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Introduction
@ In order to uncover BSM physics, we need to probe higher energy. Higher

energy is beneficial not only for direct searches of BSM, but also for Higgs
precision because vector boson fusion processes logarithmically grow with

energy.
p*y” Single Higgs Production
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Vs [rev]

@ Compared to electron colliders, muon colliders can achieve higher energy
while requiring smaller sizes since muons are heavier. (The power carried by

05 1

the synchrotron radiation P oc 7*.)

Length Energy
FCC-ee 91.2 km 91 GeV - 365 GeV
CLIC 11 km — 50 km 380 GeV - 3 TeV
ILC 30 km — 50 km 250 GeV — 1 TeV
IMCC 4.5 km — 14 km 3 TeV - 14 TeV
L TRISTAN 3 km — 6 km 1 TeV — 3 TeV
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@ Compared to pp colliders, muon colliders expect to have less background.
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[H. A. Ali, "The Muon Smasher's Guide”, Rept. Prog. Phys. 85, 084201 (2022)]
@ In pp colliders, theoretical predictions of cross sections always include PDF

uncertainty.
Vs Production cross section (in pb) for mpy = 125 GeV
(TeV)
geF  VBF __ WH __ ZH tH ___ total

196 0.95717% 0.065%5% 0.13*3% 0.079%5% 0.004+19% 1.23%15%
7 1697307 124722 0.58+22% 0.347 3% 0.00%55%, 19.173%
8 21.4%3H% 1607217 0.70%21% 0.427 3% 0.13459% 24.973%
13 48.6726% 3.78¥ 21/ 1.37720% .88 41% 050755 55.170%
13.6  52.2026% 4.1721% 1.46718% 0.05749% 0.57459% 59.270%

+1.8%

+5.6% +2.1% 1% +6.9% +5%
14 54.77205 4.287515 1.517 707 0.99 0.61 62.1

Z37% ~9.8% 1%

[PDG Review 2023]
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Cooling

@ One of the most challenging aspects of muon colliders is cooling.
@ The luminosity is given as
N1 Ny

E f o,y The beam size at the collision point
4dmo,oy

N7 o:# of particles in a bunch of the beam 1,2

f The frequency of the collisions
B%: The beta function at the collision point (mm),

x
J— *
Oy = \% /Bxgx eg: The transverse emittance (pum),

@ Since the beta function is bounded below by the bunch length due to the
hourglass effect, both of the transverse and longitudinal cooling are
important.

@ For muons, we need to perform cooling within the timescale of the muon
life time.

Ryutaro Matsudo (YITP, Kyoto University) 29 May 2025 3/22



Introduction

@ We proposed a new muon collider experiment called uTRISTAN, where we
use the ultra slow muon technology as a cooling method instead of the
ionization cooling.

@ Ultra slow muons are obtained by ionizing muoniums, whose kinetic energy is
estimated as 30 meV, the thermal energy at the room temperature.

@ The ultra slow muon technology has already been demonstrated. It is
estimated to achieve a normalized transverse emittance of ~ 1 yum.

@ Recently, ultra slow muons are successfully accelerated to 100 keV at
J-PARC. [S. Aritome et al., arXiv:2410.11367] (Talk on 27th by Shusei
Kamioka)

@ A limitation of this technology is that it can only be applied to
ut and not .

@ However, we have demonstrated that the e~ " and u™ ™ collider can
produce a sufficient number of Higgs particles, allowing us to measure the
couplings with sub-percent-level precision.
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Overveiw of the design

Proton LINAC (500 MeV)
RCS : 3 GeV x 6.6 pC x 2-bunch x 50 Hz = 2 MW
Pion production ring:

100 nC/n/(AEp=75[MeV](10mm))
("Pression y 2-bunch x 40-turns x 50 Hz
(6.61C x 2-bunch x 75 MeV x 40-turns x 50 Hz = 2 MW)
Booster ring (up to 1 TeV)
1TeV x (7.2nC=>3.6nC)/p x 40 bunch x 50Hz
=9 MW

Target

L =

Laser

30 GeV muon LINAC ~ 3 km

R=1km (B =3 T max)

16 turns ~ 700us
Triple ring
(W, w, e)
30 GeV muon LINAC ~ 3 km

3 km Main ring T, =20 ms (2000 turns)
urut :1TeV, 2.2 nCx 1 TeV,2.2 nC x 20bunch
u*e” :1TeV, 2.2 nC x 30 GeV,10 nC x 40bunch

Fig. 1. Conceptual design of the u*e~/u* ™ collider.

The proton beam is accelerated to 3 GeV with a repetition rate 50 Hz.
The 3 GeV proton beam repeatedly hit the target, where ultra slow muons are produced.
The muons (electrons) are accelerated to 1TeV (30 GeV).

The energy of the muon and electron beams are limited by the size of the main ring, 3 km,
and the strength of the magnet, 10 T.
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Ultra slow muons

The method was demonstrated at KEK BOOM in 1995, and at ISIS RIKEN-RAL in 2008, and is
further developing at J-PARC.

+ +
p"’t‘r" tor PPt s > " ¥ @ muons
acceleratory o — ) e
> % o PS @ S
T= 00 jo—p
pion production target decay @
surface muons thermal muons accelerated muons
3 3.4 MeV 25 meV 212 MeV
P 27 MeV/c 2.3 keV/c 300 MeV/c
Aplp 0.05 04 4x10

H-line Mu production Electrodes Linac

o o
(See Fig. 2) target lonization lasers %% (See Fig. 5)

(122 nm, 355 nm)

Protons are accelerated to 3 GeV and guided to the pion production target.

Surface muons: low energy muons (~ 3.4 MeV) from pions stopped near the target.
The surface muon beam is transferred to a silica aerogel target to produce muoniums.
The muoniums are ionized by laser excitation. = Ultra Slow Muons

The normalized emittance v3e, , is estimated as ~ 1 pum.

For the g — 2 experiment, the expected number of ultra slow muons is estimated as ~ 10° per second,
which is ~ 107 1% per proton. We need to enhance this number for a collider experiment.
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How to enhance the number of ultra slow muons

@ We assume a J-PARC like proton driver:
Energy: 3GeV, Intensity: 4.1 x 10'® per bunch, Number of bunches: 2, Repetition rate: 50 Hz,
Beam power: 2 MW

@ Two bunches of the proton beam repeatedly collides with the pion production target 40
times, and muons from two bunches of proton are gathered and merged to make a single
bunch. = 40 bunches of muons are obtained per 2 bunches of protons.

@ Layers of pion stopping and muonium formation targets are placed.

We shoot lasers between the layers to ionize the muoniums.

@ According to an ongoing simulation by Yasuhiro Sakaki and Mitsuhiro Yoshida, 1.1 x 103
muons are produced per single proton collision.

@ Because the ultra slow muons are widely spread (~(1-10 m)3), we need perform second
cooling.

@ The ultra slow muons are corrected and transferred to the second muonium-formation

target, and ionized by laser again. Here the production efficiency of 50% is assumed, and

then the number of muons per proton becomes ~ 5.5 x 104,

= 4.5 X 10*° muons per bunch.

Proton LINAC (500 MeV)

RCS : 3 GeV/ x 6.6 iC x 2-bunch - =
Pion produc Conceptual design of target e

100 nC/n/(2

mMpression 5 hinch x
(6.6uCx 2-b T+ stoppers roton target (Liquid Li)
Bo (T~100 pm)
Target 11
= % ©OE=F
¥ W stoppers
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Booster ring

Ryutaro Matsudo (YITP, Kyoto University)

In our design, muons are accelerated to 1 TeV and electrons are accelerated
to 30 GeV. Those values are determined from the current technology of the
magnet and the size of the main ring, 3km circumference.

The booster ring consists of two LINAC parts of length 3km and two arc
sections of diameter 1km.

In each of the LINAC parts, the ™ beam is accelerated by 30 GeV.

1TeV ~ 30 GeV x 2 parts x 16 turns

The acceleration takes 700 us, during which the intensity reduces to

2.3 X 10'° muons per bunch.

In accordance with the repetition rate of 50 Hz we keep the muon beam in
the main ring for 20 ms, which is equal to the muon lifetime. Due to the
decay of the muons during this time, the time-averaged number of muons is
1.4 x 10'° muons per bunch.

Booster ring (up to 1 TeV)
Target 17TeV x (7.2nC=>3.6nC)/u x 40 bunch x 50Hz
¥ =9 MW

a 30 GeV muon LINAC ~ 3 km
Laser
R=1km (B=3T max)
16 turns ~ 700ps
Triple ring

e
30 GeV muon LINAC ~ 3 km

(W, &)
(- 3 km Main ring T, = 20 ms (2000 turns)

w1 7eV, 2.2 nC x 1 TeV,2.2 nC x 20bunch
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Luminosity estimation
@ The luminosity of the e~ uT collider is estimated from

Speed of light(3 x 10° km/s)

= f collisi d =
Jen = # of collision per secon Circumference(3 km)

X 40 bunches = 4 MHz,
fup =2 MHz

N,, = The averaged # of muons per bunch = 2.3 nC = 1.4 x 10'°

N, = # of electrons per bunch = 10 nC = 6.2 x 10107

4 pm X 30 mm 4 pm X 7 mm
Op =\ |0 ~3pum, oy=,|/——F——— ~2pum
1 TeV/100 MeV ’ 1 TeV/100 MeV
NN, 9 _
Loyt = fw— =4.6 x 10¥*cm 257!
dro,oy

NN,
Lytp+ = fw—4 — 5.7 x 1032cm 257!
z0y

@ Integrated luminosities are

Cie“_tu+ ~ 1 ab™! for ~10 years of running
L',i;‘ilﬁ ~ 0.1 ab™! for ~10 years of running
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Comparison to the IMCC design

@ We use more conservative values for several parameters that could be used
commonly in both p*ut and putu~ colliders than the IMCC design.

@ The normalized emittance and the bunch length of the ultra cold muon beam

are expected to achieve the requirement by IMCC.
@ In the IMCC design, the bunch charge is taken to be large.
(HL-LHC: 1.15 x 10!, FCC-ee:1.5 x 10! — 2.3 x 10*1))

@ If we use the same parameters as the IMCC design, except for the normalized

emittance and the beta function, and assume that the beta function can
match the bunch length, the luminosity would be

1000-40000 x103%*cm—2s~1 at 10 TeV.

IMCC uTRISTAN (e“uT)  uTRISTAN (utput)
Normalized emittance (pm) 25 1-4
Bunch length (at 2 TeV) (mm) 7.5 01-1
Beta function at IP (mm) 5,15 1.1 (30, 7)
Center-of-mass energy (TeV) 3, 10, 14 2
Circumference (km) 4.5, 10, 14 3
(Initial) bunch intensity (10'°) | 220, 180, 180 2.3
Number of bunches 1 20
Repetition rate (Hz) 5 50
# of muons per second (103 /5s) 2 4
Luminosity (103* cm™2 s71) 2,20,40 0.06

[C. Accettura et al., " Towards a Muon Collider”, Eur. Phys. J. C .83, 864 (2023)]
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Polarization

@ The polarization of the beams is important to enhance the Higgs production
via fusion processes.

@ The electron beam polarization is set to be P, = —0.7, which has been
studied for an upgrade of the superKEKB.

@ The muon beam polarization is assumed to be P,, = 0.8.
The polarization of u™ can be maintained in the muonium formation by a
longitudinal magnetic field.
@ Even if the longitudinal magnetic field is not used, there remains P, = 0.25.
> All muons from the pion decay are right-handed.

» The half of the muonium state is |++) whose spin is preserved, while |+—)
states undergo spin oscillation, and thus under the single process of the
muonium formation and laser ionization, the polarization becomes half.

> After the two muonium formation processes, the polarization becomes
P, =0.25.

e Even if P, = 0.25, the Higgs production cross section is only reduced by 30%
in the e~ ™ collider.
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Higgs production in e~ u™ collider: W-fusion

In the e~ ™ collider, the W boson fusion is the dominant channel of Higgs
production.

@ The beam energies are 30 GeV and 1 TeV for e~ and pt.
= /s = 346 GeV.
@ The cross section is owpr = 91 fb. = # of Higgs ~ 90,000 at 1 ab™!.
(For comparison, the cross section of u~ ut — 1,0, H at /s = 2TeV is 387fb.)
@ From this, the statistical error of the kappa parameters are estimated as
1 1
2 /N(WBF) x Br(H s bb) x efficiency
Integrated luminosity —1/2 Efficiency —1/2
1.0 ab~1! ) x ( 0.5 )

Alkw + Ky — Kp) =

= 0.0031 x (
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Detector simulation

@ The detector simulation using MadGraph + PYTHIA + Delphes is in

progress.
@ We have used the HL-LHC card.

Signal Background S/V/S+ B

No cut 9.0933e+04 1.0249e+07 2.8279e+01

Exact 2 b jets 1.2025e+04 5.3215e+04 4.7079e+401

No muon and electron | 1.1997e4+04 3.7747e+04 5.3789e+01

MET > 15 GeV 1.1156e+04 9.4088e+403 7.7792e+01

My > 80GeV 8.5768e+03 2.4507e+03 8.1674e+01

@ This signal to noise ratio corresponds to A(kw + kp — ki) = 0.006

Invariant mass of two b jets

E
<

3
T

Number of Events

Ryutaro Matsudo (YITP, Kyoto University)
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Z boson fusion and recoil mass

o At /s = 346 GeV, ozpr ~ 4 fb. = # of Higgs = 4,000 at 1 ab™1.

@ For the ZZ-fusion process, by using the momentums of e~ and u™ in the final
state, we can reconstruct the Higgs mass. = Total width measurement.

@ For = ut colliders with larger beam energies ~ 10 TeV, the recoil mass
analysis is difficult since the energy resolution of the forward muons is not
enough.

@ In the case of e~ ™ collider with smaller energy, muons with || < 4 can be
used to reconstruct the Higgs mass.
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Z boson fusion and recoil mass

A detector simulation is ongoing.

Recoil Mass

7000

H

Number of Events
g

0 20 40

e utH
etz
e, W
-t W
(i’/l,+

60 80 100 120 140 160 180 200

Myee (GeV)

Signal Background  S/v/S+ B

No cut (|m| < 4) 3.1967e+03 2.2661e+08  2.1235e-01

At least 1 muon 2.6582e+03 1.9242e¢+4-08 1.9163e-01

At least 1 electron 2.0212e+03 1.5192e+08 1.6398e-01
Shield (n < 2) 3.1967e+03 2.2661e+08  2.1235e-01

115 GeV < Mpee < 135GeV | 1.7489e+03 1.4078e+04  1.3902e+01
Nelec > 1.5 1.6677e+03 1.0420e+04 1.5168e+01
E, > 250GeV 1.4840e+03 3.5678e+03 2.0879e+01

(This S/N is comparable to the ILC study of the recoil mass.for ZH channel.)

Ryutaro Matsudo (YITP, Kyoto University)
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Higgs production in utu™: W-fusion via photon
@ Even for ut ™, we can realize WW-fusion by introducing a photon propagator.

@ Despite the additional coupling, the contribution from this graph has the
comparable value to the usual WW-fusion.
At /s = 2TeV, owwrvp =~ 60 fb for pol = 0.8, while owwr =~ 400 b for pol = 0.
@ This is because the cross section of the process grows with log® s, while the
WW-fusion grows with log s at high energy.

@ The calculation of this graph is tricky because it divergences at pr(u™) =0 in
my — 0 limit.

5
e
= 1 - e 2.9 ]
o ° . ®
Q *
= 0.500F * +*
c o . *
2 ] N
@ 0.100F -
»
«» 0.050F
?
<
O < ® W fusion in my- mu+ (pol = 0)
0.010F —
0.005F W fusion in mu- mu+ (pol = -/+ 80) E|
+ W fusion via photon in mu+ mu+ (pol = 80)

500 1000 5000 1x10* 5x10* 1x10°
Beam energy (GeV)
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Log counting

@ Using the Effective Vector Boson Approximation, where the vector

bosons are treated as partons, we can estimate the number of logarithmic
factors at high energy.

@ For example, the usual WW fusion cross section is

1
a-p._;r*'—}uufluh(s) = / dngL_/“* (E) UWEM+_>}“7# (55) ~ logsv

m% /s

BN

4
1—
Fwp - © =25

ax%

TW =t =i, (&s) ~ const.

m‘
M| =

@ For the WW fusion via photon,

Optpt st wtp,n(s) = /dﬁdflfv/u(fl)fwzr/u(ﬁ) O+ (5'58) ~log”s,

T by nw+ (£'¢s) ~ const., f,/.() = gM log

o é 27 :uf 658
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Effective Photon Approximation + MadGraph
@ Due to the divergence associated with collinear emission of the intermediate photon,
MadGraph overestimates the cross section at low pp region of final state muon.
@ We separated the phase space into two region at pp = p7.”, and used MadGraph in

sep

pr > pr" and used Effective Photon Approximation (EPA) in pr < py

Dz
EPA | MadGrapoph

>
>

pr

sep

pr

@ We confirmed that the result does not depend on the choice of p?fp in the region

0.5GeV < pP < 20GeV.

Sum of Madgraph & IWW Crossx at E = 1 TeV, pol=0.8 vs pts
8

0.0

0.07F =

0.06 .

Crossx (pb)

0.05F

0.04

0.1 1 10 100
pts (GeV)
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Slepton production

e ——— e~ M+—<—r<— ﬁ+
W g W3
N+ —_— ﬂ+ N+ —_—— I]/+

The region where the amount of charged slepton pair production per year is
larger than 100 at e~ p™ and p™pu™ colliders.

L=100fb"/year Vs, L=12fb"/year

/5 =775 GeV.

2000

mj [GeV]

1000 1500

my [GeV]

2000 2500

my [GeV]
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Constraints on dimension-6 SMEFT ops. from the

elastic scattering

Precision measurement of the cross section of e~ ut — e~ and
utut — utpt can give a limit to the SMEFT ops.

1
SD/;EQ‘]

The SM couplings modified by

Quwp = H'HB,,B"", Qup = (H'D,H)*(H'D,H),

<> _ <> _
Q') = (H'iD, H)(Iy"L), Q%) = (H'iDL H)(Lt'~"L), Qp.

Four fermi interactions:
Qu = (l_;D'Y,ulr)(l_s'Yult):

prst prst
35,
30|
2  curent bound
V2 TeV 4 RR)
< 20| s=2TeV iyt (L)
2 mVs=2TeV 'y (R
15| W V52346 GeV e ' (RR)
W 52346 GoV 0" (RL)
10) V52346 GeV e 4" (LR)
V=346 GeV e ' (LL)
5)
o 1) 3)
Cowe Gio o o Cro
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Qe = (Z_P'Yulr)(ésfyuet):

[Tev]
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40)
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o - e
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(H'iD, H)(Ry" R)

Q ee = (epyuer)(€sy'er)
prst

2TV i
mE=2TeV yu (R

V3346 GoV & (RR)
W V52346 GeV 64" (RL)
m V=346 GeV e ' (LR)
V=346 GeV 0"y (LL)
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Summary

@ For ut, an efficient cooling method exists: Ultra Slow Muons.

@ The e~ uT and putput can give sub-percent level precision measurements of Higgs
couplings.

Other topics:

@ Polarization: Is P, = 0.8 possible without affecting emittance?

@ Neutrino-induced radiation
@ Detector study for beam induced background
@ Neutrino usage

[Ryuichiro Kitano, Joe Sato, Sho Sugama, " T-violation of future neutrino factory”, arXiv:2407.05807]

@ Lepton Number/Flavor Violation
[Kare Fridell, Ryuichiro Kitano, Ryoto Takai, " Lepton flavor physics at wtut colliders”, JHEP 06
(2023) 086]
[R. Jiang et al., "Searching for Majorana Neutrinos at a Same-Sign Muon Collider”, PRD 109 (2024) 3]
[C. H. de Lima et al., " Probing Lepton Number Violation at Same-Sign Lepton Colliders”,
arXiv:2411.15303]

@ Direct heavy neutrino detection
[A. Das et al, " Testing tree level TeV scale tyep-l and type-Il seesaw scenarios in TRISTAN",
arXiv:2410.21956]

@ Dark matter search
[Hajime Fukuda, Takeo Moroi, Atsuya Niki, and Shang-Fu Wei, " Search for WIMPS at utut collider”,
JHEP 02 (2024) 214]
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Back Up
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[Animation] https://rcwww.kek.jp/research/shield/sakaki/ /2023/zx_pi.gif

Taken from Yasuhiro Sakai's slide

Ryutaro Matsudo (YITP, Kyoto University) 29 May 2025 23/22



pt “stopping” position by ionization 11

1 Layer 1 Layer

= e
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[Animation] https://rcwww.kek.jp/research/shield/sakaki/ /2023/zx_mu.gif

Taken from Yasuhiro Sakai's slide
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