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Visible collider signals of natural quirks
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Though some LHC searches for new physics exceed the TeV scale, there may be discoveries waiting to
be made at much lower masses. We outline a simple quirk model, motivated by models that address the
hierarchy problem through neutral naturalness, in which new electroweakly charged states with masses as
low as 100 GeV have not yet been probed by the LHC. We also describe a novel search strategy which is
complementary to current search methods. In particular, we show its potential to discover natural quirks
over regions of parameter space that present methods will leave unexplored, even after the LHC’s high-

luminosity run.
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I. INTRODUCTION

The Large Hadron Collider (LHC) continues to push
the frontiers of our understanding of Nature’s structure
by producing ever greater luminosities and energies. The
LHC’s discovery of the Higgs boson [1,2] and a host of
quantum chromodynamics (QCD) bound states [3] dem-
onstrate its power to pick out essential signals from the
remains of proton collisions. In addition, the LHC has made
critical measurements of Standard Model (SM) parameters,
such as masses and couplings.

As important as these results are, discovering beyond the
SM (BSM) dynamics is one of the primary drivers of the
LHC mission. Therefore, we must continually ask: are we
utilizing the full discovery potential of the world’s highest
energy collider? In this article we discuss strategies for
discovering motivated BSM states that are within the reach
of the LHC’s high-luminosity run. We show that novel
search techniques can meaningfully enlarge the discovery
power of the LHC.

In particular, we focus on an extension of the SM which
posits new particles charged under a confining gauge
group, similar to the SM quarks. Unlike in QCD in the
SM, however, it is assumed that all the states charged under

“Contact author: jdfors21 @byu.edu
“Contact author: matthew.w.low @pitt.edu
*Contact author: catenney @student.byu.edu
SContact author: verhaaren @physics.byu.edu

Published by the American Physical Society under the terms of
the Creative Commons Attribution 4.0 International license.
Further distribution of this work must maintain attribution to
the author(s) and the published article’s title, journal citation,
and DOI. Funded by SCOAP’.

2470-0010/2025/111(11)/115021(20)

115021-1

this new gauge group have masses much larger than its
confinement scale, A’. As a consequence, many of the
properties of QCD dynamics, like the formation of jets, do
not apply to these new fields.

Such an extension to the SM was first considered long
ago [4,5], but was more recently characterized for the LHC
era [6]. In particular, the latter work provided a thorough
phenomenological investigation of these objects and coined
the name “quirks” to refer to them. After production, a
strongly coupled particle and antiparticle are connected by
a tube of gauge flux as they fly apart. In SM QCD this flux
tube quickly fragments because it is energetically favorable
to pair-produce quarks with masses well below Agcp. For
the case of quirks, in contrast, this pair-production rate is
exponentially suppressed as there are no light states to pair-
produce. Thus, the quirks are always bound to each other
by this physical string of gauge flux. This can lead to long,
potentially nonstandard tracks that are visible when the
quirks are electrically charged [7-10], as well as other
interesting phenomena [11-13].

While this notion of quirks is quite broad, here, we
narrow our focus to the quirks that arise in theories
motivated by the electroweak hierarchy problem [14],
specifically the framework that has come to be known
as neutral naturalness [15]. These symmetry-based solu-
tions to the hierarchy problem involve symmetry partners to
the SM quarks that are not charged under SM QCD.
Typically, these quark partners are charged under an
SU(3) gauge group with coupling related to the SM value
at the scale of a few TeV. Because we have not yet
discovered the fields charged under this gauge group, they
are often referred to as a hidden sector.

Depending on the model these partner particles may be
completely neutral under all SM gauge groups [16-19] or
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they may carry SM electroweak charges [20,21]. The latter
class of models is bounded by LEP searches to not have any
electrically charged states below about 100 GeV [22]. In
these scenarios the new SU(3) gauge coupling runs to
higher values faster than the SM QCD coupling, leading to
confinement scales on the order of a few GeV [23].1 This
confinement scale ensures that quirk bound states appear
pointlike compared to current collider tracking. However,
as their dynamics, which differ significantly from the focus
of most collider searches, are less-studied, the current set of
searches are not suited to discover electroweakly charged
quirks.

The defining feature of a quirk model, the gap between
the mass of the states charged under the confining group
and the confinement scale, implies that glueballs make up
the lightest states of the bound state spectrum [25-28].
These works indicate that the lightest of these states have
JP€ quantum numbers of 0**, which means that it can mix
with the SM Higgs and undergo long-lived decays to SM
particles [29]. In realizations of neutral naturalness this
coupling arises (at minimum) from the top partners charged
under the new color group. Consequently, several studies
have considered how glueballs can be used to discover
these frameworks [17,23,30,31].

In this work we incorporate these glueballs into a new
search strategy for these natural quirks. In doing so we strive
to balance more general techniques and concrete models
in which such quirk bound states appear [19-21,32-35].
Similar in spirit to works such as Refs. [36-39], we employ
a simplified model of scalar quirks (“squirks”) charged
under a hidden SU(3) gauge group, which is motivated by
folded supersymmetry (SUSY) constructions [20,40-42].
While the results we find are specific to this model, many
of the qualitative conclusions are expected to apply more
generally, such as to other gauge groups and charge
assignments.

A particularly visible signal of these squirks occurs when
they make up an electroweak doublet. In this case bound
states with a net electric charge of O = 41 (denoted ¥,,)
can be produced through a W*. Due to their GeV confine-
ment scale this bound state deexcites promptly and its
constituents annihilate. Since W, has electric charge, its
dominant decay modes are to diboson final states: Wy or
W=*Z. Both the ATLAS and CMS collaborations have
searched for signals of new physics as Wy resonances
[43-46] and WZ resonances [47-50]. Some of these
searches have been recast as limits on electrically charged
squirk bound states [51,52].

In addition, there have been phenomenological studies
focused on how to strengthen the power of these searches.
Of particular note is Ref. [53] which pointed out a tree-level
zero in the differential cross section of the SM Wy

'"Variations, like a spontaneous breaking of the new color
group [24], can modify this typical result.

background. This observation might be utilized to reduce
SM backgrounds and strengthen their discovery power but
has not yet been implemented in LHC searches.

In this work, we reexamine this simple quirk system. We
find that past works have not recognized that the diboson
branching fractions are highly sensitive to the mass differ-
ence of the two states that make up the electroweak doublet.
Mass splittings of even a few GeV lead to a significant
weakening of the collider bounds. The upshot is that the
LHC may be producing, but not discovering BSM states
with electroweak charges with masses as low as one
hundred GeV. While the upcoming high-luminosity run
will improve the discovery potential using these methods
there is still a large region of motivated parameter space that
will not be probed by the currently implemented search
strategies.

To fully leverage this discovery opportunity, we describe
a new search strategy for the high-luminosity run of the
LHC. Rather than considering squirk production only,
we investigate the production of the squirk bound state
along with a gluon of the new confining gauge group. This
hidden sector gluon must hadronize into a hidden sector
glueball, which often produces a displaced vertex. While
the production cross section for this process is lower than
squirk pair production alone, the striking combination of a
prompt diboson resonance (from the squirk annihilation)
and the displaced vertex (from the glueball) is expected to
be effectively background-free. Therefore, this strategy
allows for a powerful new probe of many squirk scenarios
left undiscovered by current practices.

In the following section, Sec. II, we review the dynamics
of quirk bound states and the glueballs associated with their
confining gauge group. We estimate the time it takes these
bound states to deexcite due to photon or hidden sector
glueball radiation and review how glueballs of the new
sector can decay into SM states. Section III defines a
concrete, simple model that is used to demonstrate our new
search strategy. The current limits on the model parameters
are determined as well as the projected limits for the LHC’s
high-luminosity run. In Sec. IV we describe a new search
strategy, which utilizes the production of a hidden sector
glueball along with an electrically charged squirk bound
state. Our results show that these methods are comple-
mentary to existing techniques and can be used to probe
regions of parameter space that might otherwise be left
unexplored by the LHC. We conclude in Sec. V and
comment on interesting directions for further work.

II. REVIEW OF QUIRKS AND GLUEBALLS

This section reviews the dynamics of quirk bound states
from production, through deexcitation, and to annihilation.
This spin-independent, semiclassical analysis applies to
both squirks and quirks. In the rest of this work we use the
term quirk generally when results apply to both fermionic
and scalar particles. When the distinction is important we
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consistently use the term “squirk” to refer specifically to
scalar quirks. For instance, several particulars of the bound
state analysis are specific to the scalar nature of the particles
we focus on in this work. We also review some aspects of
glueballs in the pure Yang-Mills regime, especially how the
lightest hidden sector glueball can decay into SM states
through the Higgs.

A. Quirk dynamics

At low energies, states charged under a confining group
may be described as experiencing a linear potential
V(r)~or, (2.1)
where the so-called string tension o is related to the scale of
confinement, A’, by ¢ ~ 3.6A’% [54,55] and r is the distance
between particle and antiparticle. This parameter plays a
significant role when determining the dynamics of quirk
bound states.

At ahigh energy collider, like the LHC, a pair of particles
(with masses m; and m,) are produced at essentially zero
separation.2 In the center of momentum (CM) frame, the
magnitude of the initial three-momentum of each particle is

. Er M? + A% M?A?
=p(0) =—4/1 - ,
|p| p( ) ) \/ E% + Eﬁ}

where E7 is the total energy of the produced particles, M =
m; + m, is the total mass, and A = m; — m, is the mass
splitting.

As the particles propagate away from each other the
potential between them can be modeled by Eq. (2.1). In the
SM, the string connecting the particles is fragmented by
the production of pairs of light quarks. For a pair of quirks,
however, the string remains unbroken and determines the
subsequent dynamics. The particles in the bound state
evolve in time according to Newton’s second law,

(2.2)

dp _

i (2.3)

It follows that the velocity is

o(t) = p(0) — ot ’
V2 + (p(0) = o)

(2.4)

where m,, is the mass of the particle. This shows that the
bound quirks move apart with decreasing velocity until
the turning time f,, when the velocity becomes zero.

’If there is nonzero separation then there is some amount of
energy stored in the flux tube to begin with, but it is small
compared to the kinetic energy E; if the quirks are not produced
near threshold so the analysis above still holds.

The turning time is

lum = @ (2:5)

The particles then start to approach one another, and
assuming they do not annihilate, begin an oscillating
trajectory.

A full period of oscillation starts from creation, then to
the maximum separation between quirks where they have
zero velocity, then back past the creation point. They then
continue the other way to another turning point and then
finally back to the initial configuration with the quirks
moving apart. If we assume negligible energy loss, the
period of one full oscillation is simply 7" = 4¢,,,,. In reality,
the quirks can radiate energy into any boson they couple to.
This rate is typically small over a single period [56] so this
estimate for the period should be approximately correct.

If we take into account that energy is lost during every
period, we can estimate the time of a single oscillation by

T="C,
o

(2.6)

where p now represents the momentum of a quirk in the
CM frame at the beginning of that period. The angular
frequency is

A2 A \2 \%
w="% — 182 ~283 MeV 500 GeV)
2p p 5 GeV p

(2.7)

Neglecting the radiation of hidden sector gluons for a
moment, the bound state loses energy through the radiation
of photons as the quirks oscillate. The distribution of
photon energies is sharply peaked at the characteristic
frequency of the system given in Eq. (2.7) [56]. This
confirms that the emitted photons are quite soft when the
quirk kinetic energy is large. Indeed, the bound state
radiates much of its energy away into these soft photons,
the distribution of which has been identified as a way to
search for quirks [56].

A more precise calculation of the power radiated into
photons is obtained from the force from Eq. (2.3). This
implies that the magnitude of the relativistic acceleration is

a(t) =2 (1-12)2,

= (2.8)

which we insert into the relativistic Larmor formula. The
radiated power into massless gauge bosons by each quirk is

8 - - 8nac?
Py= ot (a1 = 0?) + (3-8 = e,
3my

V=30 (2.9)
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where we have assumed the velocity and acceleration are
always either parallel or antiparallel. By integrating the
total power radiated by each quirk, P =P, +P,,, over
the full period we find the energy radiated is

o _32maop (1 1\ _256zacp 1+4
period 3 m2 ' m2 3IM2 ( _Ai)z'
1 2 MZ

(2.10)

The time to deexcite to the ground state (E; — M ~ 0) is

Er—M

3 (5= D= 5p)”
Tdeexcite ~ ) .

" 64rac? 1+ [ﬁ_zz

(2.11)

This is the maximum time it takes the bound state to
deexcite. Any additional radiation—such as hidden glue-
balls—can only speed up the process.

One might hope that radiation into hidden sector gluons
is similar to photon radiation. There are, however, several
important distinctions. While a single photon can be
radiated with frequency set by the oscillations of the
system, a single hidden sector gluon cannot be radiated
as it is not a color singlet. At least two must be emitted to
form a glueball and the mass of the lightest glueball state
scales like my > A’ [27,28,57]. Thus, we might expect
the glueball radiation to go not like a,, but a2 and to be
suppressed by w/m in some way. This suppression may be
exponential, considering the photon distribution’s sharp
peak at the angular frequency of oscillation [56].

As perturbative radiation of hidden sector gluons looks
unlikely, one might turn to nonperturbative processes. If the
quirks pass by one another within a radius of A'~! they
enter a region of space where nonperturbative interactions
dominate. Here there is essentially a large hidden sector
gluon background, and hence no penalty to radiating
multiple hidden sector gluons. The relevant scales are A’
and the glueball mass, m,, so the classical oscillation
frequency is not expected to matter. Of course, making a
reliable prediction of this process is difficult. Radiation of a
hard hidden sector gluon in this scenario has an expected
amplitude scaling of mg® for fermionic quirks [6] or my®
for squirks [19]. If the gluon has sufficient energy, it can
pull a second gluon from the vacuum to form a glueball.
While this argument has been employed in some studies,
the reliability of this approach is unclear.

In what follows we simply assume that glueballs are not
radiated in the deexcitation process. If they are, deexcitation
becomes quicker which may increase the signal in the
searches we outline below. Therefore, our analysis is a
conservative one. This assumption also implies that we
cannot confidently use softly radiated glueballs to discover
quirk bound states. If a reliable method of estimating glueball
radiation is obtained, exploring how such radiated glueballs
can be used to discover quirks would be interesting.

While we do not consider glueball radiation from
deexcitation, glueballs do play an essential role in our
work. These are produced as a part of the hard scattering
where perturbative methods are well understood. There-
fore, we review some important aspects of glueballs below.

B. Glueball dynamics

Though hidden sector glueballs radiated through deex-
citation play no role in what follows, these lightest bound
states of the hidden confining sector are still essential to
our work.

The glueball spectrum for SU(3) has been determined in
lattice QCD [25]. The lightest state, J°¢ = 0+, has mass
about my ~ 6.8 A’ [26]. For confinement scales of a GeV, as
typically arise in realizations of neutral naturalness, this
implies the lightest glueball has a mass of a few tens of
GeV. Similar results hold for general SU(N), always with
0" as the lightest glueball state [27,28,57]. Hence, while
we focus on the SU(3) case, a similar analysis applies to a
wide variety confining hidden sectors.

The quantum numbers of the lightest glueball allow it to
mix with the visible sector Higgs. The strength of the
mixing depends on the structure of the hidden and visible
sectors, but can be parametrized as [29]

/ 2
T
a/ y2 (a)
=3 @) vhG,) GO + O(h?),  (2.12)
T

where / is the physical Higgs boson after it gets a vacuum

expectation value v/+/2 and the tensor G,(f;) is the hidden
sector gluon field with coupling o'. The combination
(y/u)* depends on the mass ratio of the SM top-quark
to hidden sector states with large coupling to the Higgs
field. In the case of folded SUSY, for example, this
coupling is generated by the folded squark loops that
couple the Higgs to the hidden gluons.

As shown in Ref. [23], the leading value for this coupling
in folded SUSY is

yz_ m? 1 n 1 X;
w1602 m%] m? m%m%z '

153

(2.13)

where X; denotes the mass mixing in the stop sector and m;,
are the two stop eigenstates. It is useful for us to define a

dimensionless parameter ¢, such that
2
y Cy
=== 2.14
ur o 40? (2.14)

For folded stops of twice the top-quark mass and X; = 0
we find ¢, = 1/8, which we take as a useful upper bound.
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FIG. 1.

Decay length in meters of the lightest glueball state, J*¢ =

30 40 50 60
my (GeV)

0™, This decay length is plotted as a function of the glueball mass,

mg, and the coupling parameter, ¢, which characterizes the coupling between the hidden gluon field and the SM Higgs. The red region

indicates ATLAS detector regions sensitive to displaced vertices.

As either the coupling of these particles to the Higgs is
reduced or the mass is increased the value of ¢, goes down.
Rather relying on a specific model, however, we simply
use this parameter—along with the lightest glueball mass
my—to characterize the dynamics of hidden glueballs.

As mentioned above, the lightest glueball can decay into
SM states by mixing with the Higgs [29]. The 0" decay
width is given by

a f ++ 2
F(O++ = XSMXSM) = |Cg|2 <_207_2)>
(2.15)

where m;, = 125 GeV is the mass of the Higgs boson and
['(h(mg) — XsmXsm) is the decay width of a SM Higgs of
mass mg. The parameter f++ = (0|TrG,,G**|0"") has
been shown by lattice calculations to be proportional to the
cube of the lightest glueball mass 4z’ fy++ mg [58,59].
Reference [58] found that 4zd/fo~/m3 = 3.14 £+ 0.83
while Ref. [59] obtained 4zd foi+/mj = 2.69 £ 0.27. In
our analysis we use the second, more recent and reportedly
less uncertain, value. See Appendix A5 for further dis-
cussion of how these values are obtained from the lattice
results.

As the glueball decay width is proportional to the decay
width of a SM Higgs of the glueball mass, we use
HDECAY 6.61 [60,61] to determine the Higgs width as
a function of mass. Using one-loop running (see
Appendix A 4 for details) we find the value of ' at the
lightest glueball mass is

o (mg) %021, (2.16)

Using this in Eq. (2.15) we find the decay widths for 0"
glueballs of various masses and couplings.

In Fig. 1 we plot the glueball decay length as a function
of the lightest glueball mass and coupling of the hidden
gluons to the Higgs. We also highlight, in red, the region
from 5 cm to 12 m, which approximates the regions of the
ATLAS detector used to detect displaced particle decays.
This makes clear that over a range of values there are
opportunities to use glueball decays to reduce SM back-
grounds when searching for quirks. In Sec. IV, we show
how the production of a glueball along with a quirk bound
state can significantly enhance experimental searches for
such states. In the following section we define the model
used to show the power of these searches.

II1. SIMPLIFIED SCALAR QUIRK MODEL

For this work we use a simple extension to the SM that
includes one generation of squirks (scalar quirks) with
gauge charges given in Table 1. These states resemble a
generation of folded squirks that arise in folded SUSY.
Importantly, they are neutral under SM color, but are
charged under a different, confining SU(3) gauge group.

The up-type squirk (labeled as i) has a mass mixing
matrix

TABLE I. Quantum numbers for the SM-color-neutral squirks
in our model.

SUB)qer SU@B), SU(Q2), U(1)y
0 3 1 2 1/3
U 3 1 1 —4/3
D 3 1 1 2/3
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FIG. 2. Tree-level production of squirk bound states from SM quarks. Diagram (a) produces a bound state . with net electric charge,

while the bound state ¥, in (b) is electrically neutral.

muXu

. (3.1)
m%l +m2 + DﬁR>

=N

<m2Ql —l—m%,—l—DuL
ms= =

*
muXu

where m; are masses of the respective fields, X, is a mixing
term that comes from interactions with the Higgs, and the
D-terms are given by

1 2 2
D;, = (5—55‘%‘/) mZ cos2f, Dy, = gm%s%v cos 2f3,

(3.2)

with sy = sin6y, which is the sine of the weak mixing
angle. The parameter f is the standard parameter for
describing the ratio of the vacuum expectation values of
the two Higgs doublets in supersymmetric theories, with
tan f > 1. We can construct a similar mass matrix for the

down-type squirk (labeled as d) by replacing the u and U
subscripts with d and D and using the D-terms

11 1
Dy =-— (5—55%,) mycos2f, Dy = gm%s%v cos2p.

(3.3)

To focus on the aspects of this construction most relevant to
the novel search strategy we are describing, we consider the
simple case of itz and dy being lifted out of the spectrum,
leaving just the doublet of it; and d,. That is, we take
my, p, > mp >m, 4. If we neglect the off-diagonal
terms we find that the difference in masses leads us to a
mass splitting

2
mg; —ms  m3, cos2f
= M N

(3.4)

where my, is the mass of the W and M = m; + my is the
combined mass of the squirks.

For tan f ~ 10 and 200 GeV < M < 2 TeV, we find an
expected splitting in the range —32 GeV < A < -3 GeV.
In general, therefore, we expect a mass splitting between
squirk flavors of a few to tens of GeV, though nonzero X, ;
terms affect the tight relation given above. In practice, we

simply take M and A as free parameters to illustrate which
mass configurations our strategy is most sensitive to.

These states can be produced at hadron colliders at tree-
level through s-channel SM vector bosons, see Fig. 2. The
analytic expression for the parton-level cross section is
given in Appendix A 2. A bound state produced through a
W (for example one having constituents g, and g}), has net
SM electric charge and is labeled by W.. Production
through a y or Z leads to charge neutral bound states,
which we denote by ¥,

If there is a mass splitting between the up-type and
down-type squirks, then the heavier state can f-decay into
the lighter. This can change a charged bound state into a
neutral one, or a neutral state composed of two heavy
squirks into neutral state composed of the two light squirks.
This is particularly relevant to W, decays, which are the
focus of this paper.

If a charged bound state f-decays into a light neutral
state before it fully deexcites, then the search strategies
outlined below do not apply. Therefore, determining the
timescale for f-decay relative to deexcitation is essential.
The three-body decay width of the heavy squirk through an
off-shell W is given explicitly in Appendix A 1, but roughly
scales like

10 GeV> 3

75~ (10712 s)< : (3.5)

where A is the mass difference between the squirks. The
probability for a bound state to fully deexcite before
p-decay is then

_ Ideexcite

Pdeexcite =e 7, (36)

where #4..,cite 15 given in Eq. (2.11).

A bound state with M = 1000 GeV and A = 10 GeV
produced at Er ~2 TeV has a 99.9% probability to fully
deexcite before f-decay. This probability drops, however,
t0 97.5% at A = 20 GeV, to 82.1% at A = 30 GeV, and to
42.4% at A = 40 GeV. The drop in probability is steeper
for larger M values, because less of the energy is available
for motion, which drives radiation and deexcitation. Thus,
while we do consider splittings as large as A =40 GeV,
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as A and M increase the signal strength suffers, indepen-
dent of production cross section.

In addition to the time a bound state takes to deexcite, we
must consider the characteristic time for the particles in the
ground state to annihilate

fann = FEI ’ (37)
where I' is total decay width of the ground state. Using the
formulas for the decay widths given in Appendix A 3 we
find that the lightest states with the smallest mass splitting
and smallest hidden sector glueball mass have decay times
on the order of 107!? seconds. Increasing the total mass,
mass splitting, or hidden sector glueball mass reduces this
time further. As these timescales are orders of magnitude
smaller than those of deexcitation or pf-decay, in our
simulations we treat annihilation as instantaneous.

A. Indirect constraints

A strong indirect limit on our squirk model comes from
the mass splitting between the two states. This difference in
masses contributes to the 7 parameter [62], or equivalently
to the p parameter [63]. We parametrize p, as

2
my

p(): 2.2 A0
mzcwp

(3.8)

where ¢y = cos 0y and p incorporates the SU(2)-breaking
effects from the Standard Model such that for the Standard
Model alone, p, = 1. The measured value is pg=
1.00031 4+ 0.00019 [63].

The contribution of a squirk doublet, with masses m; and
mj, to Po is

N.Gp ( dm*m3  m,
Apy = —= m? +mi — —1—21In— 3.9
L0 821 1 2 m%_m% ", (3.9)
N'.G.M? A2 A2\ 2tanh—1 &
_L[ — - (1——2> anA M}, (3.10)
16\/57[2 M M W

where Gy is the Fermi constant and N’. is the number of
colors in the new confining gauge group (three for our
model). For M > 100 GeV the limit on the splitting,
A = m; — m,, is nearly constant. At 95% confidence level
this limit is 4.9 GeV < A < 43.0 GeV. There is a lower
limit because the existing measurement is more than lo
from the SM prediction. We conservatively neglect the
lower limit which allows for additional new physics
contributions in addition to the squirks and take A <
43.0 GeV as the robust indirect limit on the mass splitting.
We saw above that mass splittings of more than about
40 GeV lead to fast f-decay times, so this result does not
impose much additional constraint upon the parameter
space probed by our search strategies.

B. Direct constraints

In this simple model, both the charged and neutral bound
states can decay into SM particles. The dominant decay
mode of the neutral squirk bound states is into hidden
sector gluons, which shower and hadronize into hidden
sector glueballs. As discussed in Sec. II B, the lightest of
these hidden sector glueballs may decay, through mixing
with the Higgs, into SM states. This has been discussed as a
potential discovery channel for these states [31]. The
modeling of pure gluon parton showering and hadroniza-
tion has recently taken significant steps forward [64,65].
However, the careful treatment of these neutral bound state
decays—especially those that decay through hidden sector
glueballs—is not considered here, but will be explored in
upcoming work. In this article, we confine our analysis to
signatures that include a prompt SM resonance from the
decay of the squirk bound state.

1. Bounds on neutral squirk bound states

As described in Ref. [6], the squirks are unlikely to
annihilate until they have shed sufficient energy to reach
their ground state. Consequently, the annihilation products
of zero-angular-momentum bound states dominate the
visible signals produced by these states. The lowest angular
momentum decay modes of neutral squirk bound states ¥,
are into pairs of gauge bosons: yy, yZ, ZZ, and WW. If the
states have significant coupling to the Higgs then additional
Higgs processes play a role [38], but we assume a
sufficiently small Higgs coupling to the squirks such that
these can be neglected.

In terms of collider signals, the diphoton channel is the
cleanest and most likely to lead to bounds from existing
collider studies. The calculation of the various neutral state
decay widths shows that the branching fraction into two
photons is never more than about 1%. This allows us to
make a conservative estimate of the lower bound. We
simulate the electroweak production of these states (using
up-type quark electroweak charges) in MADGRAPH [66] and
then apply a 1% branching fraction and compare with the
bounds from Ref. [67]. The results are shown in the left
panel of Fig. 3. We find the lower bound on the total mass
M of the bound state to be about 200 GeV.

When the squirk mass splitting A is closer to 40 GeV, the
branching fraction into WW final states is significantly
enhanced for TeV-scale squirk masses. To account for this
we also compare the squirk production cross section to the
WW resonance bounds from ATLAS [48] and CMS [68]. In
effect, we are taking the very conservative overestimate that
the branching fraction is 100%. Even with this choice we
find, as shown in the right panel of Fig. 3, that the cross
section to produce a ¥, bound state that decays into WW is
well below the experimental bound. Hence, there is no
additional constraint on the model from this channel. All
other decays into SM states are similarly unconstrained.
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Potential collider bounds from SM final states of decays of the neutral squirk bound state (. On the left (right) the bound is

from decays into yy (WW), assuming a conservative branching fraction of 1% (100%). We see that there is a lower bound on the

combined squirk mass M from diphoton searches.

2. Bounds on charged squirk bound states

Collider signals from charged squirk bound states ¥ are
larger than those from neutral states because charge
conservation prevents them from decaying into hidden
sector gluons. The only open decays for the ground state
W, are into Wy and WZ. Decay through an s-channel W
into SM fermions is forbidden for the ground state. The
reason is the vanishing relative velocity of the ground state
quirks [51].

As with the neutral bound states, the production and
annihilation of the charged states can be compared to LHC
searches. Previous studies [51,52] applied these methods
only when the squirks were degenerate. In the A = 0 limit,
the branching fraction to Wy dominates. As this final state
is experimentally simpler than WZ, the experimental reach
is correspondingly greater.

A careful analysis of the branching fractions, however,
shows that the A = 0 results change rapidly away from that
limit. We find that the ratio of the decay widths is

M?A?

8miym3 sy (Qu + Qu)?

Tyz _ S%VﬂWZ {
FW}/ C%VﬂWy

. <1+ 28 3A? h2 m§>]

—2s2 2

M(Qu+0Q4) MY Q,+0Qu)?* VM

1
O B
(i)
where phase space factors fyy and the other constants are
found in Appendix A 3. This shows that the WZ width
grows with M, compared to the Wy width, but this growth
is tempered by A. In the A =0 limit, this behavior is

completely absent.

In Fig. 4 we plot the branching ratios of the charged
bound state W, into Wy (solid) and WZ (dashed) final

states for several values of the total mass M using the full
formulas for the widths given in Appendix A 3. We see that

(3.11)

for small A the branching into Wy dominates, but also that
this behavior changes as the splitting increases. The larger
M is, the sooner the turnover, which agrees with Eq. (3.11).

The smaller M results show that there is a difference
between positive and negative A. This is due to the
difference in the electric charges of the two states (in
our plot we have defined positive A to correspond to a
heavier up-type squirk). This asymmetry is significant only
at low M. Because the branching ratio curves are essentially
symmetric for M 2 400 GeV in the collider study that we
outline in Sec. IV, we use 0 < A < 40 GeV (m; > my) as
an effective range for the splitting. Considering negative A
will change the exact results at low M, but should be
qualitatively similar.

This new understanding of these branching fractions has
significant consequences. In particular, the experimental
limits that have previously been applied to natural squirks
(like those of folded SUSY) must be reassessed for

1.0

0.8}

0.6}

0.4}

BR (W,-Wy/WZ)

0.2

0.0

A (GeV)

FIG. 4. Branching ratios for a charged bound state ¥, decaying
into Wy/WZ as a function of the squirk mass splitting (A) for
various total masses (M). The Wy signal dominates at small A,
but quickly turns over at a few GeV. The turnover point decreases
in A as M increases.
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FIG.5. Application of LHC diboson resonance searches to charged bound state ., production and decay. (a) Wy resonance searches
lead to experimental bounds on squirk masses. See Fig. 6 for bounds in the (M, A) parameter space. (b) Current WZ resonance searches
provide no additional experimental bounds, even when considering squirk mass splitting up to A = 40 GeV.

nondegenerate squirk masses. Since the WZ final states are
experimentally more challenging, the total experimental
reach is expected to decrease as A is increased.

To update the experimental limits we first obtain the
LHC cross section to produce the W.. bound state. This was
done both by convolving the partonic cross section given
in Eq. (A2) with the proton PDFs [69] and by using
MADGRAPH [66]. We find excellent agreement between the
two methods, but we use the MADGRAPH results in order to
make a consistent comparison with the search strategy we
outline in Sec. IV. This total LHC cross section was then
multiplied by the appropriate bound state branching ratio
(Wy or WZ). Finally, we applied the branching ratio of the
W or Z decays appropriate to the LHC search in question.

Our results are shown in Fig. 5. The left panel considers
the LHC Wy resonance searches [44,46] while the right
panel uses the WZ resonance searches [48,50]. We plot the
W, decay signal with A = 0 (in red) for comparison with
previous works. In addition, we plot the cross section at the
maximum value of A (in blue) for which there is any
experimental bound. For the WZ searches we simply plot
the A = 40 GeV lines for comparison. Solid lines indicate
a collider energy /s = 8 TeV, while dashed lines corre-
spond to /s = 13 TeV.

The Wy results on the left panel of Fig. 5 illustrate the
importance of A. In the A = 0 case the 13 TeV search by
CMS is probes higher masses, reaching M ~ 800 GeV.
However, for a A of about 10 GeV the CMS search is not
sensitive to the squirk bound state. In this case the 8 TeV
ATLAS search produces a much lower bound on the mass,
but even this disappears by the time A = 13 GeV.

In contrast, the WZ branching fraction increases as A
increases, as seen in the right panel of Fig. 5. Despite this
enhancement, however, we see that the experimental
searches are not sensitive enough to discover these bound
states, even up to A =40 GeV. We take this value our
upper bound, because larger splitting leads to a short

p-decay half-life and the charged bound state ¥ becomes
a neutral bound state ¥, before it annihilates, see Sec. III A.

The direct experimental bounds on this simple squirk
model are summarized in Fig. 6. The bound from neutral
bound states decaying to yy holds for all mass splitting, so it
appears as a vertical line in the A-M plane, with lower
values of M excluded. On the other hand, the bounds from
charged bound state decays only apply to a limited range of
A. The figure also shows in exactly which circumstances
the 13 TeV Wy bound is stronger than the 8 TeV bound.

Perhaps the most important lesson to be taken from this
plot is that there are motivated BSM states with order one
electroweak charges and masses of only a few hundred
GeV that are currently unconstrained by experiment.
Indeed, as M is the sum of the two squirk masses, currently,
states with masses even as low as 100 GeV are allowed.
This simple model stands a case in point that there is a
great deal of unexplored BSM physics that the LHC can
discover.

The immediate follow-up question is: “What can be
discovered during the high-luminosity run?” We make a
simple projection to get an idea for how the sensitivity of
these search methods will change during the LHC’s high-
luminosity run. Since the center-of-mass energy is the
same, this is done by relating the cross section sensitivity at
high luminosity oy to the current cross section sensitivities

oy by
Ly
OHL — 0y LZ—
HL

where L, and Ly are the luminosities associated with
current searches and the high-luminosity run, respectively.

This projection is included in Fig. 6 as the blue region
with dashed outline. Although this projection is only a
simple estimate, it gives an idea of how the sensitivity

(3.12)
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FIG. 6. Direct experimental bounds on our simple squirk model
as a function of the squirk mass splitting A and the total mass M.
Excluded regions from completed yy and Wy searches are
bounded by a solid line. The blue region with dashed boundary
shows the projected sensitivity for 3000 fb~! of integrated
luminosity with collider energy /s = 13 TeV.

might increase over the planned LHC runs. We find that the
discovery reach at A = 0 goes up considerably. The reach
in A > 0 also increases along the entirety of the bound.
However, there remains significant, motivated parameter
space for which current search strategies are unlikely to
discover these states, even for relatively low masses.

In the following section we outline a novel search
strategy which often has complementary sensitivity to
existing methods. By leveraging the dynamics of hidden
sector glueballs we can probe regions of much larger mass
splitting. We also find regions of overlapping sensitivity
that offer exciting opportunities to test whether BSM
signals in these channels can be associated with the squirk
scenarios discussed in this work.

IV. NEW COLLIDER STRATEGY

In the previous section, we determined that squirk bound
states, such as arise in folded SUSY, are only beginning to
be probed by the LHC. New techniques are required for a
thorough search for such states. In this section, we outline
one possible approach that employs the hidden sector
glueball spectrum associated with the squirks’ confining
gauge group.

This hidden sector glueball can produce a displaced
vertex in addition to the diboson resonance. As seen in
Fig. 1, only hidden sector glueballs with masses larger than
about 10 GeV are likely to decay within detector sub-
systems with meaningful abundance, and heavier hidden
sector glueballs have a higher probability to decay. This
means that there is some separation in mass between SM
particles with long lifetime and our signal hidden sector
glueballs. The combination of such a displaced vertex
along with a diboson resonance is expected to be

background-free. Consequently, this search strategy can
significantly improve the LHC’s potential to discover
squirks during its high luminosity run.

A. Resonance +displaced vertex method

We consider an electrically charged squirk bound state
that is produced with a hard hidden sector gluon, see Fig. 7.
The bound state obeys the usual squirk dynamics, leading
to a Wy or WZ resonance on collider prompt timescales.
The hidden sector gluon, however, must hadronize into one
or more hidden sector glueballs. The lightest, and hence
most abundantly produced, hidden sector glueball decays
with long lifetime through an off-shell SM Higgs into SM
states. In short, the hidden sector glueball can produce a
displaced vertex within LHC detector systems.

The cross section to produce a hidden sector gluon along
with the squirks is, of course, smaller than for squirks
alone. However, we expect the background to be signifi-
cantly reduced by the presence of the squirk bound state
resonance and the displaced vertex. ATLAS studied a
signal of 4-7 jets and found a detector-related background
of less than one event per 100 fb~! [70]. Their background
is primarily comprised of overlapping tracks that are
misidentified as originating from the displaced decay of
a heavy particle. Our signal has much less hadronic activity
and can be combined with a high-p; trigger for the decay
products of the energetic bosons. Another possible refine-
ment would be to target a particular displaced decay of the
hidden sector glueball. In sum, we expect that treating our
search as background-free is a very good approximation.

We use MADGRAPH [66] to compute the cross section for
the production of two squirks and a final-state hidden sector
gluon. This massless hidden sector gluon must then be
matched to a massive hidden sector glueball state in a way
that conserves energy and momentum. To accomplish this
we modify the total momentum of the squirk bound state
and the gluon to allow for a nonzero hidden sector glueball
mass. This is done in the CM frame by fixing the energy of
the total state produced through the W.

Specifically, the energy of the bound state (with mass M)
and the massless hidden sector gluon (whose three momen-
tum has a magnitude of p,) is taken to be equal to the
energy of the bound state plus a massive hidden sector
glueball with three-momentum ps. More concisely, we
require

N / Q
/QQQ/ g/
wE D
B »

ds h \ag

FIG. 7. Example of tree-level production of an electrically
charged squirk bound state ¥, and a hidden sector gluon.
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VM2 4 5+ py = /M2 + p - fmd 4 .

(4.1)

where m,) is the hidden sector glueball mass. In this equation we require p, > m. In other words, we require the energy of
the radiated gluon to be larger than the glueball mass. Solving for p; we find

2 2 2 2 2
- my M mg mg mg
po=ruy 143 (15 1) (1 =5im) 2 (i)

9 g

which is always real valued for p, > m;. MADGRAPH events
with p, < m are discarded and hence the effective differ-
ential cross section is reduced as my is increased. The
momentum magnitude from Eq. (4.2) is used for both the
squirk bound state and the hidden sector glueball, using
the CM directions for their momenta which were produced
by MADGRAPH. The two four-momenta are then boosted
back into the lab frame and the particles are evolved to their
final SM decay products.

1. Bound state simulation

MADGRAPH cannot describe the dynamics of a quirk
bound state after its constituents are produced. Therefore,
we simulate the subsequent dynamics directly. This sim-
ulation, however, does not carefully model the trajectory of
each particle, as these are not important to our analysis.
Rather, we utilize the MADGRAPH events as initial con-
ditions for the bound state and extract the quantities, such
as transverse momentum and pseudorapidity of the decay
products, necessary to check against the experimental cuts
on the final state particles.

As discussed in Sec. III B 2, the final states produced by
bound states is sensitive to the mass splitting A of the
constituents. At the same time, a nonzero A introduces the
possibility for the charged bound state W to f-decay into a
neutral bound state ¥, which cannot be discovered using
the methods we are describing. Therefore, for each squirk
production event we estimate the bound state’s deexcitation
time according to Eq. (2.11) and calculate the width for
p-decay using Eq. (Al). From these we calculate the
probability that the bound state deexcites and annihilates
before -decay according to Eq. (3.6). In each case we draw
a random number to determine whether the event in
question is to be kept (assumed to deexcite) or removed
(assumed to f-decay).

The bound state deexcites by radiating gauge bosons. We
assume no preferred direction to this radiation so that the
angular distribution of the bound state’s initial three-
momenta matches the distribution of the three-momenta
after deexcitation. The total three-momentum of the bound
state in its ground state is taken to lie along the same
direction extracted from the production event, but the
magnitude is reduced to account for the energy that has
been radiated.

(4.2)

Annihilation of the ground state particles into SM bosons
provides the prompt resonance of this search strategy. In its
rest frame, the bound state is replaced by two back-to-back
particles of the appropriate mass. The angular distribution
of these particles is taken to be flat. The vector bosons are
then decayed into the particles relevant to various searches
and boosted into the lab frame. In this way we can map
the produced bound state constituents to the resonance
searches performed at the LHC. In Appendix A6 we
specify the cuts used for each experimental search.

2. Glueball simulation

In each simulated event a hard hidden sector gluon is
radiated from a squirk. This hidden sector gluon hadronizes
into a hidden sector glueball, but which state is produced?
As usefully tabulated in Ref. [65], in SU(3) gauge theories
there are 12 glueball states which are often labeled by their
JPC values. The lightest state, with mass m, is 0+ and as
discussed in Sec. IIB this state decays into SM states
through an off-shell Higgs.

The other hidden sector glueball states are typically
collider stable [65] so they do not produce the displaced
vertices essential to our search strategy. For hidden sector
glueball masses at the higher end of what we consider,
some of the heavier states may decay with a short enough
lifetime to appear as a displaced vertex in LHC detectors.
However, in this range, the cross section to produce a
hidden sector gluon with sufficient energy to make these
heavy hidden sector glueball states is quite small. For
simplicity, we make the conservative assumption that only
the lightest hidden sector glueball produces displaced
vertices. However, we must still estimate how likely the
radiated hidden sector gluon is to become 0"+ as compared
to the other hidden sector glueball possibilities.

While the details of hidden sector glueball hadronization
are beyond the scope of this work we can make robust
predictions for the relative production of hidden sector
glueball states. Following Ref. [65], we estimate the
relative rate of producing a hidden sector glueball with
spin J with a thermal distribution

3/2 _
P () Ve |-y
0 had
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where m; > m is the mass of the spin-J hidden sector
glueball and T,, is a temperature that characterizes
hadronization. This form shows that higher-spin hidden
sector glueballs receive some enhancement. However, the
largest effect is the exponential cost of having higher mass.
This penalty on higher mass states depends crucially on
Taq- A larger temperature leads to less suppression of the
higher mass states. As argued in Ref. [65] this temperature
is taken to be independent of the process that produces the
hidden sector gluon. That is, it is a property of the confining
dynamics only. In that work a mild variation of possible
temperatures were considered, all of the form

Thad == K'A/ =K—, (44)

6.8

with x ~ 1. In this work we use x = 1.04, which is the
default value employed in Ref. [65]. Using this relative

weighting for the production of the different hidden
sector glueball species, for each production event we
draw a random number to determine whether the hidden
sector gluon hadronizes into a 0™ state or a heavier state.
Only hidden sector glueballs with mass below the
hidden sector gluon’s energy are considered as possible
final states.

After determining whether or not the hidden sector gluon
hadronizes into a 0™ state, we determine the probability
that this hidden sector glueball decays within various
subsystems of the ATLAS detector using the decay width
given in Eq. (2.15) and the detector volumes described
in Refs. [71,72]. The probability of decay is translated into
the probability for detection using the efficiency ranges,
which are provided in the same references. Although there
are differences between the two detectors, we expect the
detection probabilities to be qualitatively similar between
the two experiments.

35[  my=10 GeV 0 GeV 30 GeV 40 GeV 50 GeV S,
25 o
15 »
5 >
35 \
25 =3
15 \.\ £
5 T -—
35 ‘
25 Yy =3
15 ‘ 3
©
5 L >
35 \l \
;‘ o
© 25 2
S s =
< 5 — D
35
o
25 °
15 L - L S
5h h.. S ©
35 ATLAS Tracker
25 \s=13TeV, 3000 fb~' e
o
15I 8
3: Discovery Regions Excluded Regions
25 — Wy — Existing (<140 fo™) In
(=}
15 — Wz --- Projected (3000 fb™") 3
5 2

300 500 700 900 1100 300 500 700 900 1100 300 500 700 900 1100 300 500 700 900 1100 300 500 700 900 1100

M [GeV]

FIG. 8. Exclusion and simulated discovery regions in M and A inside the ATLAS Tracker at /s = 13 TeV and 3000 fb~! for various
(cg.my). Exclusion regions in black are due to Wy resonance searches by ATLAS [44] and CMS [46]. Simulated discovery regions in
orange (blue) indicate five or more events at a given (M, A) with a 0** hidden sector glueball decay within the tracker and a W*y
(W*Z) decay which passes the appropriate cuts (see Appendix A 6).
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B. Results

We parameterize our simple model in terms of ¢, (the
effective coupling of the Higgs to the gluons of SU(3)ocpy),
mg (the mass of the lightest hidden sector glueball), M (the
sum of the squirk masses), and A (the difference between the
masses). As a function of these parameters we simulate
the production, evolution, and SM final states of an electri-
cally charged squirk bound state ¥, and an SU(3)qcpy
glueball. For each simulated event we determine whether the
squirk decay products pass the cuts for the resonance search
and the probability of detecting a displaced hidden sector
glueball decay and record the fraction of the events that
satisfy these requirements as f (cg, mgy, M, A).

By using the cross sections produced by MADGRAPH and
our calculated branching fractions we can, for a given value
of integrated luminosity, translate these simulation results
into the expected number of events with both a diboson
resonance and a displaced vertex

Nyy=L-6(pp—T.g)-BR(Y.—>WV) 'f(Cg’m07M7A)v
(4.5)

where V =y, Z. Our target scenario is the high-luminosity
LHC, so we use a luminosity of £ = 3000 fb~!. Our high
luminosity LHC projections use a CM energy of 13 TeV.
We note that the cross sections were computed for 13 TeV
collisions so comparison could be made with the cut
strategies used in the 13 TeV resonance searches.
However, our results should still provide a reasonable, if
somewhat conservative, forecast of the discovery potential
of the LHC’s high-luminosity run.

In Figs. 8-10, we display our result corresponding to
displaced decays in the track, hadronic calorimeter, and
muon system, respectively. We shade (in orange) regions
where Nyy > 5 as a function of M and A. The solid
(dashed) curve indicates the bounds coming from Wy (WZ)
resonance searches. We also shade in gray the existing and
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FIG. 9. Exclusion and simulated discovery regions inside the ATLAS hadronic calorimeter at /s = 13 TeV and 3000 fb~! given
various parameter combinations (c,,m,). See the caption to Fig. 8 for descriptions of various regions.
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FIG. 10. Exclusion and simulated discovery regions inside the ATLAS muon system at /s = 13 TeV and 3000 fb~! given various
parameter combinations (c,,my). See the caption to Fig. 8 for descriptions of various regions.

projected bounds from current search methods, see Fig. 6.
The condition of five events is taken as a proxy for
discovery, assuming essentially zero background. Each
figure includes a grid of plots, scanning over several values
of ¢, and my.

The shapes of the discovery regions are due to a
combination of factors. The squirk production cross section
(similar to what is shown in Fig. 3) falls off for higher
squirk masses. Also, the number of MADGRAPH events that
lead to on-shell hidden sector glueballs goes down as the
lightest hidden sector glueball mass m goes up. In practice,
however, this ends up being a small effect. In addition, the
W, branching ratio into Wy (WZ) decreases (increases) as A
grows, and this effect happens more quickly as M increases,
see Fig. 4. The likelihood of f-decay also increases as A
increases. Finally, as detailed in Appendix A 6, the 13 TeV
WZ resonance search using fully hadronic final states
employs a 500 GeV cut on the transverse momentum pz
of the hardest jet along with a 200 GeV cut on the p; of the
next hardest jet. The kinematics of our process are such that

the two jets with highest p; typically have nearly equal
values. Therefore, when the mass of the bound state reaches
the TeV scale many more events begin passing this cut which
enhances the signal. This leads to islands of sensitivity
for M ~ 1 TeV.

The figures show that taken together, the various detector
subsystems can be used to probe a great deal of parameter
space which is left untouched by current methods. The
lighter hidden sector glueballs (~10 GeV) have longer
decay lengths, so only the muon system begins to have
sensitivity, and only for the largest values of c,. As the
hidden sector glueball mass increases, however, more and
more values of the ¢, can be probed. The muon system is
most sensitive to longer decay lengths, meaning smaller c,,
and the tracker to shorter decay lengths, meaning larger m,
and c,. The hadronic calorimeter usefully interpolates
between the tracker and muon system.

The figures also demonstrate how the Wy resonance
searches with a displaced vertex match the existing
resonance searches. Both are most sensitive to small A,
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though we do find much greater sensitivity to large A at
smaller M. What is perhaps more interesting is the powerful
complementarity provided by the WZ resonance searches.
These are most powerful for larger A, providing sensitivity
to different squirk scenarios. In particular, they illustrate the
previously unappreciated point that WZ resonance searches
can be the dominant signal of squirk models.

Along with the ability to probe unexplored parameter
space, our results offer the potential opportunity to thor-
oughly investigate these types of models where the dis-
covery regions overlap. If the high-luminosity LHC
discovers evidence of BSM physics in Wy resonances
(for instance) then parallel discovery or exclusion of
accompanying displaced vertices provides additional infor-
mation about the nature of this new physics. These overlap
regions offer the chance to over-constrain and significantly
test a natural quirk interpretation of any new signal.

V. CONCLUSION

The LHC continues to be the discovery machine for the
energy frontier. Though its searches for some types of new
physics have reached the TeV scale, there remain simple,
motivated extensions of the SM whose electroweakly
charged particles have not yet been discovered. We have
shown, using folded SUSY as an example, that the masses
of these new states may still be as low as about 100 GeV.
What is more, existing search strategies, even when
projected to the high-luminosity run, are insufficient to
discover these new states.

With this motivation we consider a simple model of two
squirks that make up an electroweak doublet. These squirks
can form charged bound states or neutral bound states. The
charged bound states decay into pairs of electroweak
bosons providing a striking resonance structure at the
LHC. However, the mass difference between the squirks
can make the more challenging WZ final state dominate,
weakening the discovery power of LHC searches.

However, like many realizations of neutral naturalness
[15], the gauge interactions that confine the squirks also
produces a spectrum of hidden sector glueballs, the lightest
of which decays to SM states with a long lifetime. The
displaced decays of a hidden sector glueball, in association
with the prompt diboson resonance, provide an opportunity
to discover these types of bound states. In this article we
show that this search strategy, when applied at the high-
luminosity LHC, can lead to new particle discoveries that
current searches would miss. Indeed, our strategy provides
complementarity to existing methods, having greater power
for larger mass splitting, unlike the usual approach.

There are also regions where the present methods and
our novel strategy both have sensitivity. A discovery
associated with these regions presents the opportunity to
stringently test whether the new physics is associated
with a neutral-naturalnesslike construction. It is likely that

continued effort will yield additional ways to more fully
explore and examine such new physics scenarios.

One avenue which we are already pursuing is the case
of neutral bound states. If these states are composed of
SU(2), singlets then the charged bound state analysis
discussed in this work would not apply. Such bound states
primarily decay into showers of hidden sector glueballs
[31,51], whose modeling has recently taken significant
strides forward [64,65]. Currently, we are working to
determine how the LHC can also effectively discover these
natural squirk bound states.
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APPENDIX: COLLECTED FORMULAS

In this appendix we record a few results useful for our
phenomenological study of squirks. These are related to
p-decay, the decay widths of the W, bound state, the
running of the new gauge coupling, and the cuts used in the
various diboson resonance searches.

1. Squirk pf-decay

A heavy squirk (with mass my) can decay to a lighter
squirk (with mass m;) and an off-shell W-boson. It is
convenient to define M = my +m; and A = my —my.
The three-body decay width is given by

G2A5
Fﬁ— / dey/ (1 —e)(1 — e8?)
1—|—5

de — (1+6¢)?
% (1+6)? (Al)

__(1+(‘5e) Az 2
[ 2T T ]

where 6 = % and my, is the mass of the W. For § — 0, the

integral evaluates to %, in agreement with Ref. [51].

2. Production cross sections

The cross section to produce the iid* bound state (which
we refer to as ¥, ) is
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_ 5 aZ T ﬂ3
d—ad) ==Y : A2
olud —~ id") = = T ni /5 (42)
where s is the CM energy, ay = ¢*/(4x), and
M? A?
ST
s s

Above, M = my +my and A = m; —mj. The o(du —
i*d) cross section through an s-channel W~ is identical.

3. Decay widths
We record the decay widths for the s-wave (ground state)
quirk bound state of mass M, which we take to be
approximately m, +m,; We use a formula from
Ref. [73] for squirk bound state decay widths into particles
of type i and j. The decay widths are given by

_ 3 RO
CRA(1+6;) M

L(q,33 — i) BilMyP. (A4)

with a Kronecker delta J;; to avoid double-counting final
states with identical particles, R(0) the radial wave function
of the bound state at the origin, |M;;?> the squared

amplitude for the given process, and f;; the final state
velocity given by

2 2 2,2
5, = l_mi—i—mj 2_ m;ms; (A5)
o M2 M4
We find
Saiy s} RO)P (| _miy Ay
FWy:T ]_W Qu+Qd_M , (A6)

where Q, and Q, are the electric charges of the up- and
down-type squirks, respectively. In addition, sy = sin Oy,
and A = m, — mg,, assuming m, > my.

For the WZ final state we find

36 |R(O) st A\
Ly, = Wﬁwz 0.+ 04 i

Mm* A? A
+m Kl _W>ﬁ%VZAWZ_ <Qu+ Qd_M)

m% +m3,\ |2
(=)

(A7)

with

2,2 2 A 2_ 2
B (Qu n Qd)(l _mz[i/;f’w) +SC%/VM (1 +sz;"W)
O (o (=

(A8)

These results are sufficient to determine the branching
fractions of the bound state into these two final states. In
order to determine the numerical width, to determine the
lifetime of the ground state, we must also find |R(0)|%.
While this cannot be generally accomplished, we make an
estimate, as follows, that should be sufficient to calculate
the lifetime.

The quirk ground state is in the Coulombic regime.
As discussed in Refs. [74-76], in these circumstances we
can model the quirks as experiencing the potential

V(r) = _CZC;/(F)’

(A9)

where C, = 4/3 is the quadratic Casimir for SU(3) gauge
theories and o/(r) is the value of the hidden sector strong
coupling evaluated at the scale r. The value of the ground
state wave function at the origin is then

w(0)f = (A10)

1
nay’
where a is the Bohr radius for this system and is given by

M? — A?

_— All
am ( )

ay' = Cyd (ay)

where we have expressed the usual reduced mass in terms
of M and A. Finally, the radial part of the wave function is
related to the total wave function by a factor of the
appropriate spherical harmonic Y, function. Since the
squirks decay from the ground state, with Yo, = 1/v/4x,
we have

2
RO = O 4[a'<ao>

M2 — Azr
[Yo0l? ‘

i (A12)
4. Running of o’

Here, we use the running of o' to find its values at a
couple of significant mass scales. Following Ref. [77] we
use the formula

A 1 bl 1 by/(2b) Al3
_mmP%M@JG#%M®> - (AL3)

to define the confining scale A’ of the new confining gauge
group. Here Q is the scale at which the coupling is
evaluated. Because there are no states charged under the
confining SU(N) group at low scales we have
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1IN
C12x°

17N

b =,
0 '™ 2on

(A14)

In the hidden sector glueball decay width we need the value
of o/ (mg) at the hidden sector glueball mass. This leads to

N 1 b, 1 b1/ (2by)
—Moep T 2bga,(mo)] \ by * boay(my) ’

(A15)

and the constraint

27 102 47 -
68exp(——m— )=t 7 )" (Al6
exP( llo/(mo)) <121+11a’(m0)> (A16)

where we have taken mg, = 6.8A’. This has the solution
' (my) = 0.21 as quoted in Eq. (2.16). Similarly, o' (m;)
can be found by solving

6.8mzeX 2z B Q—l— 4z ~i
my P\ 1ld(my)) ~ \121 " 11d(my))

(A17)

For a hidden sector glueball mass of my = 30 GeV, this
results in a value of o/ (my) ~0.14.

5. Glueball decay constant
Extracting the glueball decay constant f++ from lattice
calculations [58,59] can be nontrivial. Much of this is due
to differences in notation and normalization. Both of these
references report their results in terms of a value s.
In [58], s = g2fy++ = 4nma,fy++ and in their conclusion
they report a value of
s =15.64+3.2 (GeV)?. (A18)
However, this result is assuming that the hadronic scale
parameter r, takes its SM value of r5! = 410 + 20 MeV.
The more useful result is the dimensionless quantity sr}
which we find to be
srg =226 +57. (A19)
These authors also determine the spectrum of glueball
masses in terms of ry. In Table VIII we find that the 0
glueball mass satisfies
morg = 4.16 £ 0.11. (A20)
Because r, is common to both results we can therefore
express s (or fp++) in terms of the glueball mass. We find

drayfo =s = (3.14+083)md.  (A21)

We note that the foundational work [29] finds 4za, for+ =
3.O6m(3) which may be due to using the glueball mass
moyry = 4.21 £0.11, (A22)
obtained in Ref. [26]. In any case, we find it most consistent
to use the same source for the glueball mass and the gluon
matrix element, which leads to Eq. (A21).
Reference [59] also gives results in terms of a parameter
labeled s, but this differs from the definition in Ref. [58] so

we refer to it as s'. Specifically, s” is smaller than s by a
factor of 162%/11. They find

s'rd =11.6 £ 1.1, (A23)
and the lightest glueball mass
moro = 3.958 4+ 0.047. (A24)
These lead to
dra,for = 1?’1[ s (2.69 +027)m3.  (A25)

We see that the two results differ, but overlap in their
uncertainties. In this work we use the latter, more recent,
result given in Eq. (A25).

6. Cut tables

The cuts used in Refs. [45,46] for Wy resonance searches
and also used in our simulation are found in Table II. The
parameters used are the transverse momentum, pr, and the
pseudorapidity, n, for each of the relevant particles,
including the missing pr for the neutrino.

The transverse mass is defined as

mr =\ (Ef + Ef + pPR = By + 7+ BPOP. (A26)

where El is the transverse energy of the ith particle

given by
Ep = \/m} + |pr[. (A27)
TABLE II.  Cuts for the W(£v)y and W(JJ)y signals.
Quantity Leptonic Cuts Leptonic Cuts
pr (GeV) PS> 35 Pl > 200
ph > 30
pr (GeV) 0.4m7 < pi < 0.55m7 pr > 200
P (GeV) PSS > 40 e
W ne<2landn¢ ¢ [137.152] 4/ <20
nt <25
i W< 137 0 <137
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TABLE III.  Cuts for the W(£v)Z(£¢) and W(qq)Z(qq) signals.
Quantity Leptonic Cuts Hadronic Cuts
pr (GeV) s> 25 P> 500 (leading)
p5 > 27 (trigger-matched) pjT2 > 200 (subleading)
p[]I‘liss (GeV) p‘}liss > 25 o
Er]{liss (GEV) Er;}iss > 25 -
n n° < 2.47 and n¢ & [1.37,1.52] n <20
nt < 2.7
Other R, > 0.35

TABLE IV. ATLAS cuts for the WZ searches in semileptonic channels.

1-lepton Cuts

2-lepton Cuts

Quantity O-lepton Cuts merged resolved merged resolved
R R<1.0 R>10 R<1.0 R>1.0
p;(GeV) ‘ pr’ > 30 pg > 30 P > 30 P> 30
PSS (GeV) P > 50 PS> 25 PSS > 25 e
EXiss (GeV) EMiss > 250 EMiss > 100 EMiss > 60
pr (GeV) pr > 200 pr > 200 P> 60 py > 200 pI > 60

P> 45 P> 30
d n’ <20 7’ <20 ' <45 n’ <20 ' <25
0 n° <247 and n° & [1.37,1.52] n° <247 and n° & [1.37, 1.52]
<25
p¥ (GeV) p¥ > 200 Y >175
Other R,, >0.35 Rp, > 035 R,, > 0.35 Ry, > 035 Rp, > 035

The transverse mass is used to set cuts on the transverse
momentum of the photon, p%. A similar table for the cut
strategies used in the hadronic and leptonic WZ searches
[47,50] is seen in Table III. A new quantity is introduced

_ min(p}, p%)
T Ty,

R (A28)

which ensures that the transverse momenta for both the W
and Z are larger than the invariant mass of the two vectors.

Table IV shows the cut strategies for the semileptonic
WZ resonance search [48]. It is broken into the three most
easily detected cases, labeled by number of leptons. For
clarity, the O-lepton case refers to when the W decays
hadronically and the Z decays into neutrinos, the 1-lepton
case refers to when the W decays leptonically and the Z
decays hadronically, and the 2-lepton case refers to when
the W decays hadronically and the Z decays into two
visible leptons.
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