PHYSICAL REVIEW D 112, 055038 (2025)

Fermion-portal dark matter at a high-energy muon collider
Pouya Asadi,"”" Samuel Homiller®,>" Aria Radick®,"* and Tien-Tien Yu

'Institute Sfor Fundamental Science and Department of Physics, University of Oregon,
Eugene, Oregon 97403, USA
2Lab0ratory for Elementary Particle Physics, Cornell University, Ithaca, New York 14853, USA

1§

® (Received 12 March 2025; accepted 8 August 2025; published 26 September 2025)

In this work, we provide a comprehensive study of fermion-portal dark matter models in the freeze-in
regime at a future muon collider. For different possible nonsinglet fermion portals, we calculate the upper
bound on the mediator’s mass arising from the relic abundance calculation and discuss the reach of a future
muon collider in probing their viable parameter space in prompt and long-lived particle search strategies. In
particular, we develop rudimentary search strategies in the prompt region and show that cuts on the
invariant dilepton or dijet masses, the missing transverse mass Mr,, pseudorapidity and energy of leptons
or jets, and the opening angle between the lepton or the jet pair can be employed to subtract the Standard
Model background. In the long-lived particle regime, we discuss the signals of each model and calculate
their event counts. In this region, the lepton-(quark-)portal model signal consists of charged tracks
(R-hadrons) that either decay in the detector to give rise to a displaced lepton (jet) signature, or are detector
stable and give rise to heavy stable charged track signals. As a byproduct, a pipeline is developed for
including the nontrivial parton distribution function of a muon component inside a muon beam; it is shown
that this leads to nontrivial effects on the kinematic distributions and attainable significances. We also
highlight phenomenological features of all models unique to a muon collider and hope our results, for this
motivated and broad class of dark matter models, inform the design of a future muon collider detector. We
also speculate on suggestions for improving the sensitivity of a muon collider detector to long-lived particle

signals in fermion-portal models.
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I. INTRODUCTION

The only concrete evidence we have for dark matter
(DM) thus far comes from its gravitational effects.
Understanding the particle nature of DM, such as its mass,
spin, and nongravitational interactions, remains a major
goal in particle physics, spurring extensive experimental
and theoretical research (see, e.g., Ref. [1] for a recent
review). Despite these efforts, we have yet to observe any
clear signs of DM’s nongravitational interactions, sug-
gesting that any such interactions with the Standard
Model (SM) must be minimal. One approach to system-
atically study potential interactions considers DM residing
in a hidden sector, with its only connections to the SM

“Contact author: pasadi@uoregon.edu

‘Contact author: shomiller@cornell.edu
*Contact author: aradick@uoregon.edu
SContact author: tientien @uoregon.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’.

2470-0010/2025/112(5)/055038(29)

055038-1

mediated through a finite number of renormalizable
“portal” interactions [2]. As a result, the phenomenology
of the DM is encapsulated in the details of the portal
interactions, specifically the mediator and its SM inter-
actions, rather than those of the hidden sector.

One such portal is the “fermion portal” [3,4], which is
the focus of this work. Here, the mediator particle has the
same quantum numbers as one of the SM fermions,
allowing for a gauge-singlet operator and thus a connection
between the DM candidate and the SM. This class of
models has also been studied under other names, such as
flavored DM [5-13], effective weakly interacting massive
particles (WIMPs) [14,15], or color-charged mediator
models [16,17]. These models give rise to numerous
interesting experimental signals [3-21], foremost among
them a host of signals at colliders. While this setup allows
us to have multiple flavors of DM particle, which can open
the doors for many interesting model-building efforts (e.g.,
see Refs. [11,22,23]), the collider signals of the model are
for the most part independent of the number of flavors.
Instead, the precise phenomenology depends on the spe-
cific quantum numbers of the mediator. This includes the
mediator production cross sections, its decay channels and
branching ratios, as well as the SM backgrounds and final
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state signatures. Importantly, the production channels and
background can vary significantly between hadron and
lepton colliders, warranting dedicated studies for different
machines.

Much of the previous literature on fermion-portal DM
has focused on hadron colliders, such as the LHC and
future colliders such as HL-LHC and a proposed 100 TeV
pp collider. However, muon colliders have been proposed
as a viable path forward to higher energies with vast
potential for studying new theories beyond the Standard
Model (BSM) [24—36].1 Such a machine has recently
emerged as the leading proposal for a lepton collider to
push the boundaries of the energy frontier. The design of
such a collider and its detector, which has been referred to
as MUSIC,2 is an active field of research.

In this work, we expand the studies of fermion-portal
DM at muon colliders. Specifically, we focus on models in
which the DM abundance is set through a freeze-in
mechanism, which is a consequence of very feeble cou-
plings between the SM and the dark sector, and comple-
ments previous work that primarily focused on models with
freeze-out production. The freeze-in mechanism of fer-
mion-portal DM has been studied in Refs. [18-21,39]. In
particular, Refs. [19,39] argued that in such setups DM’s
relic abundance is determined via a duet of the superWIMP
mechanism [40-42] and freeze-in [43,44], i.e., the DM
abundance today has a contribution from the direct freeze-
in via the feeble portal interaction with SM in addition to its
mediator’s freeze-out and subsequent decay. This duet
gives rise to an interesting viable parameter space and
intriguing signals at colliders. It has been shown [19,39]
that, thanks to the superWIMP mechanism responsible for
DM abundance in the freeze-in regime, the viable DM mass
range is bounded from above and is within reach of current
and future collider searches. Furthermore, in contrast to the
more studied freeze-out fermion-portal DM, the freeze-in
regime models allow for both prompt and long-lived
particle (LLP) collider signals.

A previous work [39] focused on the signal of the right-
handed (RH) charged lepton-portal at a muon collider. In
this work, we extend that study to the remaining fermion
portals. More explicitly, we will study the signals of models
where DM couples to 1) a left-handed (LH) lepton L, 2) a
LH quark Q, or 3) a RH up-type quark u (the case of the RH
down-type quark is similar to the RH up-type quark
scenario). We note that different quantum numbers of
the mediator give rise to qualitatively different signals at
a muon collider, such as disappearing tracks for the LH
lepton model or R-hadrons for the quark models. In our
analyses, we assume the DM interacts with all generations

'See also Ref. [37] for proposals for uu" and ute~ colliders
with interesting potential reach in BSM models.

’MUon Smasher for Interesting Collisions [38]. While other
detector designs exist, we will specialize to the MUSIC design for
a muon collider detector in this work.

of SM fermions equally and leave studies of more struc-
tured interactions with different generations of SM particles
to future work. Our goal is to delineate the reach of a high-
energy muon collider in the parameter space of motivated
DM models, while elaborating on details of the signal and
the background that may prove useful in future develop-
ment of a detector design.

We also augment our previous work by including the
parton distribution function (PDF) of the muon component
in the muon beam [45-50]. Unlike the effective vector
approximation (EVA) for the PDF of gauge bosons, the
muon PDF is not implemented in MadGraph [51]. We
develop a methodology for performing this integration,
which provides more accurate predictions for the signatures
of our models. We find that the inclusion of this PDF is
necessary for an accurate calculation of event distributions
and will have nontrivial effects on our predictions for the
reach of a muon collider in the parameter space of fermion-
portal DM models.

The rest of this work is organized as follows. In Sec. 11
we introduce the different fermion-portal models. We also
discuss their relic abundance calculations in the freeze-in
limit and show that the phenomenologically viable DM
masses are bounded from above. We then discuss the
implementation of the muon component PDF in the event
generation pipeline in Sec. III and show that, while the total
cross section does not change, the nontrivial muon com-
ponent PDF affects the event distributions more signifi-
cantly, which has important implications for a search for the
fermion-portal models. In Sec. IV we study signals of
different fermion-portal models at a muon collider. We
propose a simple cut-and-count analysis in the prompt
mediator decay part of the parameter space, which allows
us to discover each model for the most of the kinematically
accessible mass range; we also report the event count rate
in the long-lived mediator region. We conclude and
discuss some implications of our results for a future
detector design in Sec. V. In the Appendix, we discuss
the small, yet crucial, mass splitting between mediators of
different charges in models where the mediator is charged
under SU(2),.

II. FERMION-PORTAL MODELS IN
THE FREEZE-IN REGIME

As one of the only a handful of renormalizable portals
to a secluded dark sector, fermion-portal models constitute
a very well-motivated target for various studies. These
models can give rise to a wide range of interesting
phenomenology, including signals at various experimental
searches (collider, direct and indirect detection, precision
flavor experiments, etc.) [5,9,14—-17,52-61], novel ways of
guaranteeing DM stability [6,8,62,63], their potential role
in baryogenesis and explaining the cosmological coinci-
dence problem [11,22,23], and as part of the explanation of
existing experimental anomalies [64—68].
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In this work, we focus on the regime in which the DM is
produced via the freeze-in mechanism [43,44]. In this
regime, the DM has a very feeble coupling to the mediator
and the SM, which can lead to interesting LLP signals at
colliders. The exact phenomenology, as well as the relevant
areas of parameter space, of such models at muon colliders
depends on the precise nature of the fermion portal.
Reference [39] studied the RH charged lepton-portal
(“e model”), carrying out studies of its prompt and long-
lived particle signatures at a future muon collider. In this
work, we expand on Ref. [39] to include the three other
combinations: the LH lepton-portal (“L model”), the RH
quark-portal (“u model”), and the LH quark-portal
(“Q model”). Specifically, we introduce the details of each
model and calculate the values of the mediator-DM coupling
that give the correct abundance as a function of mediator and
DM masses. Determining this coupling, in turn, fixes the
lifetime of the mediators in each model, which drives the
model’s phenomenology at a future muon collider.

The basic cosmological history behind all four models is
the same. In all the scenarios, we will assume that the reheat
temperature of the universe is above the mediator mass and
the gauge interactions of the mediator keep it in equilibrium
with the SM bath. As the universe cools and expands, the
mediator goes through the standard freeze-out process, and
subsequently decays to the DM y and the ¢ mediator’s SM
counterpart. Meanwhile, the DM particle y is directly
populated through freeze-in via the feeble coupling
A < 1, where the contribution is proportional to the decay
rate of the mediator ¢ into DM and SM [39].

Through this cosmological history, we can gain some
general intuition for the dependence of the relic abundance,
and therefore the required 4, on m, and m. In much of the
parameter space, the model’s relic abundance today is
dominated by the direct freeze-in of DM. For a fixed m,
the required 4 decreases as m, increases. This can be
understood as follows. Fixing m, fixes the number of y
particles that result from the freeze-out and decay of the
mediator ¢. Since the energy density of the DM y increases
with increasing m,, the value of A, which controls the
freeze-in contribution to the DM abundance, must decrease
to compensate. For a fixed m,,, the required A increases as
my increases. An increase in my, leads to a decrease in the
asymptotic contribution of direct freeze-in to the final
number density (see Ref. [44] or the Appendix of
Ref. [39]). This decrease is compensated by an increase
in 4 in order to populate the observed relic abundance.

As we go to larger values of my with a fixed m,,
eventually the freeze-out and decay of ¢ will result in an
excessive abundance of y particles that overcloses the
universe, even neglecting the direct freeze-in contribution.
As aresult, for each m, there is an upper bound on the value
of m,, that allows us to explain the observed DM abundance
today [69] without overclosing the universe. Our entire
relic abundance calculation is done with the assumption of

the eventual ¢ — y + SM decay, which requires m, 2 m,;
this limits the viable mediator mass range from below. In
addition, there are lower limits on m, which arise from
structure formation and require m, to be larger than
O(10 keV) [70],* as well as collider bounds on the
mediator [71-80]. Therefore, the viable my vs m, param-
eter space is bounded from all directions.

We begin with a brief review of the results from solving
the Boltzmann equations for the ¢ model before calculating
all the relevant quantities for the remaining fermion-portal
models: L, u, and Q models. The list of Feynman diagram
topologies relevant for these calculations can be found in
Table I. The 2-to-2 processes are relevant for the annihi-
lation and freeze-out of the mediator, while the 2-body
mediator decay is the dominant source of DM freeze-in.

A. Right-handed leptons portal (¢ model)

For completeness, we briefly discuss the RH charged
lepton model studied in Ref. [39] and summarize the main
features. In this scenario, we add to the SM a scalar
mediator ¢,, which shares the same SM gauge charges as
the RH charged leptons, and a SM neutral fermion y,

ﬁienrtnodel B} _m;()_(a)(a - m421§|¢e‘2 - A’i,(l¢eéij(l’ (1)

where a(i) is the DM (SM) fermion flavor index and e is
the RH charged SM lepton. m and m,, denote the mediator
and DM masses, respectively. 4 is the DM Yukawa
coupling that determines its freeze-in relic abundance;
for simplicity, we assume the DM has the same coupling
to all generations of SM leptons. The choice of the flavor
texture can affect the relic abundance calculation and
collider signatures.

The DM is also populated through the freeze-out produc-
tion (¢t ¢, <> F, where F €€, yy,qq,ZZ, WW]) and
subsequent decay of the mediator (¢pF — #*y). Solving
the Boltzmann equations for the DM relic abundance gives an
upper bound on the DM mass of

mgmedel <36 TeV, (2)

see Ref. [39] for a complete treatment of the Boltzmann
equations. The Yukawa coupling that gives rise to the correct
relic abundance today and the mediator lifetime, as a function
of mediator and DM mass, are shown in Fig. 1.

B. Left-handed leptons portal (L model)

The next portal we consider is the LH leptons portal,
which has the following Lagrangian:

L_Lmodel ») _/Lq)TLLl)‘( — m}()‘(){ — m(Z/)CI)z(DL + H.c. (3)

nt

3These bounds can be relaxed if the freeze-in DM is a
subdominant component of the total DM abundance [70].
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TABLE I. Decay and production channels for the mediators in fermion-portal dark matter that are relevant for both the Boltzmann
equations and collider studies. For each topology, we report the specific process in each model in different columns. The red dot in the
first row denotes the freeze-in coupling 4, while the black dots denote the SM gauge couplings. The first two rows denote possible decay
topologies, while the last two rows give the annihilation topologies that are relevant for the Boltzmann equations, as well as for the
collider production of the mediators. Here V stands for any of SM’s electroweak gauge bosons; the subscript on each mediator denotes

the model to which they correspond.
Topology e model L model u model QO model
' b > ey Py = vy by — uy ¢2Q/3 = uy
— ¢r =% by = dy
!
br = P ¢2Q/3 - ¢él/3e+ve

2/3 ,-2/3
W—>¢Q/ ¢Q/

up = ¢ P
= pedp, up = ¢ up = puhy w = ¢y by "
(VY .VV V.V N &
VV = i dr VV = ¢y’ dy
FOVUOS A o VV — ¢e¢e VvV - 4726/72 VV — ¢u¢u VV - ¢1Q/3¢él/”5
VV = § ot vV 93 0y’

Here, L is a left-handed SM lepton, i denotes the SM lepton’s e model, we now have two mediators, a charged and neutral

flavorindices, ®;, = <;’2) isacomplex scalardoubletwiththe ~ mediator, which are nearly degenerate in mass, split only by
same charges as L unde; the SM gauge group, y and 7 are the ~ 23Uge interactions atone-loop [81] (see the Appendix for more
LH and RH DM particles, and the subscript L on the new fields detail). The existence of a charged mediator introduces addi-

refertothefactthatthey belong tothe L model. Incontrasttothe  tional channels to the early-Universe production of the DM as

A required for QA% = 0.12 (e Model) #. Lifetime 74 [ns] (e Model)
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FIG. 1. e model: (left) The DM Yukawa coupling, 4, that gives rise to the correct relic abundance today. Here, we have taken the
coupling 4; = 4 to be the same for all fermion flavors. The interplay of the freeze-in and superWIMP mechanisms gives rise to an upper
bound on DM mass. The top right gray region is excluded from overclosure constraints, while the bottom right gray region is
kinematically not allowed in our scenario. Strong astrophysical bounds rule out m, below ~10 keV [70], giving rise to a completely
bounded parameter space. (right) ¢, lifetime as a function of m, and m,. The green and pink regions indicate current LHC slepton
constraints from Ref. [77] and Ref. [80], respectively. For all the points above (below) the dashed purple line, the mediator appears as a

promptly decaying (long-lived) particle in colliders.
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A required for Q,h? = 0.12 (L Model)
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FIG. 2. L model: The DM Yukawa coupling, A, that gives rise to
the correct relic abundance today. Here, we have taken the coupling
A; = A to be the same for all fermion flavors. The top right gray
region is excluded from overclosure constraints, while the bottom
right gray region is kinematically not allowed in our scenario.
Strong astrophysical bounds rule out m, below about ~10 keV
[70], giving rise to a completely bounded parameter space.

there are new Feynman diagrams involving the electroweak
couplings.

As before, we will assume the same Yukawa coupling
A; = A between the new particles and all generations of
SM’s L fermions. We solve the Boltzmann equations for
this model to get the relic abundance today as a function of
the coupling A. Figure 2 shows the required values of the 1
coupling that give rise to the observed relic abundance
today. Note that compared to the ¢ model, the values of A
are slightly smaller. This can be understood as a conse-
quence of the additional DM production channels arising
from its nontrivial SU(2), transformation.

The combination of the two excluded regions discussed
above gives rise to an upper bound on DM mass,

mkmodel <30 TeV. (4)

Using the values of 1 in Fig. 2, we can calculate the lifetime
of each mediator for each point in the parameter space. The
result of this calculation is shown in Fig. 3. For lifetimes
less than 7, ~ 107! ns, the mediator is short-lived enough
to appear as a promptly decaying particle at a collider,
while for lifetimes 7, 2 107" ns, we will have LLP
signatures. Note that in the prompt region both mediators
have similar (short) lifetimes, thus they both appear as
promptly decaying particles.

The difference in shapes of the lifetime contours between
the neutral and charged mediator is due to the available
decay channels. The neutral mediator in this setup can only
decay via the small freeze-in coupling (¢? — vy), see the
first row diagram in Table I. The charged mediator ¢;, on
the other hand, has two decay channels which leads to

qualitatively different features. The first channel is the
analogous ¢F — £*y decay via the small freeze-in cou-
pling. The second arises via an off shell W boson
(¢ — §)¢*D), see the second row diagram in Table L.

The phenomenology of this model at colliders is affected
by the branching ratio of the charged mediator into different
possible final states (see the first two rows from Table I).4
The branching ratios for different possible decays are
shown in Fig. 4. In the prompt region of the parameter
space, ie., 7, <1072 ns, the charged mediator over-
whelmingly decays to a DM and a charged lepton. Thus,
the main signal of the model at a collider in this region is a
pair of charged leptons (as the mediator is pair produced)
and missing energy. In the LLP regime, the mediator
mostly decays to the neutral mediator and soft undetectable
leptons. When this decay channel becomes dominant, the
lifetime of the mediator becomes independent of the DM
mass or its 4 coupling, as shown in Fig. 3.

It should be noted that the charged mediator ¢7 is
produced with a boost. For large enough boosts, the
daughter charged lepton in the decay ¢F — ¢0¢*v will
be detectable. In the prompt region the branching ratio to
this decay channel is small (see Fig. 4) so the rate for this
signal is suppressed. In the LLP regime if this lepton is
boosted enough to be detectable, we will find a lepton and
missing energy when the ¢* decays.

C. Right-handed quarks portal (x model)

The next class of models we consider are the RH up-type

quark—portal,5
Lmotel 5 iy iiy = my gy — mydligp, +He.,  (5)

where now the mediator ¢, is an SU(3), fundamental,
charge 2/3 scalar. Here the subscript u refers to the fact that
this is the # model mediator. As the mediator now carries
color, this model has a distinct phenomenology from the
lepton models. For example, the freeze-out of the mediator
receives contributions from color-mediated annihilation
channels, which have larger cross sections than the pre-
viously considered setups. As a result, the mediator will
have a higher annihilation rate, which results in a smaller
asymptotic freeze-out abundance for DM after the mediator
decays. To compensate this, the required 4 couplings to get
the right relic abundance today, and the upper bound on
DM mass, are larger than the lepton-portal models.

The required values of A coupling that gives rise to the
observed DM relic abundance today are shown in Fig. 5, from
which we can read off the upper bound on the DM mass,

“There is also a 4-body decay channel that is at most at the
percent level in the parameter space of the model, and can be
safely neglected in our study.

>The RH down-type quark-portal has qualitatively similar
signals and are not studied separately in this work.
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L model: The lifetime of the neutral (left) and the charged (right) mediator. For every point in the parameter space we assume

the freeze-in coupling 4 is set to the value that gives rise to the observed DM abundance today, see Fig. 2. Both mediators span a large
range of lifetimes, from promptly-decaying at a collider (above the dashed purple line), to behaving as an LLP across the rest of the
parameter space. The green and pink regions indicate current LHC slepton constraints from Ref. [77] and Ref. [80], respectively. The
neutral mediator can decay only via the freeze-in coupling 4, while the charged mediator can also decay to the neutral one via an off shell
W, see the text for further details about the shape of contours in these plots.

(6)

mimodel <67 TeV.

It should be noted that given the current bounds on the color-
charged mediator ¢,,, the freeze-out happens in the deconfined
phase of QCD and at high enough temperatures that we can
treat the strong interactions as perturbative.

Finally, using the values of A from Fig. 5 we can calculate
the lifetime of the mediator in this setup. The result is
shown in the same figure. We again find the mediator can
either decay promptly or be an LLP in different parts of the
parameter space, each requiring different search strategies,
as will be discussed in Sec. IV C.

The color-charged nature of the mediators in the # model
(and the following Q model) also givesrise to distinct collider
signatures compared to the lepton models. In the LLP part of
the parameter space, the main signal of the model will be the
so-called R-hadrons [83]. These are jets made from a heavy

new color-charged LLP, the mediator ¢, in this case, which
forms color-neutral objects with SM fermions pulled out of
the vacuum, and can have distinctive features in colliders. We
will discuss these features in more detail in Sec. IV C.

D. Left-handed quarks portal (Q model)

The final class of models we consider in this work is the
LH quarks portal, the Q model, which has the following
Lagrangian:

LQ model

nt (7)

D —/L-deQi)'( —myy — m¢CI>TQCI>Q + H.c.,
2/3

o

—1/3
0

charges as the LH Q fermions in SM, indicated by the
subscript Q on the new fields. Again, we assume the
mediator couples democratically to all SM generations.

where now the mediator ®, = ( ) has the same gauge

¢y — Ix ¢y — Peve Op — PLUTy
/ \/ N o \/ ~
S ~ N S <
< S S
S S = =
© 10347 © 1034 © 103
O O O,
3 3 3
g g S
/.—— 0.7 — 0.3 —
102 — r r - 10? — : : - 102 4 %r — - r r -
107 107 107! 10! 10° 107 107 107! 10! 10° 107 107 107! 10! 103
m, [GeV] m, [GeV] m, [GeV]

FIG. 4. L model: Branching ratio of the charged mediator ¢; to different channels; DM and a charged lepton (left), neutral mediator
4)2 accompanied by a neutrino and a soft electron (middle) or muon (right). Note the difference between the latter two channels arises
from the phase space suppression since the mass splitting between the two mediators is comparable to the muon mass. We find that in the
prompt region the mediator predominantly decays to DM and a charged lepton, while in the LLP region it decays predominantly to the
neutral mediator and soft leptons, giving rise to a disappearing track signal as elaborated in Sec. IV B 2.
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u model: (left) The required freeze-in coupling A from Eq. (5) of the RH quark-portal model to explain the observed DM relic

abundance from a combination of the freeze-in and the superWIMP mechanisms. The interplay of these mechanisms gives rise to an
upper bound of on DM mass. (right) The lifetime of the color-charged mediator in the RH quark-portal model using the values of 1 that
yields the correct relic abundance today. The mediator’s lifetime spans a large range, from promptly-decaying at a collider (top-left part
of each plot), to behaving as an LLP across the rest of the parameter space. The only available decay channel of the mediator is via the
freeze-in coupling 1 to SM quarks and DM. Current bounds from LLP searches at ATLAS are shown in green [82].

This model contains a combination of the features seen in
the u model and the L model. As in the u model, the
mediators are now color-charged and as in the L model,
there are two nearly mass-degenerate mediators. The
primary difference is that there are now two charged
mediators, as opposed to one charged and one neutral.
We calculate the mass splitting between the two charged
mediators using Ref. [81] and find that the charge 1/3
mediator is the lighter of the two by about 0.1 GeV (see
the Appendix). Thus, the lighter mediator can only decay

as ¢él/ P ydviathe Yukawainteractionin Eq. (7), while the

heavier mediator has two decay channels; ¢2Q/3 — yuand an

A required for Q,h? = 0.12 (Q Model)
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FIG. 6. Q model: The required freeze-in coupling 1 from
Eq. (7) of the LH quark-portal model to explain the observed
DM relic abundance from a combination of the freeze-in and the
superWIMP mechanisms. The interplay of these mechanisms
gives rise to an upper bound on DM mass.

additional decay channel to the lighter mediator via an off
shell W, ¢2/ 3 (;5;/ Sev

We can again use the relic abundance calculation and find
the values of A that yield the correct DM energy density today
forevery point on the parameter space and, subsequently, use
these values of A to calculate the lifetime of each mediator.
Contours of constant A (mediator lifetime) on the parameter
space of this model are shown in Fig. 6 (Fig. 7) and show
analogous behavior to the L model. These figures show that
the upper bound on the DM mass in this setup is

m2m% <54 Tev. (8)

It should be noted that in the prompt region the two mediators
have similar (short) lifetimes. As aresult, they both appear as
promptly decaying particles.

To reiterate, the Q model setup has the main qualitative
features of the previous models discussed: the mediators
are both color-charged and nearly mass degenerate. As a
result, the collider signatures will be a combination of the
signatures of the previous models. For the heavier mediator,
these signatures are determined by its branching ratio to
different channels, as shown in Fig. 8. In the prompt region
we have two charged color mediators that decay to jets and
missing energy.6 Similar to the L model, in the LLP region
the heavy mediator dominantly decays to the lighter (color-
charged and charged) mediator and soft SM lepton (via an
off shell W), and the light mediator in turn subsequently

®If the heavier mediator is generated with enough boost, and if
it decays to the lighter mediator and a charged lepton, the latter
can potentially be energetic enough to be detectable. However, in
the prompt region, the branching ratio to this decay channel is
very small (see Fig. 8) and the rate for this signal will be
suppressed, compared to the direct decay to jet + MET.
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FIG. 7. Q model: The lifetime of the lighter (left) and the heavier (right) charged mediators in the LH quark-portal model; for every
point in the parameter space we assume the freeze-in coupling 4 is set to the value that gives rise to the observed DM abundance today,
see Fig. 6. Both mediators span a large range of lifetimes, from promptly decaying at a collider (top-left part of each plot), to behaving as
an LLP across the rest of the parameter space. The lighter mediator can decay only via the freeze-in coupling A, while the heavier one can
also decay to the lighter one via an off shell W, see the text for further details. Current bounds from LLP searches at ATLAS are shown in

green [82].
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FIG. 8. Q model: Branching ratio of the heavier, charge-2/3 mediator (/)2Q/3 to different channels: DM and a light up-type quark (left),
or a lighter charge-1/3 mediator accompanied by a neutrino and a soft electron (right). The analogous 3-body decay with a soft muon is

vanishingly small due to the smaller mass splitting between (f)ff

and (/51/ ? than in the L model. We find that in the prompt region the

0

mediator predominantly decays to DM and a light quark, while in the LLP region it decays predominantly to the lighter mediator and a
soft lepton; if the lepton is too soft to be detected, this decay does not leave a detectable imprint.

decays to a jet and missing energy. In this region, the model
gives rise to R-hadron signals, as discussed in the # model.
If the heavy mediator is boosted enough, its daughter lepton
will be energetic enough to be detectable and gives rise to a
kinked track signal [84] or a tumbler [85]. A more detailed
study of the collider signatures is presented in Sec. IV D.

This completes the review of the models in the current
study. We found that each model includes new mediators, at
least a part of whose viable mass ranges are within the reach
of future colliders. In the rest of this work we plan on
studying signals of these models at a future 10 TeV muon
collider. Before that, however, we will discuss implemen-
tation of the muon component PDF in MadGraph, which
affects the collider studies of these models.

III. MUON COLLIDERS AND MUON PDFS

We now turn to the production of fermion-portal medi-
ators at a high-energy muon collider. As mentioned above,
we will focus our attention on a 10 TeV center-of-momen-
tum energy collider, assuming 10 ab~! total integrated
luminosity. This is approximately the energy of the “site-
filling” design envisioned at Fermilab [34], and 10 TeV is
frequently used in phenomenological studies, especially
in the context of new physics, so it is a useful point for
comparison.

At multi-TeV energies, the logarithmic corrections
associated with soft and collinear divergences become
more significant. It is thus desirable to resum these large
logarithms to improve the perturbative expansion. This
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brings about the PDF formalism for high-energy lepton
beams, in complete analogy to PDFs in QCD with the key
difference that the boundary conditions for the DGLAP
evolution can be computed perturbatively, making the
entire problem a computational one. At the high energies
under consideration, the entire SM field content and
interactions must be taken into account, including the
polarization effects resulting from the parity breaking in
the weak interactions [45-50,86,87].

The results in the following sections make use of the muon
PDFs calculated in Ref. [48]. These “LePDF” results are
published in a format that closely follows the format of the
proton PDFs in the LHAPDF package [88], with minimal
changes to account for the polarization information in the
muon PDFs. This is done in anticipation of the eventual need
to interface the muon PDFs directly with event generators for
precision calculations of high-energy lepton collisions.

Unfortunately, there are several hurdles to a direct
implementation of the muon PDFs in event generator
codes such as MadGraph. First, due to the explicit parity
breaking in the weak interactions, the PDFs must be split
into different chiralities, in contrast to proton PDFs. The
muon components of the PDFs also have an integrable
singularity at x — 1, which cannot be evaluated numeri-
cally. Finally, there is the presence of novel “interference-
PDFs,” which cannot be read by existing generators.

Of these, the last is the most challenging to manage with
existing codes. Mixed PDFs allowing for mixtures of
transversely polarized Z bosons and photons and longi-
tudinal Z bosons and the Higgs must be included to account
for the fact that processes with these initial states can
interfere [86,89,90]. From the perspective of the PDF, the
interference PDFs are crucial to include because the
DGLAP equations do not respect the boundary conditions
with no mixing. The necessary mixed states are included in
the DGLAP equations used to solve for the muon PDFs
(this leads to one of the biggest differences in comparison
to the effective vector approximation), and the resulting
interference PDF is included in the grids exported by
LePDF [48]. The challenge is that these mixed PDFs must
be convolved with the interference term in the squared
matrix element. At the moment, the necessary formalism
involving mixed states is not implemented in event gen-
erators such as MadGraph5, and can only be done
analytically.7

Given these challenges, we do not attempt to implement
the PDFs of the vector bosons in our calculations of vector
boson fusion (VBF) production of the scalar mediators.

"One potential workaround is to convolve the mixed PDFs
with the matrix element of only one initial state, and then to
manually reweight the events by the ratio of the interference term
to the original matrix element squared. Due to the potential issues
with phase space sampling, this method should be validated on
Standard Model processes, and is thus beyond the scope of the
present work.

Instead, we content ourselves with the effective vector
approximation implemented in MadGraph [51], which
allows for a consistent treatment of initial state vector bosons.
We use 1/3/2 as the factorization scale for the PDFs, where
§ is the partonic squared center-of-momentum energy.

The other hurdles, relating to the helicities and the
divergent x — 1 behavior of the muon component of the
PDFs, are more readily manageable with existing gener-
ators. The rest of this section is devoted to describing a
pipeline for implementing the complete PDFs for the muon
component of the muon beam in MadGraph5, accurately
accounting for the modified kinematics and polarization
effects at the cost of some additional processing of the
generated events.

A. Implementing the muon component
of the PDFs

We first separate the LHAPDE-style files from LePDF into
separate files, each containing separate helicities of the
muon/antimuon. After removing the helicity information,
the separated files can then be loaded into LHAPDF and
interfaced with MadGraph in essentially the standard way.
The helicity-split PDFs are then convolved with the matrix
elements computed with the corresponding, specified
helicity [91]. The resulting events from each process will
have different weights, depending on both the couplings in
the matrix element and the polarization effects in the muon
PDFs themselves. So long as these weights are accounted
for, the runs from different helicities can then simply be
combined to obtain a complete sample from unpolarized
muon beams.

Dealing with the divergent behavior as x — 1 requires
slightly more care. The integration over the parton lumi-
nosity must be cut off at some value of x <1 for
Monte Carlo integration to return a finite, reliable answer,

0.4r
0.3
<
\é 02l HL® Solid (Dashed)
£=1072
— g=10"
0.1 — =10
— £=10"%
0.0 b ‘ ‘ ‘ '
10 100 1000 104 10°

Q [GeV]

FIG. 9. Values of the coefficients c,, ,, as a function of the
factorization scale Q, for different values of the width € used in
eliminating the x — 1 limit of the muon component of the PDFs,
as described in the text. The solid (dashed) lines show the values
for the L (R) helicities, respectively.
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Cross-Section Comparison
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FIG. 10. Cross section for mediator pair production for lepton-portal (left) or quark-portal (right) models. The solid (dashed) lines
show muon (VBF) initial states, including the muon parton PDF (EVA). The dotted lines shows muon initial states with no PDF. Note
that the kink in the V'V initial state curve is due to a cutoff on the partonic center-of-momentum energy § at 1 TeV, which is necessary to
get accurate results from EVA (see Ref. [51]). We find that including the muon parton PDF only affects the total cross section at low
mediator masses. We will use these cross sections in our collider study (Sec. IV).

but the singular region near x — 1 is precisely where the
bulk of the cross section lies.

To deal with this issue, we slice the phase space into
regions with and without the PDFs in such a way that the
numerical integration can be performed, and then stitch the
results back together in a consistent way.8 To this end, we
split the PDF of the muon into a “continuum” and a delta-
function piece,

fulx, Q%) = F(x, Q%) + ¢, (Q7)5(1 = x). (9)

where fﬂ(x, Q?) is identical to the original muon PDF

[obtained, e.g., from the (x, Q%) grid provided by LePDF],
multiplied by a smooth function that is unity for all x <1
but rapidly approaches zero as x — 1.°

The prefactor ¢,(Q%) in front of the delta function is
fixed by requiring the split PDF to satisfy the same sum
rules as the original PDF. This splitting must be performed
separately on the left- and right-helicity muon PDFs. In
practice, we fix the values of ¢, and ¢, at each 0? by
demanding that the total muon number, integrating over x
and summing over all muon and antimuon components is

¥An alternative route to addressing this issue, implemented in
the eMELA package in the context of the electron PDF in QED,
is to augment the generator to replace the x — 1 region with
the known, analytic solution at some small value of € =1 — x
[92-95]. A similar methodology could be extended to the muon
PDFs at higher energies, accounting for the helicity dependence
in the exact solutions.

In practice, we use erf[(1 —x)/e], with & a parameter
governing the width of the falloff at x — 1. We use values of
£€[1072,1078] to assess the stability of our results, with & =
10~* taken as the fiducial value.

unity, and that the total polarization (the ratio of left- to
right-handed muon PDFs, separately integrated over x) is
equal to the polarization computed with the original f,. The

resulting values of ¢,,, ,, depend onboth Q7 and on the precise

manner in which fﬂbﬂk approaches 0 as x — 1. This is
demonstrated in Fig. 9. We performed several cross-checks
to ensure that these details do not meaningfully affect the
results; the cross sections relevant for our models discussed in
the next section varied at the percent level for different choices
of the width used to eliminate the x — 1 part of f,.

After the splitting in Eq. (9), the relevant parton
luminosity can be decomposed into terms containing f
and terms containing c,. The parton luminosity for two
incoming muons is

d£ +,,- 1 d.X
# =5 Fur (. Q) f - (2/x.Q5)
dZM+M— 7 7
S Feyrc-0(1=1) + ¢y [ (7) ey [ (7).

(10)

where 7 = §/s is the fraction of the total center of mass, Q,
is the chosen factorization scale (at which all functions are
evaluated in the second line), and Z is the parton luminosity
computed with both f — f. Each of the four terms in the
second line of Eq. (10) can be readily computed in
MadGraph5 with the fﬂ interfaced via LHAPDE. The first
term is computed with both initial state muons drawn from
the truncated PDFs, the second term with both muons taken
to have the full energy of the beam (no PDFs), and the final
two terms with one muon taken with the full beam energy
and the other with the PDF. The corrected cross section
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e model: Histograms of fy of the ¢ final states. The left (right) figure shows the distribution of #y without (with) muon parton

PDFs. The colors correspond to three different mass points (blue = 500 GeV, orange = 1 TeV, red = 4 TeV). As expected, including
the muon component of PDFs smoothens the sharp peak at large values of fy, see the text for more details.

along with samples of (weighted) events are obtained by
adding the samples generated from these four processes,
multiplied by the appropriate factors of ¢,(Q), computed
independently. The divergences do not appear due to the
falloff in the f as x — 1.

B. Effects of the muon parton PDFs

We now consider the effects of including the PDFs
for the muon, compared to the leading-order calculation.
We will focus on the e model, to facilitate comparison
with the results of Ref. [39]. The effects of including
the PDFs for the muon component are quite similar
for all the benchmark fermion-portal models that we
considered.

In Fig. 10, we show the cross section for ¢¢ pair
production, with various initial states, with the muon initial
states shown with and without the PDFs. We see that
including the muon PDF leads to a slight increase in the
cross section, except for ¢p masses approaching the beam
energy. This can be attributed to the fact that at large ¢
masses, a smaller fraction of the muons will carry enough
energy in the collision to exceed the 2m,, threshold. As the
¢ mass becomes smaller, however, this effect becomes less
significant, and instead we see an enhancement from the
fact that the parton-level cross sections are larger at smaller
center-of-momentum energies.

While the total cross section is not affected signifi-
cantly, various kinematic distributions go through a bigger
change when the muon PDF is included. Figure 11 shows
the effect of this PDF on the kinematic variable Sy, which
was explored in Ref. [39]. As in the prior study, we see
that there is still a peak at the largest value, where the
muon component of the PDFs carry essentially all of the
beam energy, however the peak is slightly smaller and
there is a more gradual decrease in the next highest bins.
Instead, the distribution falls smoothly until the VBF

production mode becomes dominant, mirroring the shape
of the PDFs themselves. Overall, we find that the
inclusion of the muon PDF has a non-negligible effect
on the kinematic distributions.

As a result, cuts designed to exclude the background are
less efficient at preserving signal events, as the affected
variables are precisely among those used to distinguish the
signal from the background. This results in a significant
decrease in the reach, compared to the analysis without the
muon parton PDFs. This effect is illustrated in Fig. 12,
which shows the achievable significance as a function of
mg, for two of the signal regions from Ref. [39]. This figure
underscores the importance of including the muon PDF in a
proper study of fermion-portal models, and possibly other
BSM scenarios, at a future muon collider.

Significance — p PDF Effect (e model)

501 SR; — with PDF ==-=--- SR; — no PDF
SRy, — with PDF ----- SRy, — no PDF
0p--"" Tl
b N ~ -~ -~ s =~ ~
5 ------------------------------ "N;: ----- 15-‘- ==

3000 4000

1000 2000 5000

FIG. 12. e model: Achievable discovery significance of the e
model for two signal regions (SRs) used in Ref. [39]. Solid
(dashed) lines show the result with(out) the muon component of
the PDFs. Including this PDF drastically diminishes the efficacy
of these signal regions to below the discovery threshold (dashed
blue line) for the entire mass range.
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e model: Number of expected displaced leptons in two regions of the detector for a 10 TeV MuC, assuming the tentative

design of Table II. The left (right) plots correspond to the prediction without (with) the muon parton PDF. The DM Yukawa coupling is
chosen such that it reproduces the correct relic abundance today. In both detector regions, including the muon PDF fills up the region
between the two cluster of events. This is attributed to the more gradual growth of distributions between the two peaks in various

kinematic distributions, see Fig. 11.

These conclusions carry over to the long-lived regime,
where the effect of the PDFs is essentially to populate the
gap between the highly dense regions arising from initial
state muons or VBF. We illustrate this in Fig. 13, showing
the number of expected events in the my vs 7, plane for
different parts of the detector. All of these results together
motivate further work on implementing the muon PDFs
more directly in event generators to facilitate more reliable
predictions of the reach for various models.

IV. MUON COLLIDER PHENOMENOLOGY

In this section, we study the signals of each fermion-portal
model at a future muon collider, folding in the effects of the
muon PDF as described in the previous section. As in the
previous section, we will study a 10 TeV muon collider with a
target luminosity of 10 ab=! [28]. In what follows, we will
assume that the DM y populates the entire DM relic
abundance today, which fixes its couplings A to the mediators
(see Figs. 2, 5, and 6). To streamline our calculation, we will
also assume the mediators interact with all SM fermion
generations with the same coupling and will remain (mostly)
inclusive over the final state SM fermions in our signals.

We study the pair production signals of mediators for
each model. In Sec. II, we saw that all models can give rise

to either prompt or LLP signals, depending on the param-
eters of the model. The threshold between a prompt or an
LLP signal depends on the details of the search, the model,
and the detector design. For our purposes, we define
“prompt” signals to be those where the charged mediator
has ¢ty <1 cm.

In the prompt region, we simulate backgrounds and
put forward simple cut-and-count analyses. The primary
backgrounds for our collider searches are Z- and W-pair
production, initial and final state radiation (ISR and FSR),
and a VBF background, as shown in Fig. 14. We use the
following kinematic cuts to distinguish between our fer-
mion-portal DM signal and these backgrounds:

(i) mgy jj—invariant mass of a lepton or a jet pair: A cut
above the Z pole on the invariant mass distribution
of the lepton pair (for the lepton-portal models)
or jets (for the quark-portal models) alleviates the
Z-pair production background.

(i) M p,—transverse mass for semi-invisible decays [96]:
For the W-pair production background, this variable
is bounded from above by the W mass. Therefore, a
cut on My, removes the W background. However,
the exact value of the cut depends on the signal
parameters. As we will discuss in the upcoming
sections, events from other background processes
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FIG. 14. Background topologies at a future muon collider for all fermion-portal models under study. They include a pair production of
electroweak gauge bosons Z or W and their subsequent decay to SM fermions (left), a muon annihilation process with an FSR (middle)
or an ISR (not shown), and VBF production of SM fermions (right). These backgrounds can be subtracted by cuts on invariant mass of
visible SM fermions and M,, their opening angle, and their energies, respectively; see the text for more details.

give rise to a monotonically decreasing My, dis-
tribution, whereas the signal distribution will be
uniform, see Fig. 15. Thus, cuts on this observable
help in subtracting other backgrounds as well.

(iii) 6, j—opening angle in the lab frame between £+¢~
or jj: In the signal events, and especially for light
mediators that are boosted, the leptons/jets will be
produced back-to-back and have a large opening
angle. The ISR and FSR backgrounds, instead, will
give rise to a smaller opening angle between the
leptons/jets. Therefore, a cut on @ will help remove
these backgrounds.'’

(iv) E, j-the lepton or jet energy: The VBF background
will produce lower energy leptons/quarks (for the
lepton-portal and quark-portal models, respectively),
thus a lower bound on E, ; will suppress the VBF
background.

(v) 1. —pseudorapidity: As we will see in the upcoming
section (see Fig. 15), the signal events are more
central than the background, motivating an upper
bound on 7, ;.

We find that cuts on the combination of My, and Ej; .,
outperform cuts on the missing transverse energy, E7, and
therefore do not include the latter in our cut flow.

For the LLP section, we report the signal count for each
part of the detector as described in Table II, and is modeled
after [33,34], which is in turn informed by the existing
designs for CLIC [97] and ILC [98]. Here, we do not
perform a cut-and-count analysis as the irreducible back-
ground for the LLP searches arises from the detector
response and requires detailed detector simulation, e.g.,
with Geant4, which is beyond the scope of this work. Similar
to the analysis of Ref. [39], we use the information from the
barrel regions of detectors as the dE/dx measurements are
slightly better in these regions and there are fewer high-
mass background tracks in the barrel regions compared to
endcaps. For all models, we also include the current LHC
bounds.

"We find that AR underperforms 0s¢; as a kinematic cut.

For the lepton- (quark-) portal models, the main LLP
signatures are visible tracks that end at a displaced lepton
(vertex), see Ref. [39] for the calculation of the transverse
displacements of the track before its decay. In the lepton-
portal models, each signal event consists of a charged
track, while for the quark-portal models, where the
mediator is color-charged, the signal event is a jet
(R-hadron [83,99] since the color-charged particle is
long-lived). As discussed before, the two production
channels (muon annihilation and VBF; see Table 1) give
rise to different kinematic distributions such that displaced
vertices arising from these channels appear in different
parts of the detector.

The background from the SM processes can be reduced
with the help of various observables, thus the main
irreducible background for LLP searches are from detec-
tor response. In particular, the time-of-flight and dE/dx
will be different than for SM particles owing to ¢’s large
mass. See Ref. [39] for a study of time-of-flight in the
e model.

For the e and u models, there is only one mediator in the
spectrum with only one decay channel. This gives rise to
similar lifetimes for these models on their mediator and
DM mass planes, see Figs. 1 and 5. We will find that for a
large part of their parameter space, the mediator in these
two models is long-lived enough to give rise to a heavy
stable charged particle. On the other hand, the L and the
0O models have two mediators in the spectrum, the heavier
of which can decay via electroweak interactions, resulting
in an upper bound on their lifetime. Thus, these mediators
decay inside the detector and give rise to displaced
vertices in different detector components for most of their
parameter space. In the L model case the lighter daughter
mediator is invisible, giving rise to a disappearing track
signal. On the other hand, in the Q model the lighter
daughter mediator is still detectable and appears as a
continuation of the original R-hadron. Thus, in this model
we will study the location of the subsequent lighter
mediator’s decay; the signal in this case will be an
R-hadron that either eventually decays to a jet and missing
energy, or leaves the detector.
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e model: Distribution of events for the opening angle between charge leptons in the final state (left columns), rapidity of the

final leptons (middle columns), and My, (right columns) for two benchmark mediator masses 0.7 TeV (top row) and 2.8 TeV (bottom
row). The signal events from initial VBF are denoted by purple, the signal events from initial muons are denoted by green, and the black
line denotes the background distribution. Both the background and the total signal histograms are made with ten thousand events; the
contribution of each channel to the signal histograms are weighted by their cross sections. In addition to these three observables, we use
cuts on my, and on E, to suppress the background, see the text for further details.

A. e model

In this section, we update the studies of the ¢ model from
Ref. [39] to include the effects of the muon PDFs. As
discussed in Sec. III, the muon PDF affects the kinematic
distributions and therefore will modify the optimal kin-
ematic cuts. In the prompt region, we find that including the
muon PDFs diminishes the mass reach of a future muon
collider to the point that with the set of cuts proposed in
Ref. [39], we cannot discover the mediator for any masses
beyond the current LHC bounds. We will show instead that

cuts on observables discussed above will allow us to
discover this model as long as m; < 3.3 TeV. This should
be contrasted to bounds from recasting current LHC
slepton searches [72,76], which only probe the model
for mediator masses m, < 0.7 TeV. On the LLP part of
the parameter space, including the PDF distorts the dis-
tribution of final state events enough to fill in some area
between the observed “double peak”™ feature, which arises
from the two production channels (muon annihilation
or VBF).

TABLEIIL. Different components of the current proposed detector design for a high-energy MuC. Table is adapted from Ref. [33] with
the addition of the # bound column, which shows the highest value of the pseudorapidity # for a track that completely goes through that
region. The L (Z) dimension refers to the segment size in the transverse (longitudinal) direction. This information enters our LLP search.

Subsystem Region L dimensions [cm] |Z] dimensions [cm] 7 bound Material
Vertex detector Barrel 3.0-10.4 65.0 <2.53 Si
Endcap 2.5-11.2 8.0-28.2 <1.65 Si
Inner tracker Barrel 12.7-55.4 48.2-69.2 <1.05 Si
Endcap 40.5-55.5 52.4-219.0 <1.07 Si
Outer tracker Barrel 81.9-148.6 124.9 <0.76 Si
Endcap 61.8-143.0 131.0-219.0 <1.21 Si
ECAL Barrel 150.0-170.2 221.0 <1.08 W+ Si
Endcap 31.0-170.0 230.7-250.9 <I1.18 W + Si
HCAL Barrel 174.0-333.0 221.0 <0.62 Fe 4+ PS
Endcap 307.0-324.6 235.4-412.9 <0.71 Fe + PS
Solenoid Barrel 348.3-429.0 412.9 <0.85 Al
Muon detector Barrel 446.1-645.0 417.9 <0.61 Fe + RPC
Endcap 57.5-645.0 417.9-563.8 <0.79 Fe + RPC
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While the branching ratios to final SM particles will vary
from one model to another, the signal and background
diagram topologies of other fermion portals are identical
to this model, which leads to similar event counts and
kinematic distributions. As a result, we will provide more
details in this section and repeat the analysis of this model for
other portals as well, in both the prompt and the LLP region.

1. Prompt region

The prompt signal for the ¢ model is from the process
utu™ — ¢prp, with the subsequent decay ¢ — £Fy,
which results in a pair of charged leptons and missing
energy. Since we assume a democratic coupling to all
lepton flavors, the branching ratio of ¢, — ¢,y is 1/3 for
each lepton flavor i. To avoid dealing with complications of
reconstructing a tau lepton, and to maximize the signal
count, we focus on events with £ = e, u in the final state.

The background topologies are included in Fig. 14 and
arise from the production of Ws or Zs with subsequent
leptonic decays, ISR or FSR of one of these gauge bosons,
or a pair production of leptons via a vector boson fusion."'
While these have very similar topologies to the signal
(especially the W pair production diagram), there are strong
kinematic cuts that can distinguish the signal, as discussed
in the introduction to this section. Specifically, we find that
the Z-pair production background can be removed by a cut

|

8
SRY(my = 0.7 TeV): {mﬁ > 300 GeV, 0, > 3”

maximize the significance of the signal for mj, = 0.7 TeV
and my =2 TeV, respectively. We see that heavier ¢
requires more stringent (larger) M, and E, cuts, and have
smaller 8,, and 7., as expected. We will use these two
signal regions in our search.

In Fig. 16, we show the discovery reach of our proposed
search in the parameter space of the ¢ model. We find that
even with only the two signal regions in Eq. (11), we can
still discover the model (with 5S¢ significance) for mediator
masses my < 3.3 TeV. This is far below the reach of m <
4.5 TeV calculated in Ref. [39] and, as discussed in the
previous section, the drop is attributed to the effect of
nontrivial muon PDF on the event distribution.

So far we have not included any systematic uncertainties
in our analysis. Instead, in Fig. 16 we show the tolerable

"Similar to the analysis of Ref. [39], there are backgrounds
arising from VBF initial states that can be approximated by the
improved Weizsacker-Williams method; they can be shown to
contribute negligibly to the total background and can be safely
ignored.

on the invariant mass of m,, > 300 GeV. The choice of the
remaining cuts (Oz0, M7, E;, 1) can be understood by
looking at the distributions of events in terms of the
remaining kinematic variables.

To show the power of different kinematic cuts, and for two
benchmark masses of the mediator, in Fig. 15 we show the
distribution of events in some of these observables. We
separate the contribution of different production channels for
the signal, weighted proportional to their cross sections.
These channels include the VBF production of the mediator
pair and the contribution from initial state muons. In our
implementation of muon PDF, the latter includes four
possibilities depending on whether the muon from each
beam enters the collision with x — 1 or not, see Eq. (10). For
low mediator masses the VBF is the dominant production
channel, and as we go to higher masses more events arise
from the initial muon channel, as expected from Fig. 10.

We clearly see that the background has a different
distribution than the signal channels in these kinematic
variables. The peak in the background distribution in
cosf) — —1 arises from W-pair production events since
the two Ws are very boosted and move back-to-back when
the incoming energy from the two beams are equal. This
background can, in principle, be discarded with a cut on the
M, observable since for these events My, < my, [96].

We find that the following cuts:

ns| < 0.3, My, > 150 GeV, E, > 600 GeV},

13
SR (m,, = 2.0 TeV): {mﬁ > 300 GeV, 6, > 1—; Ins] < 0.2, My, > 800 GeV, E, > 1800 Gev}, (11)

|

systematics (as a fraction of statistical uncertainties) that
still allow us to discover this model for different mediator
masses in the prompt region. It should be noted that ours is
merely a rudimentary analysis with focus on a limited set of
kinematic variables. More sophisticated studies of the
kinematic distributions, as well as use of suitable machine
learning techniques can enhance the reach of a future muon
collider in our parameter space. Given the theoretical
appeal of this minimal DM setup, we hope our results
on the tolerable systematics can inform the ongoing efforts
on designing a detector for a muon collider.

2. Long-lived particle region

In Fig. 13 we see the effect of the muon PDF on the
number of expected events in different detector components
on the 7, — m plane. Although there is still a double peak
feature, which arises from the two production channels
initial muons vs VBF, visible in the distribution of fy, the
gap that existed between the two peaks has been filled in as
compared to the distributions without the PDF.
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e model: The best achievable discovery significance with zero systematic uncertainty (left) and the tolerable uncertainty that

still allows a 5o discovery of the mediator (right) for the signal regions defined in Eq. (11). The dashed blue line on the left plot marks the
5o discovery threshold. We find that even with systematic uncertainties as large as the statistical ones the model is discoverable in a

future muon collider for mediator masses up to my < 3.3 TeV.

Figure 17 shows the number of expected events in each
detector region on the m, — m, plane, including the effects
of the muon PDF. Each event consists of a long-lived
charged track that eventually decays to a lepton and missing
energy via the freeze-in coupling. In the figure, we report
the number of these displaced decay vertices in each
detector component. It should be noted that in this figure,
as well as counterpart figures for other models, we report
the average event count in each detector component, while
the actual count will be drawn from a Poisson distribution
whose parameter is given by our calculation in Fig. 17. For
most of the parameter space the mediator will be a heavy
stable charged particle, while for low DM masses the
freeze-in coupling is large enough that the mediator can
decay inside the detector. The conclusion is that we expect
>10° events in almost the entire parameter space.

B. L model

In this section we study the collider signatures of the
L model. Unlike the e model studied above, in this setup we
have two nearly mass-degenerate mediators. This has two
major implications for the collider signals of this setup; (i) it
provides anew 3-body decay channel for the charged mediator
via the weak interaction, which puts an upper bound on its
lifetime (see Fig. 3), and (ii) thanks to the small mass splitting,
when the charged mediator decays to the neutral mediator and
charged SM leptons, the latter will be very soft, giving rise to a
disappearing track signal in the LLP region.12

ZIf the charged mediator is boosted enough, the daughter
lepton may be energetic enough to be detectable. This could lead
to interesting signals, such as an additional charged lepton in the
prompt region or a displaced or kinked lepton [84] in the LLP
region. A reliable study of these signals requires more detailed
detector simulation (cf. [100]), so we leave the study of these
signals to future works and assume the charged lepton in this
decay is too soft to be detected.

The neutral mediator in this setup decays predominantly
invisibly (to a DM particle and a neutrino)."® As a result,
and in line with typical dijet + MET searches for DM at
LHC [101-104], one should rely on ISR/FSR or forward
detectors to tag these events [105,106]. While the corre-
lation between this signal and the charged mediator signals
can be used to distinguish this model from other BSM
signals, in our rudimentary analysis below we will only
focus on searching for signals of the charged mediator and
merely note that the neutral mediator can be searched for in,
e.g., single photon searches at a future muon collider.
Current LHC slepton searches [72,76] can probe this model
for mediator masses my < 0.7 TeV.

1. Prompt region

The two available decay channels for the charged
mediator are (i) via the electroweak interaction to a very
soft lepton and missing energy, i.e., invisible decay, or
(i1)) to DM and a charged lepton via the A coupling. The
former decay channel can be searched for using potential
initial state radiation (similar to the neutral mediator), while
the decay to DM and a charged lepton gives rise to a clear
dilepton + MET signal. We will use the latter channel in
our search as it is the dominant decay channel for the
charged mediator in the prompt region of its parameter
space, see Fig. 4. The background for this search is
identical to the search for the e model of the previous

B3As shown in Table I, this mediator can decay to four final
state fermions via an off shell W and an off shell charged
mediator, giving rise to hard final state SM fermions. However,
the branching ratio to this channel is suppressed by the small
freeze-in coupling and we find that it is subpercent for almost the
entire parameter space. As a result of this, the rate for this signal is
very subdominant compared to other decay channels and is not
further studied in this work.
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e model: Number of expected displaced leptons in different barrel regions of the detector, assuming the tentative design of

Table 11, as well as number of expected detector-stable charged tracks. The gray region corresponds to m,, > my (lower half) or DM
overclosing the universe (upper half) and is not phenomenologically viable. For the entire LLP region of the parameter space, we find
~10% events (either a kinked charged track or a heavy stable charged track) in some part of the detector. The green and pink regions
indicate current LHC slepton constraints from Ref. [77] and Ref. [80], respectively.

section, see IVA for a discussion of the shape of the
background distribution.

We find that the cuts introduced in Eq. (11) for the ¢ model
can also extract the signal from the background in this model
very efficiently. We show the reach of our proposed search
in the parameter space of this model in Fig. 18. Using these
signal regions, and neglecting the systematic uncertainties, we

can discover this model for mediator masses m,, < 3.4 TeV,
a significant improvement compared to current bounds
of my < 0.7 TeV from LHC’s slepton searches [72,76].

In Fig. 18 we also show the tolerable systematics that
still allow us to discover this model. It clearly shows that
even with 100% systematic uncertainties (compared to the
statistics uncertainties), we can discover this model across a
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L model: The best achievable discovery significance with zero systematic uncertainty (left) and the tolerable uncertainty that

still allows a 5o discovery of the mediator (right) for the signal regions defined in Eq. (11). The dashed blue line on the left plot marks the
5o discovery threshold. We find that even with systematic uncertainties as large as the statistical ones the model is discoverable in a

future muon collider for mediator masses up to my < 3.4 TeV.

wide range of its parameter space. The mass of the DM
could affect this calculation only via the branching ratio of
the mediator. However, Fig. 4 implies we can safely assume
the charged mediator always decays to yZ in this part of the
parameter space. Therefore, our analysis is independent of
the DM mass in this part of the parameter space.

2. Long-lived particle region

We focus on the signal of the charged mediator in the
LLP region of its parameter space. This is a result of the fact
that the neutral mediator of this setup always decays
invisibly and, in the LLP region of the parameter space,
it leaves no trace in the detector. Here, we focus on the
dominant decay of the charged mediator in this part of the
parameter space, namely to a neutral mediator, which
subsequently decays invisibly, and soft leptons; see
Fig. 4. In this case, the lepton track will be too soft to
be detected and we observe a disappearing track signal. We
include events with either two charged mediators or only
one in the final state; the latter class includes, e.g., W™Z —
¢~ ¢° processes and make up an O(10%) of the total
expected charged tracks for m, ~ O(1) TeV.

This signal has many similarities to the signals studied in
Ref. [107] in the context of Wino or Higgsino DM models;
nonetheless, the relic abundance calculation in our setup is
completely different from the models of Ref. [107], giving
rise to a different relationship between DM mass and
mediator’s lifetime on the parameter space. Reference [107]
includes an extensive GEANT4 simulation, which is
required for a proper study of the background. In our
study, however, we only report the signal yield and refrain
from a more complete analysis with the background.

Using the cross sections in Fig. 10, and the branching
ratios in Fig. 4, we can calculate the event count for this
disappearing track signal. In Fig. 19 we show the rate for
production of disappearing tracks terminating in different

parts of the detector and on a plane of mediator mass versus
DM mass.

Owing to the 3-body decay via the electroweak inter-
actions, the lifetime of the charged mediator can be very
different compared to the e model mediator for the same point
on the mass plane. The vast majority of the parameter space
will have the charged ¢ decaying within the detector, leaving
adisappearing track signal as mentioned before. Additionally,
we see the return of the double-peak feature, manifesting
here as two horizontal regions of high event count. The
inner tracker, in particular, sees a fantastic >1 03 event count
throughout a majority of the parameter space, with decays
from the vertex detector and outer tracker rounding it out. This
will likely make the disappearing track search very feasible,
and alone could discover this model in most of the LLLP region.

C. u model

In this section we study the collider signatures of the
u model. The cross section for a pair production of media-
tors is shown in Fig. 10 as well. Similar to the e model
studied above, in this setup we have only one mediator.
Nonetheless, this mediator is now color charged, giving rise
to jets when it decays, instead of leptons or a single charged
track. As before, in our analysis here we assume the DM has
the correct relic abundance today for every point on its
parameter space, which can be used to find its coupling to
mediators, see Fig. 5.

The mediator in this setup has only one decay channel,
namely to a DM candidate and SM quark of the same
charge. As a result, unlike the L model above, its decay
products are always detectable in both the prompt and the
LLP regimes.

1. Prompt region

In this part of the parameter space, after its production,
the heavy mediator promptly decays to a SM quark and
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FIG. 19. L model: Number of expected disappearing tracks and displaced leptons in different barrel regions of the detector, assuming
the tentative design of Table II, as well as number of expected detector-stable charged tracks. This includes all 2-body final states that
have at least one charged mediator ¢p*. The gray region corresponds to m, > my (lower half) or DM overclosing the universe (upper
half) and is not phenomenologically viable. For the entire LLP region of the parameter space, we find =103 events in some part of the
detector. The green and pink regions indicate current LHC slepton constraints from Ref. [77] and Ref. [80], respectively.

missing energy. There are many standard techniques for
searching for such resonances that decay to dijet + MET.
Using the cross section from Fig. 10 we can calculate the
production rate of these mediators and then use various
kinematic cuts to look for them in the data. In our analysis
we will use the momentum of the quark from the ¢,
mediator decay as the proxy for the jet momentum.

The background topologies are the same as the previous
models, but now with SM quarks, instead of leptons, in the
final state, see Fig. 14. Cuts on similar observables as in
the lepton-portal can subtract the background from the
signal in this model as well. The optimal cuts on these
kinematic variables for two different benchmark masses

my = 1.6 TeV and m, = 4.2 TeV, are respectively,
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FIG. 20. u model: The best achievable discovery significance with zero systematic uncertainty (/eff) and the tolerable uncertainty that

still allows a 5o discovery of the mediator (right) for the signal regions defined in Eq. (12). The dashed blue line on the left plot marks
the So discovery threshold. We find that even with systematic uncertainties as large as the statistical ones the model is discoverable in a
future muon collider for mediator masses up to my < 4.2 TeV.

7

(12)

SRY(m,, = 4.2 TeV): {mjj > 1500 GeV., 0;; > %, ;] < 0.7, Mz > 1600 GeV, E; > 1600 GeV}.

We choose to optimize the signal regions for higher
mediator masses (compared to the lepton-portal models)
as the current LHC bounds on color-charged particles are
stronger at my 2 1.6 TeV [73—75].14

The production diagram for this model is similar to the
lepton-portal model, see Table I. The production rate is
enhanced by a color factor and is larger than the lepton-
portal model’s rate. As a result, we expect a higher reach in
the parameter space of this models. We show the discovery
reach of a 10 TeV muon collider for this model in Fig. 20.
We find that using the signal regions from Eq. (12) allows
us to discover this model for mj < 4.2 TeV, which is a
large improvement on the current bounds of my 2 1.6 TeV
from LHC [73-75].

We also report the tolerable systematics that still allows
different signal regions to discover the model for different
mediator masses in the same figure. Similar to the previous
models, we find that even with systematic uncertainties as
big as the statistical ones, our rudimentary analysis can
discover this model for a vast range of kinematically
allowed mass ranges. As these fermion portals constitute
well-motivated targets for future collider searches, the
tolerable systematics in this figure can serve as a motivated
target in future designs of the detector for a muon collider
machine.

“Our mediator decays to five flavors of RH quarks; we scale
the theory cross sections accordingly to calculate the bounds from
Refs. [73-75] on our model.

2. Long-lived particle region

We now turn our focus to the signal of the charged
mediator in the LLP regime of its parameter space, see
Fig. 5. Since our mediator now has color charge, its LLP
signature will be R-hadrons [83,99].15 Because the mass of
the mediator is much larger than the quarks it will bind with,
we assume the mass and lifetime of the resulting R-hadrons
will essentially be unchanged from those of the mediator
itself [108]. Before going into the details of our analysis and
results, itis useful to review whathappens to an R-hadron as it
passes through different parts of the detector.

A large fraction of R-hadrons produced at colliders
would be charged, allowing them to give rise to an
anomalous ionization rate, dE/dx, as they pass through
the pixel detector. They appear as charged tracks in the
tracker system and can be easily detected. It should,
however, be noted that through rearrangement processes
with the detector material, these hadrons can change charge
(and spin) and give rise to intriguing sporadic tracks and a
unique ionization rate [99,109]. That said, given the
material and the density of the typical tracker systems,
the probability of a charge flip in this detector component is
quite low, e.g., at the percent level at LHC [108].

If a neutral R-hadron decays in the tracker system, it
gives rise to a detectable displaced jet. On the other hand, if

In what follows, we will refer to these LLP objects as
R-hadrons, even though strictly speaking we are not studying a
supersymmetric theory.
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the decaying R-hadron is charged, the signal consists of a
charged track that ends at a displaced vertex in the tracker
system. In either case, the displaced vertex can be detected
and serve as a signal of the R-hadron.

Unlike in the tracker system, the R-hadron does not leave
a detectable track as it passes through the calorimeters. The
amount of deposited energy via anomalous ionization is
very low in the calorimeters, making the measurement of
dE /dx signal virtually hopeless in this detector component,
similar to LHC. On the other hand, given the higher density
of the material in the calorimeter, the R-hadron can go
through multiple rearrangement processes that changes its
charge (and spin) multiple times. Unless they decay in the
calorimeters, it is safe to assume they leave no detectable
signal in there as they pass through. A displaced jet from
their decay can be easily detected though.

When passing through the muon system, a charged
R-hadron again appears similar to a charged track. While
the LHC does not use the dE/dx information in the muon

system, the R-hadron does deposit some small energy into the
system as it passes through, which could in principle be used
as well. Depending on the design of the muon system, the track
can go through rearrangement processes that change its
charge to give rise to sporadic tracks. For instance, such
processes would not occur frequently in the hollowed ATLAS
muon system, whereas they can potentially take place in CMS
denser muon system. An R-hadron decaying in the muon
system can give rise to a detectable displaced jet as well.

Finally, if they are long-lived enough to be detector-stable,
they traverse through all detector layers, leaving detectable
(and potentially sporadic) tracks in the tracker and the
muon system, while leaving no trace in the calorimeter.

A useful quantity in the study of the R-hadron signals is
the distribution of their velocity after production. This
distribution is relevant for various LLP signals such as
time-of-flight measurements, dE/dx, or R-hadrons stop-
page signal [109]. For both the # model and the Q model
(next section), this distribution is included in Fig. 21.
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FIG. 21. The p (left) and pfy (right) distribution of events for three different mediator masses (blue = 500 GeV, orange = 1 TeV,
red = 4 TeV) in the # model (top) and the Q model (bottom). These distributions are used in determining various signals of LLP signals,
e.g., the time-of-flight and the R-hadron stopping signal. The peak at large values of f and Sy arises from muon annihilation channel.
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We can see that a vast majority of the events have a very
large velocity f. The small fraction of events with low
velocity suppresses the stopping R-hadron signature. At the
LHC this stopping R-hadron signature is less efficient than
other search strategies such as dE/dx or displaced jet
searches [82], as only the very slow-moving ones can be
stopped. We expect the fraction of R-hadrons that move
slow enough decreases in a high-energy muon collider,

making them an even less efficient signal. As a result, we
do not study this signal in our search for R-hadrons.
While studying properties of the R-hadron at a muon
collider is an intriguing research direction, for the level of
the analysis in this work we focus on the displaced jet
signal, in line with the search proposal for the lepton-portal
models in the previous sections. In Fig. 22 we report the
average number of decay events within each detector
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u model: Number of expected displaced vertices in different barrel regions of the detector assuming the tentative design of

Table II, as well as number of expected detector-stable R-hadrons. The gray region corresponds to m, > my, (lower half) or DM
overclosing the universe (upper half) and is not phenomenologically viable. For the entire LLP region of the parameter space, we find
~10% events in some part of the detector. The green regions indicate current LHC squark constraints from Ref. [82].
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Q model: The best achievable discovery significance with zero systematic uncertainty (left) and the tolerable uncertainty that

still allows a 5o discovery of the mediator (right) for the signal regions defined in Eq. (12). The dashed blue line on the left plot marks the
5o discovery threshold. We find that even with systematic uncertainties as large as the statistical ones the model is discoverable in a

future muon collider for mediator masses up to my < 4.7 TeV.

system as in the lepton LLP sections. This figure shows the
average number of expected R-hadron decays in the
different detector systems. The qualitative shape of the
high-event count parts of the parameter space is very
similar to the e model; this arises from the fact that in
both these models, the mediator only has one decay channel
(to DM and a SM fermion) with comparable lifetimes.
Similar to the e model, for most of the parameter space, the
mediator decays outside the detector. As discussed above,
such long-lived R-hadron can give rise to an exotic sporadic
track in the tracker and the muon system, and leave no trace in
the calorimeter. If instead the mediator does decay in a
detector component, it gives rise to a displaced jet signature.
Similar to the previous models, we find that for every pointin
the LLP region of the parameter space, there will be some
component of the detector with at least ~10° events.

D. Q model

Similar to the previous models, in our analysis we
consider the production of a pair of mediators and their
subsequent decay. Unlike previous models, in this model
we have two mediators that both decay visibly; as a result,
we will have a larger signal rate that allows us to discover
this model up to higher mediator masses. The total cross
section for this pair production is shown in Fig. 10. We will
find that in the prompt region, our analysis significantly
improves the current LHC bounds of my 2 1.6 TeV
[73-75], and in the LLP region we find a large event
count from R-hadrons in different detector components.'®

"Similar to the analysis for the L model, in this analysis we
neglect the possibility of detecting the lepton in the ¢2Q/3 -

qﬁ]Q/ Sty decay. If instead this lepton is detectable, we will have
interesting signals, such as an additional charged lepton in the
prompt region or a tumbler [85] in the LLP region; we assume the
charged lepton in this decay is too soft to be detected and leave
the study of these signals to future works.

1. Prompt region

The background for the Q model signal is the same as the
u model signal discussed in the previous section. Since the
signal final state is similar as well, we use the same signal
regions as in the # model, see Eq. (12), for our search here
as well.

The attainable discovery significance with these signal
regions is shown in Fig. 23. We find that these two signal
regions allow us to discover this model up to mediator
masses of my ~ 4.7 TeV (almost the entire kinematically
accessible mass range). This better reach (compared to the
u model) can be attributed to the higher production rate for
the mediators and the fact that we have two mediators that
decay visibly (to a jet and MET) in this model.
Unsurprisingly, we find that the tolerable systematics are
higher in this model as well, as shown in the right panel
in Fig. 23.

2. Long-lived particle region

In the LLP region, the lighter mediator behaves similar to
the u model scenario; it can bind with SM quarks to give
rise to an R-hadron signal. Similar to the # model, this light
mediator dominantly decays to DM y and a SM quark,
giving rise to a displaced jet signature.

The signal from a heavy mediator decay is more
complicated. For almost the entire LLP part of the
parameter space, the heavier mediator dominantly decays
to the lighter one and very soft electron and neutrino that
will go undetected. The lighter mediator then decays later
(since it has only one decay channel and thus a longer
lifetime than the heavier mediator), giving rise to a
displaced jet signal as discussed above. As a result, for
the heavy mediators we consider this full decay chain
through the lighter mediator to an eventual displaced jet
signal. We assume the soft SM leptons from the initial
decay of the heavy mediator are soft enough to go
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undetected and do not change the momentum of the
mediator before and after the decay.

In Fig. 24, we report the average number of displaced jets
appearing in different components of the detector. This
includes the jets from direct production and decays of the
lighter mediator, as well as from a heavy mediator that

decays to DM and a jet via an intermediate on shell light
mediator.

We find some features of the L model (Fig. 19) and the
u model (Fig. 22) in the these figures. Compared to the
u model signals, regions of high event counts are stretched
out to higher m, (or 7,) values; this can be attributed to the
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FIG. 24. Q model: Number of expected displaced vertices in different barrel regions of the detector assuming the tentative design of

Table II, as well as number of expected detector-stable charged tracks. The total count includes the direct decay of light mediators, ¢

1/3

as well as the decay chain of the heavy mediator through a light mediator (heavy mediator — light mediator - SM quarks). The gray
region corresponds to m, > m, (lower half) or DM overclosing the universe (upper half) and is not phenomenologically viable. For the

entire LLP region of the parameter space, we find ~10° events in some part of the detector. The green regions indicate current LHC

squark constraints from Ref. [82].
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two-staged decay chain above (heavy mediator — light
mediator — SM quarks). The vast majority of points in
the LLP parameter space give rise to a high number of
R-hadron decays (>10%) either in the tracker system or
outside the detector, respectively, similar to the L model or
the u model.

V. DISCUSSION AND CONCLUSIONS

In this work, we study four different models of fermion-
portal DM in the freeze-in regime and their signatures at
a 10 TeV muon collider; the RH lepton-portal model
(e model), the LH lepton-portal model (L model), the
RH quark-portal model (# model) and the LH quark-portal
model (Q model). For the e model, we expand on previous
work [39] to include muon component PDFs in the collider
study. We find some results that apply to all four models.
Due to the interplay between the direct freeze-in and the
superWIMP mechanisms, there is an upper bound of
O(1-10) TeV on the DM mass in all these models, which
allows for a vast portion of the viable parameter space of
these models to be studied at a future 10 TeV muon collider.
Furthermore, the two different production channels, i.e.,
muon annihilation or VBE, give rise to drastically different
distributions that manifest themselves in a double-peak
behavior in various kinematics distributions, and provide
valuable handles to separate signal from background.

Each model could give rise to either prompt or LLP
signals. In the prompt regime, we proposed simple cut-and-
count searches. The main signal in these models arises from
the pair production and subsequent decays of the mediator
particles to missing energy and a pair of leptons (for the
lepton-portal models) or jets (for the quark-portal models).
In the LLP region we used the number of charged tracks
(Iepton-portal) or R-hadrons (quark-portal) that either
decay in the detector or escape.

For the first time in the literature, we also concocted a
pipeline for including the nontrivial muon parton PDF in a
muon beam in the event simulation routine. To include the
effect of the nontrivial muon component PDF, we decom-
pose it into two pieces; (1) its previously calculated PDF for
x <1 —¢ values, and (2) a §(x — 1) piece whose normali-
zation is determined by fixing the net muon number of the
beam and the ratio of different muon polarizations therein.
While the total cross section is not significantly affected,
we found that this nontrivial muon PDF distorts the signal
event distributions enough so that they have an indispen-
sable effect in the final reach of a muon collider in the
parameter space of fermion-portal models. In particular, we
showed that previously proposed search strategies [39] are
significantly less efficient and new cuts have to be deployed
to discover these models.

For these fermion-portal models, cuts on my, j;, the
opening angle between the pair of leptons or jets (O, ;).
the energy of each lepton or jet (E;;), Mr,, and the
pseudorapidity (r7) of visible final states can efficiently

subtract the background. We found that when systematic
uncertainties are neglected, the discovery reach of a 10 TeV
muon collider with 10 ab™! data spans from 3.3 to 4.7 TeV
in the mediator mass for different portal models, see Sec. [V
for more accurate numbers. This reach does not diminish
significantly with systematics uncertainties that are com-
parable to the statistical uncertainties.

In the LLP regime, these models can give rise to heavy
stable charged particles, displaced leptons or vertices, and
disappearing charged tracks or R-hadrons that eventually
decay and give rise to a displaced jet. We found a large
event count (~10?) in at least one detector component for
the entire LLP region of each model’s parameter space.

In the RH lepton-portal model (e model), the mediator
can only decay via the freeze-in coupling and can become
detector stable; in these models the heavy stable charged
particle signal is the primary signal for most of the LLP
region. In the RH quark-portal model (# model), the signal
will be an R-hadron that, if it decays inside the detector,
gives rise to a displaced jet signal. Nonetheless, in most of
its LLP parameter space, the R-hadron decays outside the
detector, giving rise to a track in the tracker and the muon
system. As the R-hadron can change charge via rearrange-
ment processes with the detector, these would be sporadic
tracks, a smoking gun signature of R-hadrons.

In the LH lepton-portal model (L model), the heavy
mediator decays dominantly through electroweak inter-
actions to the lighter mediator. As a result, these mediators
are not as long-lived as their RH counterparts. We find that
for these models the main signal will be displaced leptons in
the tracker system. In the LH quark-portal model (Q model)
the heavy mediator decays mostly to the lighter mediator,
both of which appear as R-hadrons. In this model for most of
the LLP parameter space the R-hadron is detector stable,
similar to the ¥ model R-hadrons.

Our findings suggest potential refinements to the MUSIC
detector design that could enhance its sensitivity to fermion-
portal dark matter, particularly within the LLP regime. The
main obstacle in many LLP searches is an efficient layer 1
trigger on their signals which has motivated both theory and
experimental studies, see e.g., Refs. [110,111] for recent
works on new trigger proposals at CMS and their appli-
cability to LLP searches. In particular, CMS has recently
considered double-layered sensors in their tracker system
that gives rise to a stub (arising from a double hit), which in
turn provides a handle on the p; of the track [112,113]. This
enables a trigger on isolated high p; tracks and could be the
main trigger for the LLP signals of all fermion portals
studied here.

A suitably designed muon system can help in detect-
ing heavy stable charged tracks, which are the main signal
of three (out of four) models studied here across most of
their available parameter space. Thus, our signals could
potentially inform the on-going research on the design of
the muon system in MUSIC, e.g., see Refs. [33,114].
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Specifically, a slow muon trigger can discern these tracks
from the large SM background.'” If the possibility of
measuring dE/dx in the muon system exists, it can be
used for tagging these signals with a high efficacy as well.

These improvements are also crucial for reconstructing
the sporadic track signal of our models in the layered muon
system. Reconstruction of momentum and charge of the
stable charged tracks in a layered muon system is already a
complicated task. For the sporadic track signal discussed in
the text, the change in the charge of the track between each
layer of detector can further complicate this task signifi-
cantly. It should be noted that while the sporadic tracks in
the muon system are a smoking gun signatures of detector-
stable R-hadrons, they are not necessary for their discovery.

The choice of whether to prioritize the detection of
sporadic tracks in the muon system can significantly
influence its design. For example, the CMS muon system,
with dense absorber material between detector layers,
increases the likelihood of R-hadron charge flipping,
resulting in sporadic tracks. In contrast, the hollowed
design of the ATLAS muon system eliminates this effect.
As we consider the design of the MUSIC muon detector, it
is crucial to account for the potential implications of such
sporadic signals and the complex challenges associated
with their reconstruction. Addressing these considerations
will ensure an optimized and robust detector design.
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APPENDIX: MASS SPLITTING

Two of the fermion-portal models, the L and Q models,
come with a new scalar doublet. At tree-level, the two
components of the new doublet have the same mass M. The
mass difference, which is induced by loops of SM gauge
bosons between the two components of the new doublet
(with hypercharge Y) and component electric charges Q
and Q’, is given by [81]

Mo -My = %{(Q - Q’z)S%vf(%) +(0-0)
casanf(z) ()
(Al)
where @, = agy/s%, and
£(r) = —g 2R Inr+ (P —432InA(r).  (A2)
where
A(r) :%(rz—Z—r ”—4). (A3)

For the L model, Y = —1/2, O = —1, and Q' = 0 leading
to

(A4)

M — 0
My =My =25 f(%)L 0.333 GeV.

For the Q model, Y = 1/6, Q, =2/3, O, = —1/3 and so

(AS)

M -0
M, — M, =M f(%)M—)Qm GeV,

or exactly 1/3 the mass splitting for the L model.
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