quark-antiquark
coupling obtained in [29-32], for four mass windows (which is called g, there). Because
grp is a function of the all model parameters in eq. (3.1), an upper limit on gy, will
translate into a contour in the parameter space in figure 1. We find that the current LHC
data are not yet able to provide a competitive constraint in the plot. However, the further
running of high energy high luminosity LHC (at 27 TeV), as well as the possible 100 TeV
collider will do. To estimate the future reaches, we first scale the number of events with
the increasing integrated luminosities, by a factor

Ryum = Ltuture /Lnow ) (37)

where Loy are given in [29-32]. We then calculate the enhancement factors in the pro-
duction cross sections for both the signal,

R _=o% _ [olE (3.8)
and the background,
bk bk bk
R WgCM = ‘Fgc Ol3Tev (3.9)

and consider /scy = 14,27,100 TeV as the future collider energies. The T p production
cross section is given by eq. (3.2). The QCD background cross section for dijet production
at parton level goes as, ~ §7!. Note that the dijet search is a bump hunt. In practice, we
focus on a narrow dijet invariant mass window § ~ M%D. As a result, the proton-proton
level cross sections are proportional to the following quantities (the parton luminosity
defined in [73]), respectively

Slg SCMZ/ dqu/p fq/p( )v

e 2/ dx o @fan (3) + Faml@) o (5) + fopp@ o (5)] - (3:20)

1
2scoMm

[ ot (5) + dun @ (3) + o)t ()]

where 7 = M%D /scm.  We calculate the rescaling factors Rii/gSCiM and RE)/kch using
the NNPDF.

Therefore, the future upper bound on g, is expected to get stronger by a factor of

81g
V Rigm —2 e (3.11)
Vv SCM
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Figure 6. Feynman diagram for a x1-x2 bound state.

The future collider reaches are shown in figure 1 for three of the mass windows (blue, red,
green curves, with texts next to them denoting the corresponding future collider energy
and luminosity). The regions below these curves could potentially be covered.

3.2.4 Impact of the Majorana mass term on collider phenomenology

So far, our discussions of collider phenomenology are based on the effective Lagrangian
eq. (2.1) but with the Majorana mass term for y defined in eq. (2.3) set to zero. Here we
clarify the impact of a nonzero § on the dark matter spectrum and the bound state physics
LHC. In the presence of both M, and ¢, the mass terms for x can be written as

1, (M 6 X\ 1 o f—=i1\[(M-~-5 o0 i—i\ [ x
e () () =i (55) (ke G ()
(3.12)

Here we assume ¢ is a real parameter. The two Majorana fermion mass eigenstates and
the corresponding eigenvalues are

i 1
X1= E(X -X%), x2= ﬁ(erxC)’ My, , =M, F0. (3.13)

In terms of y12 fields, their interaction terms involving the Z’ boson now take the form

1 o ! A1 7 H
Loing = §Z;,L(X17X2) (9){7 V5 19X > (Xl) ‘ (3.14)

—igy " 9" )\ xe

In the parameter space of interest to bound state physics, Mz < M,, the constraint
eq. (2.2) indicates that the diagonal axial-current interactions are suppressed, g;( < gy
The vector-current interactions are dominant and they must be off-diagonal with respect
to x1,2. In this case, bound states made of a x; and a x2 particle can still form [52].
The long range force due to Z’ exchange alternates the two states along each fermion line
(see figure 6).

One can still write down a Schrédinger equation describing such a bound state, with
the reduced mass now defined as M2 52

X

—_— 1
I8 (3.15)

M:

Using this reduced mass instead of that in eq. (2.7), one can repeat the discussions in
section 2.1 to find the spectrum and wavefunctions. In the small 6/BE expansion, where
the binding energy BE is defined in eq. (2.8), the two results must agree at the leading
order. In figure 7 we show in green the region of parameter space with § > BFE. Outside
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of the green we could have § < BE ~ aiMX. For example, we show in green dashed line
in figure 7 where §/BE = 1/10. We expect the main results on bound state collider phe-
nomenology, derived based on pure-Dirac fermion assumption in the previous subsections,
remain unaltered.

This said, in the presence of nonzero §, the yo particle becomes unstable. For § > M/,
the following decay could occur, xo — x1Z’, whose decay rate is

9>2< (MX1 + MX2)2 + 2M%/} \/(MX1 + MX2)2 - M%'

Dyooxazr = (52 — Mg/)

3/2
167TM%,M>?(’2 '

(3.16)

For Aqcp < 6 < My, the decay of x2 has to occur through off-shell Z’, x2 — x1¢¢. In
the case 0 < M, Mz, the decay rate takes the approximate form

Nfg292
I‘X2—>><1qq = 207_‘_37(]1\42/55 + 0(56) : (3‘17)

For § < Aqcp, the final state ¢¢ will turn into meson states. Isospin singlet vector mesons
can directly mix with the baryonic Z’ boson. The decay rate for ys — yjw is

giggffj (MX1 + MX2)2 + 277%21} \/(MX1 + MX2)2 - mg)

2 213/2
Troiw = SRR (62 =m2)"", (3.18)
2

where f,, ~ 70 MeV is the decay constant of the w meson, (w|@y*u+dy"d|0) = V2 f,muel.
For § < my,, x2 could decay into x; plus pions via off-shell w; and for § < 2m, x2 has to

Te~ (or ptp~) through the (loop generated) kinetic mixing between

decay into 1 plus e
Z' and the photon. In practice, we require yo must not decay within the time scale of
the bound state formation, which is equivalent to requiring I'y, to be smaller than the
bound state binding energy. For this reason, in figure 7, we also shade out the region with

I's > BE in blue color.

4 Direct, indirect detections and early universe

In this section, we discuss the implication of dark matter direct and indirect detection
constraints on the model parameter space which was explored in the previous section,
using the same set of benchmark parameters given in eq. (3.1). We also address the
possible (thermal) origin of our dark matter relic abundance from the early universe.

4.1 Direct detection

We first consider dark matter direct detection, in the presence of a nonzero d parameter. In
this case, the dark mater splits into two Majorana mass eigenstates, x1 and yxo. Without
loss of generality, we assume 1 is the lighter one and exist in nature as the dark matter.
X2 is an unstable partner state. With the Z’-quark-antiquark coupling in eq. (2.1) and the
Z'-x1-x1,2 couplings in eq. (3.14), there are two types of xi-nucleus scattering processes.
One is spin-independent and inelastic, x1+N — x2+ N, whose cross section is proportional
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Figure 7. The white region corresponds the parameter space where our discussions on bound state
collider physics (see section 3.2) remain valid in the presence of a nonzero §, and where the dark
matter candidate x; satisfies the direct detection constraints (see section 4.1). Mz = 30 GeV here.

2

to the product of couplings, gigq. The other process is elastic, x1 + N — x1 + IV, whose

2 2

9qs
X 9q
quarks still couple to Z’ coherently via their number density, the spin vector of y; has to

cross section is proportional to g and depends on the spin of y;. Because the SM
be contracted with either its velocity ¥, or the three momentum transfer ¢. As a result,
the cross section is also velocity dependent and suppressed by the halo velocity squared
(Vhalo ~ 10*3c). This suppression makes the latter cross section safely small in view of the
current direct detection limits.

Next, we will examine the inelastic scattering more carefully. The nucleus-level scat-
tering cross section in the small ¢ limit is

(32)9293 13y 2o < L% )

oSt . o~ 1—
+T—=x24+T — 1 2
X X mMy, H1T V10

. (4.1)
HAT V000

where T is the target nucleus, and p17 = M,, My /(M,, + Mz). We also assume My is
much larger than the momentum transfer of the scattering. The state-of-art dark matter
direct detection limits are obtained by the PandaX-II [74], LUX [75] and XENONIT [76]
collaborations, where for dark matter mass of a few hundred GeV, the upper limit on the

2. The nucleon level scattering cross section

nucleon-level cross section is o5 < 10745 cm
can be calculated as o )
U>S<£N _ UX1+T—2>X2+T M12N ’ (4_2)

A Hir
where piny = My, Mn/(M,, + My), My is the nucleon mass. With the benchmark pa-

rameters given in eq. (3.1) and M, = 500 GeV, My = 50GeV, we find that in the § — 0

ST o
x1N —

limit, o 1073 cm?, which is much larger than the current upper bounds.?® If this was

3This cross section is still too large given the fact that the relic abundance of x1 could be underproduced
in a thermal history, where we find Q,, / Q%% > 107° for most of the parameter space (see discussions in

the next section for more details).
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the case, most of the parameter space shown in figure 1 would have been ruled out, where
we explored the LHC searches for dark matter.

The only way to suppress this cross section and get around the constraint is to turn on 9.
The phase space factor in eq. (4.1) implies a minimal y; velocity for the scattering to occur,
U > Umin = \/20/p1r [49, 50]. The usual assumption is that the halo dark matter velocities
satisfy the Maxwell-Boltzmann distribution which is peaked around vpeax ~ 270km/s and
has a cutoff at the escape velocity vesc >~ 544 km/s [77]. Therefore, if the minimal velocity
Umin > Upeak, the population of x; that could trigger the scattering process is exponentially
suppressed, and if vy > Vesc the process will be turned off completely.

We have calculated the lower bound on § numerically so that the direct detection limits
are satisfied, which is shown by the orange region in figure 7. Approximately, this bound
coincides with the kinematic limit,

esc *

1
o> §M1TU2 (4.3)

The main message from figure 7 is that there exist a large window of § (the white region)
where our collider discussions remain valid and the direct detection constraints are evaded.

4.2 Thermal relic abundance

Next, we discuss the dark matter relic abundance in this model. We will make the most
modest assumption that the dark matter x; and the SM particles were in thermal equilib-
rium with each other in the early universe. Its relic abundance is obtained thermally via
the freeze out mechanism.

There are several ways for x; to annihilate in the early universe. When M,, > Mz,
two x1 particles can annihilate into two Z’' bosons via a t- (or u-) channel x5 exchange.
The annihilation cross section is given by

(M>%1 _M2')3/2 2 12 2 /2]\42
My, (M2, + M2, — M2,)°

1

X
M2,

CONRCTE (9% — 69592 + d) + 89395

(4.4)

When M,, < Mz, the above annihilation channel is forbidden, unless one or both of the

7' bosons goes off-shell. We take into account another channel where two y; particles

annihilate into ¢g via an s-channel off-shell Z’. This is only possible via the diagonal Z’

coupling in eq. (3.14) which is an axial-current interaction involving two x1 particles. Its
cross section is given by,

N19\ 9, M5,

X 2
o g = . 4.5
( U)Xleﬁqq 9 [(] .7”%1 M2/)2 .7\[2,P2 /] Urel ( )

Here, the annihilation cross section is P-wave suppressed. A simple way of understanding
the P-wave nature is from parity. The total parity of a fermion-anti-fermion system (applies

t+1 where ¢ is the orbital angular momentum between the

to two x1 particles) is (—1)
two particles. The axial current (spatial part) has even parity. Therefore we must need
¢ = odd for the annihilation amplitude to be non-vanishing. It is worth noting that during

the thermal freeze out vyl ~ /61 /My, and Ty ~ M, /25.
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When the temperature is high enough, xs particles also exist in the universe. As a
result, eq. (3.14) permits another annihilation channel, the y; and x2 coannihilation. The
cross section is

3Nf9>2<gg(MX1 + MX2) My, My,

agv g — )
( )X1X2—>qq 27'(' [((Mxl +MX2)2 _ M%,)Q _|_ M2/FQZ/:|

(4.6)

which is an S-wave annihilation. For the values of § (which controls the yi-x2 mass
splitting) allowed in figure 7, we find 0 < Ty. Thus, the relative Boltzmann suppression
between 1 and x2 populations is not significant. In this case, we have (00)y,yp—qqg >
(0V)x1x1—qg because we have chosen g, > g;(. At the same time, we also take into account
of the y2x2 annihilation channels.

There is also another annihilation channel x1x2 — Z’Z’, which involves one diagonal
Y9X-
find this cross section is subdominant to x1x1 — Z’Z’ which is an S-wave annihilation

and one off-diagonal coupling from eq. (3.14), and is proportional to g However, we
contains a gfc term (eq. (4.4)), again because g, >> g, .

In figure 8, the blue solid contour shows where x; could obtain the observed dark
matter relic abundance [78], by requiring the total annihilation cross section for y; to be
equal to ovg, ~ 3 x 10726 cm? /sec. We also draw two contours of constant relic density
X1 in unit of the observed dark matter relic density (labelled by f; = 0.02 and 1073).
We neglect the non-perturbative Sommerfeld corrections to the cross sections which is
usually an order one effect for thermal freeze out. The shape the blue contours are similar
to those found in [79], although in our model we have also kept g, non-vanishing thus
more annihilation channels have been included. In the light blue shaded regions, the x1
annihilation cross section is smaller than oy, thus the dark matter would be overproduced
in a thermal history. Outside the blue shaded regions in figure 8, the relic abundance of x1
is underproduced. In this case, its relic density in unit of the observed dark matter relic
density is?

QX1 _ OUth

fl = = < ]., 47
o CT o
where (ovy, )tot is the sum of the cross sections in eqs. (4.4)—(4.6). This means that x; can

only comprise a fraction of the total dark matter in the universe.

4.3 Indirect detection

Next, we examine the dark matter indirect detection constraints, assuming x; comprises (a
fraction of) the dark matter candidate. We assume x2 do not exist in the universe today.
The indirect signals could arise from x;x1 annihilation in the galaxy or the early universe.
We will take into account of the lower limit of § derived from direct detection constraints
in eq. (4.3). With a nonzero Majorana mass, one cannot make the assumption that the
dark matter relic abundance in the universe is asymmetric and argue away the indirect
detection constraints [80-82].

4One might resort to non-thermal histories to account for the total observed relic abundance, which is
beyond the scope of current work.
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Figure 8. Cosmological constraints in the same model parameter space as figure 1 with the same
choice of parameters. Assuming a thermal history of the dark matter x;, it could obtain the
correct thermal relic density along the blue solid curve. The blue shaded region is because of the
overproduction of x1’s relic density. Outside the blue region, y; is underproduced and could only
account for a fraction of the total dark matter (shown by blue dot-dashed contours). The red spiky
regions are ruled out by indirect detection experiments due to the Sommerfeld enhancement, in
spite of the small relic density. All the white regions in this plot are still alive. Here, f; is the
fraction of observed dark matter relic density that is comprised of our dark matter candidate y,
defined in eq. (4.7). The “monojet” and “darkonium” territories denote the regions of parameter
space where the monojet and darkonium resonance search channels at LHC are most powerful, as
discussed in section 3 and shown in figure 1.

The Born level annihilation cross sections included in this calculation are eqs. (4.4)
and (4.5). For the P-wave annihilation, eq. (4.5), it is worth noting that the dark matter
halo velocity is a small number, v, ~ 1073, thus this cross section is highly suppressed.

On top of the Born-level cross sections, we also take into account of the possible
Sommerfeld effect in the total annihilation rate. This is especially important when the
mass of Z' is smaller compared the de Broglie wavelength of dark matter. We calculate
this non-perturbative factor by numerically solving the Schraonger equation, following the
pioneering works [45, 47, 83-87].

One clarification is necessary with a non-zero Majorana mass §, where the usual Som-
merfeld effect derived for pure Dirac fermion case needs to be modified. The key picture is
that a long-range Z’ exchange converts the 1y initial state into y2x2 intermediate state.
Because the typical potential energy is of order ~ aiMX, the usual Sommerfeld effect only
applies for § <« 0‘>2<Mx- We will assume that this is the case for simplicity. If ¢ is too large
compared to the potential energy, one can no longer cut the ladder diagrams which now
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becomes genuinely loop suppressed.” The interplay between § and BE in dark matter self
interaction was noticed and explored in detail in [52, 88].

With the benchmark parameters given in eq. (3.1), we can evaluate the effective cross
section for yi annihilation today,

(0V)eff = f12 S(00)y 127 +S’(ov)xlxlﬁqq , (4.8)

where S (§') is the Sommerfeld factor for an S- (P-) wave annihilation process, and the
factor f7 takes into account that y; may only comprise a fraction of the observed dark
matter relic density in our model, which is derived based on eq. (4.7).

An analysis on hidden sector dark matter annihilation has been performed in [89] which
takes into account that the annihilation into SM particles (quark and antiquarks here) could
occur via multiple steps. We adopt the model independent constraints from there. For the
dark matter mass range of interest to this work, the Fermi gamma ray observation from
dwarf galaxies [90] gives the strongest upper bound on (ov)cg. In figure 8, the red regions
show the parameter space which is ruled out by this indirect measurement. The spiky
feature is mainly due to the Sommerfeld effect. Clearly, the indirect detection constraint
can only exclude very limited regions. In the region Mz < 6ceg M,/ 7% where dark matter
bound states exist, we still need the future running of LHC and higher-energy colliders to
effectively probe this region (see also discussions in section 3.2).

5 Conclusion

The nature of dark matter remains mysterious to us after a tremendous amount of effort
in searching for them. This strongly suggests going beyond the existing approaches and
cast a wide net. One important aspect is to broaden the mission of existing experiments.
In this work, we propose reinterpreting the LHC di-jet (multi-jet) resonance search results
to look for darkonium bound states which occur in dark sector models with a light dark
force carrier and a sizable dark coupling with dark matter. We focus on a simple model
where the dark matter interacts with standard model quarks via the exchange of a vector
boson Z’, which is the same benchmark model widely employed by mono-X searches at the
LHC experiments. In the parameter space where the Z’ is weakly coupled to quarks but
strongly coupled to the dark matter, we show that darkonium channel is most useful and
highly complementary to mono-X searches. Both ought to be included and contrasted in
the analysis of future results from LHC and higher energy colliders.

We have also considered the dark matter production in the early universe as well as
direct and indirect detection constraints. We identify the parameter space where these
constraints could be weakened, and the reasons behind. The strong direct detection limits
can be evaded by turning on a small Majorana mass for dark matter and split the Dirac
fermion into two Majorana particles. As a consequence, this excludes the possibility of
accommodating the asymmetric dark matter scenario thus indirect detection must be con-
sidered. To derive the population of our dark matter today, we resort to a thermal history

5This also corresponds to the green region in figure 7.
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and assume it acquires its relic density via the freeze out mechanism. Because the dark
gauge coupling of interest to this work is order one (for bound states to exist), for dark
matter below a few TeV, it is underproduced and could only comprise a fraction of the
observed dark matter relic density. This suppresses the indirect detection limits even in
the presence of strong Sommerfeld enhancement effects. We find the above effects occur
in a large portion of the model parameter space, where the collider searches is the most
powerful in probing dark matter in this model.

Although all our findings are based on a very simple model, it is worth emphasizing
that the mono-X versus darkonium complementarity as well as some of the dark matter
features derived here are generic and applicable to many extended dark sector models.
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A Origin of a dark matter axial-current coupling to Z’

In this appendix, we present a simple model that could generate an axial current dark
matter coupling to the Z’. Under the gauged U(1)p symmetry, the left- and right-handed
components of dark matter y have different charges. The charge assignment is

field | U(1) charge

XL qr
XR qRr
@ qr. — 4R

We assume qy, # qr. The Lagrangian that respects U(1)p takes the following form

L =ixey"(0u — igpqrZ,)xr + iXrY"(Ou — i9BARZ,,) X R
+ [(0" —ignlar — ar) 2")6]" [0 — ign(ar — ar) Z})] + V(9)
+yXrxro +hc.. (A1)
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Because x 1, and x g have different U(1) charges, we cannot directly write down a mass term,

but instead a Yukawa coupling with ¢. We assume the scalar potential V(¢) is such that

¢ get a non-zero vacuum expectation value, (¢) = w/v/2. This vev breaks the U(1) gauge

symmetry giving a mass to V and also give mass to the fermion x via the Yukawa coupling.
The particle mass spectrum after the symmetry breaking is

My = gBlgr — gr|w,
M, = yw/V?2. (A.2)

The gauge coupling between y and Z’ can be rewritten as

_ qr + 4R qr — 4L
X 9= BT XZ,, . (A.3)

Compared to the definition of parameter we have been using, we have

qr +dqr /_ 4r — (L

If the charges ¢ and gr are close to each other, the coupling g;( is suppressed by the
difference, so is the mass of the vector boson My = 29;(11). In together with the fermion
mass, we also find the relation

24’ 1
N Y __ (A.5)
MZ’ \/iMX w
In general the value of the Yukawa coupling y is bounded from above by perturbative
unitarity, roughly y < v/4mw. Therefore, we find an upper bound similar to the one given in
eq. (2.2),
ﬁMZ’
g, s VI (A.6)
V2M,
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