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A novel collider, called uTRISTAN, was recently proposed, offering the capability to achieve
high-energy collisions of antimuons. This high-energy collider presents an exceptional opportunity for the
discovery of electroweak-interacting massive particles (EWIMPs), which are predicted by various new
physics models. In a lepton collider like yTRISTAN, the potential for discovering EWIMPs extends
beyond their direct production. Quantum corrections arising from EWIMP loops can significantly
enhance our prospects for discovery by precise measurement of Standard Model processes. This study
focuses on the indirect detection method within the yTRISTAN experiment, with a specific emphasis on
TeV-scale EWIMP dark matter scenarios that yield the correct thermal relic density. At collision energies
for /s = O(1-10) TeV, these EWIMPs introduce noticeable effects, typically in the range of O(0.1-1)%.
Our findings indicate that at /s = 2(10) TeV, with an integrated luminosity of 10 ab~!, uTRISTAN can
detect Higgsinos at a mass of 1.3 (3.0) TeV and winos at a mass of 1.9 (4.4) TeV, assuming an optimistic

level of systematic uncertainty in the observation of the Standard Model processes.

DOI: 10.1103/PhysRevD.110.035002

I. INTRODUCTION

The Standard Model (SM) of particle physics represents
a remarkable milestone in our understanding of the funda-
mental laws governing the Universe. It offers an elegant
and precise description of numerous experimental and
observational findings. Yet, the SM is far from perfect,
as it grapples with several unsolved mysteries, one of which
is the presence of dark matter (DM).

To address such problems, we have been working on
extensions to the SM that introduce new particles. Some
models beyond the SM (BSM) include electroweak-
interacting massive particles (EWIMPs), and they can
be potential solutions to the DM puzzle. One intriguing
idea is that DM itself can be an EWIMP, which links it
more closely to the electroweak forces described by the
SM. The electroweak interaction plays a pivotal role in
facilitating the freeze-out mechanism of DM to explain the
correct relic abundance. This electroweak charge is instru-
mental in enhancing the stability of DM. Furthermore, the
electroweak interaction holds a central position in the
pursuit of DM detection, spanning direct/indirect detection
methods and collider experiments.
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These theoretical extensions, such as supersymmetry,
suggest the existence of DM particles with electroweak
charges, such as the wino, Higgsino, and the minimal dark
matter model [1]. While collider experiments are essential
for exploring DM, it is not easy to find electroweak-charged
DM. The DM does not interact directly with detectors,
making it a difficult target to observe.

One important strategy is to consider SU(2), isospin
partners, which are particles closely related to DM. These
partners have nearly the same mass as DM and can possess
a macroscopic lifetime [2-5]. These metastable isospin
partners produce several exotic tracks at collider experi-
ments. The search for disappearing charged tracks from the
charged isospin partners places significant constraints on
the EWIMPs [6-9]. The decay products of the isospin
partner can generate displaced and soft tracks, each yield-
ing distinct signatures that markedly diverge from those of
SM events [10].

However, searches based on direct EWIMP production
are strongly dependent on the details of the EWIMP
decay; for example, in the search for disappearing charged
tracks, the sensitivity is strongly dependent on the lifetime
of the EWIMP’s charged partner. The energies of the
decay products such as leptons also depend on the mass
splitting of the EWIMP, which strongly affects the EWIMP
search [11]. For instance, in the case of the pure Higgsino,
which has a mass splitting of about 350 MeV, the search at
the Large Hadron Collider (LHC) using disappearing
charged tracks is the most sensitive, setting a lower mass
limit of approximately 200 GeV [12]. However, when the
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mass splitting is roughly 1 GeV, the LHC search is very
challenging and no limit has been established by the LHC.

Another approach involves indirect searches that rely on
the effects of EWIMP loops that can influence the behavior
of SM processes observed in collider experiments. At e™ e~
olliders like the International Linear Collider, the influence
of EWIMP loops is indirect but profound, impacting the
precision measurement of difermion e*e™ — ff produc-
tion [13]. A similar process can also be utilized in the p™*u~
collider [14]. This effect offers us a powerful way to detect
EWIMPs, sometimes even outperforming the detection
capabilities of direct EWIMP production. Similarly, at
hadron colliders, the EWIMPs have an indirect impact
on the Drell-Yan process, making it a valuable tool for
detecting EWIMPs [15-19]. This approach barely depends
on the properties of the EWIMP decay, such as the lifetime
of charged partners. Thus, indirect searches provide a
generic prospect for the EWIMP search.

A recent development is the proposal for a new lepton
collider, #TRISTAN, the e ™ and pTut collider [20].
This collider utilizes a low-emittance muon beam, origi-
nally developed for the muon g — 2/EDM experiment at
J-PARC [21]. This beam enables high-energy pu™u™ scat-
tering, which has inspired the concept of this new collider.
Motivated by this new proposed collider, we explore the
possibilities and potential for EWIMP detection. Unlike
conventional lepton colliders, this innovative collider con-
cept presents specific challenges due to the limited pro-
duction of DM. This is because we require multibody
processes, such as utut - utut + EWIMP + EWIMP
via vector-boson fusion for EWIMP production, which
reduces the production cross section and adds complexity
to the analysis [22]. One advantage of using lepton colliders
is that they are excellent at making very accurate mea-
surements, and these precise measurements are a valuable
tool in our search for BSM physics [23].

In this context, we present a novel method that exploits
the loop effects from BSM physics to address EWIMPs in
the unique environment of the u*u™ collider. In this paper,
we investigate the effect of EWIMP loops on the Mgller-
like scattering, as shown in Fig. 1. Since the beam energy

ut

FIG. 1. Example of the diagrams of the loop correction from the
EWIMPs for the process u™u™ — putu™.

and luminosity of the " u™ collider are currently still under
consideration, the purpose of this paper is to identify which
EWIMP masses can be searched indirectly with a given
collider configuration. As we discuss later, we find that
TeV-scale EWIMPs can provide an O(0.1-1)% correction
to these processes. By these indirect methods, we can detect
TeV-scale EWIMPs. These findings will be important in the
search for TeV-scale DM physics.

II. INDIRECT SIGNALS FROM EWIMPS

We investigate the impact of EWIMPs on u'u™ elastic
scattering. The primary contribution arises from the one-
loop process illustrated in Fig. 1. Integrating out the EWIMP
with a mass m leads to an effective theory describing the
correction to the SM process by the EWIMP. At the one-loop
level, the effective Lagrangian reads

92 Cww

Ly = Lom + 3

WszBSM(_DZ/mz)WaW

glchB
+ TBWHBSM(_az/mZ)BW +ey

(2.1)
where Lgy is the SM Lagrangian and g (¢') is the gauge
coupling of SU(2), [U(1),] whose field strength is denoted
by Wi, [B*], with D* being the covariant derivative on Wy,
The ellipsis denotes operators composed of field-strength
tensors exceeding two; however, these are irrelevant to the
subsequent discussion. The coefficients Cyyy and Cpp are
given by

nn—1)(n—=2) (1 (Complex scalar),
CWW = M { ) . (22)
6 8 (Dirac fermion),
1 (Complex scalar),
Cpp = 2nY2{ (Complex scalar) (2.3)
8 (Dirac fermion).

We need to multiply by an additional factor of 1/2 for the
case of a real scalar or a Majorana fermion. The function
Mg (x) represents the self-energy of the gauge bosons
resulting from the EWIMP loop. Employing the MS
regularization scheme with the renormalization scale set
at u = m, we can derive its explicit expression as follows:

fazJo dvy(1=y)In[l=y(1=y)x] (fermion),
oz Jo dy(1=2y)*In[1 —y(1—y)x] (scalar).
(2.4)

Mpgm(x) = {

As described in the Introduction, the yTRISTAN experiment
focuses on high-energy beam collisions. In our analysis, we
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typically consider scenarios where the beam energy is higher
than the DM mass. Therefore, it is useful to illustrate the
asymptotic behavior of the loop function I1(x) in the limit of
X = —o0:

1/2

1 (scalar).

(fermion),

Mgy (1) = 15 (-1 25)

In order to keep the perturbative loop expansion valid,
we need

FCyyll(x) <1 and ¢*Cppll(x) < 1. (2.6)
Therefore, if we consider either excessively high momentum
transfers or large electroweak charges of the BSM particles,
the current one-loop analysis may become invalid. In
subsequent analyses, we assume that the BSM mass range
is approximately 1-10 TeV, with the collider operating at up
to 20 TeV. Under these benchmark conditions, and consid-
ering specific EWIMPs (Higgsino, wino, 5-plet fermion, and
7-plet scalar) as examples, the criteria specified in Eq. (2.6)
are safely satisfied.

The effective Lagrangian (2.1) enables us to calculate the
amplitude of the y*u™ — u™u™ scattering, and the leading-
order (LO) amplitude is
J

iMesm (g, oy, = Honi,) = =il0n, (P17 V3, (P3)] Z

VV'=y,Z
+ i[on, (p1)7"vi, (Pa)] Z
VV'=yZ
Here the gauge group factors dyy» are given by
9
dzz = 5 (cwCww + sWwCag), (2.12)
e
d}/y = E (CWW + CBB)’ (2'13)
€g
dz, = d,;z = TZ( wCww = swCpp).  (2.14)

Given that the BSM contribution is small, as indicated by
Eq. (2.6), the leading BSM effect arises from the interfer-
ence between the SM and BSM matrix elements. Using the
matrix elements (2.7) and (2.11), we can estimate the
leading contribution to the u™ut — p*u* differential cross
section from the BSM particles by

l'/\/lLo(ﬂth1 (Pl):u;;; (P2) = ﬂ;} (P3)/4h+4(174>)

i Ch Ch -
= —’[Uh] (Pl)V””h; (p3)] Z Lzzv[th(l’z)}’,47fh4(174)]
oy t—my
e CrnvCy
+i[0p, (P1)7"vi, (pa)] Z — =0, (P2)7, 01, (P3)],
VS u—my

(2.7)

where v, (p;) is the Dirac-spinor wave function for the ith
antimuon with the helicity h; = L, R, and 1 = (p; — p3)?
and u = (p, — p4)? are the Mandelstam variables. The
couplings C), y are

Crz = —9z5%> (2.8)
1

Crz =9z 575w ) (2.9)

CLy:CR]/:+e’ (210)

where g, = g/cw, with sy (cy) being the sine (cosine) of
the Weinberg angle 6.

The next-to-leading-order
EWIMPs can be computed as

(NLO) contribution by

Chlvchzv'dvv’fHBSM(f/mz) _

(t—m)(t—m2) [©n, (P2)7,vn, (P4)]

Chlvchzv’dvv’ ”HBSM(u/mZ)

(= m)(u - m2,)

(04, (P2)7u0n,(P3)]. (2.11)

dUBSM o 1
dcos8  32zs

Re(MpoMigy)- (2.15)

By using the difference between the contributions from
BSM physics and the cross section in the SM dogy;/d cos 6,
we conduct an indirect search for BSM physics. As we
consider collision energies greater than the weak scale,
electroweak loops within the SM also provide significant
corrections. In this paper, we use the NLO values within the
SM as the SM cross section ogy;. To estimate the NLO SM
cross section utut — utut(y), we use a slightly modified
version of the program alTALC [24], which integrates
several tools: Qgraf [25], Diana [26], Form [27],
LoopTools [28], and FF [29]. In this work, we incorporate
an additional cut on the photon energy, setting EJ®* =
0.14/s, where s = (p; + p»)?. In this analysis, we omit the
real emission of Z bosons; however, we find that this
correction amounts to only a few percent and does not
significantly alter the results of the present analysis.
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FIG. 2. Correction from the BSM particles and SM cross section of u*u™ — u™u™. The solid lines represent that both initial
antimuons are right-handed (P,+ = +100%), while the dashed lines represent the case of an unpolarized initial state (P,+ = 0%).

The deviation

dO-SM
dcoséd

dogsm

2.16
dcos@ ( )

is plotted in Fig. 2 for the case of a 1 TeV wino (Majorana
fermion with n =3 and Y = 0) and 500 GeV Higgsino
(Dirac fermion with n =2 and Y = £1/2), together with
the SM cross section. One can find that if the initial beams
are polarized such that incoming antimuons are all right-
handed, the contribution from EWIMPs is increased, as
expected. Furthermore, it can also be found that the
deviation becomes more significant for higher beam energy
/s and larger scattering angle 6. This is consistent with

10 ¢
V5 =10 TeV, P,e = +100%
IH— — — —
| Vs =1 TeV, P/,\ = +100% |
. I N | |~ I
= — — /s =10TeV, Ppr =0% — —
o1y _r— - - - 7 7= [ — 7
F Vs =1 TeV, P+ = 0%
0.01 ‘ . :
-1 —0.5 0 0.5 1
cos

(a) 500 GeV Higgsino

FIG. 3.

Eq. (2.5), which implies that the EWIMP effect grows
logarithmically, like In[z] = In[—s(1 — cos 6)/2].

III. PROSPECTS OF INDIRECT EWIMP
SEARCHES

A. Analysis

We can estimate the sensitivity of the search for BSM
physics by utilizing the correction to the SM cross section
calculated in the previous section. For a more statistical
evaluation, we adopt the binned likelihood analysis for the
differential cross section of ™yt — p*u*. For binning, we
use ten uniform intervals for cos@ & [cosf;: cosb,]. As
for the minimum and maximum angle, we use 6, = 164°

10 ¢

Vs =10 TeV, P+ = +100%

o Vs =10 TeV, P,y = 0% =
01 | V5 =1 TeV, P+ = +100% L
V5 =1 TeV, P = 0%
—————————————— .
0.01 ‘ : ‘
-1 —0.5 0 0.5 1
cos

(b) 1 TeV Wino

Values of y? with ¢; = 0 for each bin for an integrated luminosity 1 ab™'.
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and 6, = 16° as in Ref. [23]. We define the following y?
valuable:

10 [N(_BSM):|2
2 }: 2 2 !
= X where X = . (31)
i—1 NSSM) + [eiNESM)r

Here N EBSM) (N SSM)) is the expected value of the number of
events given by

d
NEBSM) _ L/ dcosd OBSM ’
ith bin dcos®

4500 T T T T T T T T T

(3.2)
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where L is the integrated luminosity, and ¢; in Eq. (3.1)
represents a systematic error for the ith bin. In Fig. 3, we
show y? for the Higgsino and wino with an integrated
luminosity of 1 ab™!, assuming only statistical uncertainties,
e; = 0.

B. Results

Here we consider four types of EWIMPs as benchmark
points: Higgsino, wino, S5-plet minimal fermion DM

7000
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Wino Mass Reach [GeV]

2000

1000

0 | | | | | | | | |
2 4 6 8 10 12 14 16 18 20
V3 [TeV]
(b) Wino
10000
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7000
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3000
2000

7-plet Scalar Mass Reach [GeV|

1000

Vs [Tev]
(d) Minimal scalar DM

FIG. 4. Mass reach of EWIMP at 95% CL. (a): Higgsino (Dirac fermion with n = 2, Y = +1/2). (b): wino (Majorana fermion with
n = 3,Y = 0). (c): minimal fermion DM (Majorana fermion with n = 5, ¥ = 0) (d): minimal scalar DM (real scalar withn = 7, Y = 0).
The solid lines represent that both initial antimuons are right-handed (P,+ = +100%), while the dashed lines represent the unpolarized
initial state (P,+ = 0%). We show the plots with systematic errors of ¢; = 0%, 0.1%, 1% for an integrated luminosity of 10 ab~!, while
we only plot the case of €; = 0% for 1 ab~!. The yellow regions denote the range of EWIMP masses for which the thermal relic
abundance of EWIMPs aligns with the observed DM abundance, Qh* ~ 0.12 [1,30-32]. Note that the predicted mass for the 7-plet real
scalar DM is 54.2 £+ 3.1 TeV [32], which is outside the scope of the figure.
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FIG. 5. Polarization dependence on the EWIMP mass reach.

We assume a center-of-mass energy /s = 10 TeV, an integrated
luminosity of 10 ab™!, and that systematic uncertainties are
negligible with €; = 0.

(Majorana fermion with n =35 and Y =0), and 7-plet
minimal scalar DM (real scalar with n = 7 and Y = 0). For
a given set of collider parameters, the collision energy +/s,
integrated luminosity, and systematic uncertainty €;, we
estimate y* given in Eq. (3.1). We identify y> = 3.8 as
the sensitivity of a 95% confidence level. Figure 4 shows
the potential reach for detecting the mass of EWIMPs at a
confidence level of 95% through the precision measure-
ment of the u"ut — ptut scattering. We show the cases
(1 ab~!,¢; = 0)inred, (10 ab!, ¢; = 0) in blue, (10 ab~!,
€; = 0.001) in green, and (10 ab=!,¢; = 0.01) in cyan. In
each figure, the solid lines depict the scenario where both
u" beams are entirely right-handed polarized, while the
dashed lines represent the unpolarized case. The yellow
regions represent the range of EWIMP masses for which
the thermal relic abundance of EWIMPs aligns with the
observed DM abundance, Q42 ~0.12 [1,30].

In Fig. 5, we show the polarization dependence on the
EWIMP mass reach, assuming a center-of-mass energy
/s =10 TeV, an integrated luminosity of 10 ab~!, and
negligible systematic uncertainties with ¢; = 0. The
EWIMPs, except for the Higgsino, possess only SU(2),
charges. Consequently, the corrections diminish when the
u" beams are left-handed polarized.

From these figures, we can see that the y*u™ collider
with an energy of /s ~ 10-20 TeV has the potential to
investigate the thermal relic hypothesis of fermionic
EWIMPs, provided that we maintain a very low systematic
uncertainty of O(0.1)% and utilize highly polarized beams.

IV. SUMMARY AND DISCUSSION

In this paper, we investigated the influence of EWIMPs
on utut — utut scattering. We found that the EWIMP
loop introduces a correction of O(0.1-1%) to the SM

process. Notably, this effect is particularly enhanced when
the initial antimuons are right-handed polarized. For the
Higgsino and wino EWIMPs, we identified that a beam
energy of a few TeV and an integrated luminosity of
O(1) ab=! can be employed to search for mass values
capable of explaining the correct thermal relic abundance.

Moreover, as depicted in Fig. 2, the scattering distribu-
tion of antimuons depends on the quantum numbers of the
EWIMP, such as its spin, electroweak charge, and mass.
Hence, the yTRISTAN experiment can play a role as an
identifier of DM properties by precisely measuring the
scattering distribution.

It is intriguing to compare our results with other direct and
indirect searches in future colliders. As discussed in the
Introduction, experiments based on direct production of
EWIMPs rely on detailed mass splitting of EWIMPs, and
hence it is difficult to give a generic prospect. For simplicity,
we consider the case of the pure Higgsino here. First, the
disappearing track search by the High-Luminosity LHC hasa
sensitivity up to about 250 GeV for the pure Higgsino [33].
The lepton-antilepton colliders such as e~e™ and y~u™
colliders can produce mono—gauge bosons (W, Z, and y) in
addition to the EWIMP pair production, and the p~u™
collider is sensitive to a Higgsino of about 1.5 TeV using the
mono-W signal with \/s = 10 TeV [34]. The 10 TeV p~u*
(u" ™) collider can also utilize the disappearing track and
has a sensitivity up to about 1.5 TeV (1 TeV) for the pure
Higgsino [22,35]. The lepton-antilepton collider can also be
used as an indirect search. By utilizing the precision
measurement of difermion production #~¢+ — ff, where
fisthe SM fermion, EWIMPs with masses around the beam
energy can be detected [13].

In this study, we have not considered beyond-one-loop
corrections in the SM and BSM processes. By varying the
renormalization scale from the EWIMP mass to /s, i.e.,
W€ [m,+/s], we estimated that corrections to the cross
sections from EWIMPs beyond the one-loop correction
are approximately 10%. This uncertainty introduces uncer-
tainties of ~10% to the mass reach. For a more precise
estimation, employing the resummation method, such as a
muon parton distribution function, and subsequently match-
ing it with the NLO hard process would be preferable.
However, such a precise estimation does not significantly
affect the main assertion of our paper, which is the sensitivity
estimate of indirect searches for EWIMPs at yTRISTAN.

Additionally, our approach artificially parametrizes the
systematic uncertainty ¢; as a fixed value, whereas it should
ideally be evaluated by considering uncertainties arising from
both theoretical calculations and the experimental setup. We
will address these considerations in future research.

The yTRISTAN experiment is still in the proposal stage,
with detailed beam energies and detector designs yet to be
finalized. Meanwhile, our present study offers a promising
approach to investigate DM, a critical research objective.
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This work will significantly influence the design consid-
erations for yTRISTAN.

Note added. During the completion of this paper, a related
study [36] was submitted to arXiv that also discusses
indirect probes of EWIMPs at the u™u™ collider.
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