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Introduction: What is TRISTAN?μ



Task of future collider

2

1. Go to higher energy

production of new particle 
→ direct search

2. Precision measurement

probe deviation from SM  
→ indirect search

s

ev
en

t #

• Muon colliders are very nice for both!

precision measurements ← lepton collider

high energy e.g. O(10) TeV ← less synchrotron rad. than e±

κX

κY

SM

data



Basics for collider
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The formula of the number of the collision events:

Nevents = σ × ℒ × trun
: cross sectionσ

: running timetrun

ℒ = Nbeam1 Nbeam2
4π σx σy

frep

# of particles

beam size

How frequently collisions occur

Δstat.σ
σ

∝ 1
Nevents

∝
σxσy

Nbeam1Nbeam2

luminosity:

The statistical error of the cross section is given as:

# of particles and narrow beam size are important



Current difficulties of  colliderμ+μ−
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→  cooling w/ large amount is very difficult!μ

• MAP (Muon Accelerator Program)

 produced from  decay  
→ too hot, randomly distributed 
→ cooling with ionized material

μ± π±

Transverse Cooling Concept

D. Schulte Muon Colliders, CERN, July 3, 2020 16

Strong solenoids to minimise
betafunction

Example: final cooling solenoids >30 T aperture 25 mm
Higher field means better emittance and more luminosity

[from slide by Daniel Schulte]

• LEMMA (Low Emittance Muon Accelerator)

 at threshold 
→ almost at rest i.e. already cool, but less amount
e+e− → μ+μ−

principle works, but not yet established

Ionizing laser

Ionized
μ

Ionizing laser

Ionized



Technology for cooling exists!μ+
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• J-PARC is planning  g-2/EDM experiment.μ

The key technology is cooling of , which is 
available today!

μ+

Ionizing laser

Ionized

fig from slide by Takaura

 produced from 
 decay

μ+

π+
 bound state 

(muonium)
μ+e−

Ultra cold  μ+

In g-2/EDM exp., used as a high-
quality  beam by accelerating 
to 300 MeV.

μ+

trapped in 
material



Technology for cooling exists!μ+

5

• J-PARC is planning  g-2/EDM experiment.μ

The key technology is cooling of , which is 
available today!

μ+

Ionizing laser

Ionized

fig from slide by Takaura

 produced from 
 decay

μ+

π+
 bound state 

(muonium)
μ+e−

Ultra cold  μ+

In g-2/EDM exp., used as a high-
quality  beam by accelerating 
to 300 MeV.

μ+

Our proposal: accelerate it to O(1)TeV!

trapped in 
material



6ready to be acceleratedhttps://www.j-parc.jp/c/en/press-release/2024/05/23001341.html

Technology for cooling exists!μ+
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Beam emittance

• Beam size is determined by emittance ϵx,y
x

px /pz

σx ∝ (ϵx)
1
2

emittance = area of distribution in phase space 
→ reflects quality of beam
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Beam emittance

• Beam size is determined by emittance ϵx,y

ϵx , ϵy = 4 μm
βγFor ultra-cold :μ+

x

px /pz

σx ∝ (ϵx)
1
2

emittance = area of distribution in phase space 
→ reflects quality of beam

[J-PARC EDM/g-2 ,1901.03047]



Muon cooling
There is a rather matured(?) technology only works for μ+.

[K.Nagamine et al. 1995]Ultracold muon technology

This has been the key technology for the 
J-PARC muon g-2 experiment.

Mibe-san’s slide

Looks like there is a good chance of realizing a low-emittance μ+ beam!

ultra-cold muon is here.ultra-cold  is here!μ+

7

Beam emittance

• Beam size is determined by emittance ϵx,y

ϵx , ϵy = 4 μm
βγFor ultra-cold :μ+

x

px /pz

σx ∝ (ϵx)
1
2

emittance = area of distribution in phase space 
→ reflects quality of beam

[J-PARC EDM/g-2 ,1901.03047]

planned emittance in MAP
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high-quality  beam accelerated to O(1) TeVμ+

•  colliderμ+e−

 (TRISTAN energy)Eμ+ = 1 TeV, Ee− = 30 GeV

•  colliderμ+μ+

 Eμ+ = 1 TeV, Eμ+ = 1 TeV

→ s = 346 GeV

→ s = 2 TeV

(instead of )μ+μ−

Proposal of new experiment: TRISTAN!μ

Higgs factory/EW precision
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New physics search/Higgs factory(!?)

 ℒμ+e− = 4.6 × 1033 cm−2s−1

 ℒμ+μ+ = 5.7 × 1032 cm−2s−1
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Design of TRISTANμ

Proton LINAC (500 MeV)  
RCS : 3 GeV x 6.6 mC x 2-bunch x 50 Hz = 2 MW 

Target 

Laser 

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

3 km Main ring  τm = 20 ms (2000 turns) 
m+m+  : 1 TeV, 2.2 nC x 1 TeV,2.2 nC x 20bunch 
m+e-  : 1 TeV, 2.2 nC x 30 GeV,10 nC x 40bunch 

30 GeV muon LINAC ～ 3 km 

R=1 km (B = 3 T max) 

Pion production ring:  
100 nC/π/(⊿Ep=75[MeV](10mm))  
x 2-bunch x 40-turns x 50 Hz 
(6.6mC x 2-bunch x 75 MeV x 40-turns x 50 Hz = 2 MW) 

Compression 

RF 

e- 

30 GeV muon LINAC ～ 3 km 

16 turns ～ 700μs 

Triple ring 
(m+,  m+,  e- ) 

1

2
3

4

5

[YH, Kitano, Matsudo, Takaura, Yoshida, 2201.06664]
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Higgs production

Main process: W-boson fusion σWBF ≃ 91 fb

(Eμ+, Ee−) = (1 TeV, 30 GeV)  s = 346 GeV
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Due to the large luminosity, the  collider is more suitable.μ+e−

 (Pμ+, Pe−) = (0.8, − 0.7)

• luminosity ℒμ+e− = 4.6 × 1033 cm−2s−1

 N(Higgs) = 9.5 × 104 × (integrated luminosity)
1.0 ab−1

•   w/ ten-year running∫ dt ℒμ+e− = 1.0 ab−1

Higgs precision measurement is possible!

[YH, Kitano, Matsudo, Takaura, Yoshida, 2201.06664]
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Coupling measurement

Higgs mainly decays into   (Br. = 58.2 % in SM)bb̄
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b b̄σSM = σSM
WBF

ΓSM
H→bb̄

ΓSM
H, tot

Br(H → bb̄)

All couplings are parameterized by 's  ( -scheme)κ κ

ghWW = κW gSM
hWW

ghbb̄ = κb gSM
hbb̄

ΓH, tot = κ2
H ΓSM

H, tot

σ = κ2
Wκ2

b

κ2
H

σSM

h

[YH, Kitano, Matsudo, Takaura, Yoshida, 2201.06664]
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Coupling measurement
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b b̄

(SM corresponds to )Δκ∙ = 0κ∙ = 1 + Δκ∙

ΔκW + Δκb − ΔκH ≲ 1
2

Δstat.σ
σ

≃ 1
2

1
N(Higgs) × Br × efficiency

≃ 3.1 × 10−3 × ( integrated luminosity
1.0 ab−1 )

−1/2

( efficiency
0.5 )

−1/2

's can be measured with the statistical uncertainty:κ

O(0.1)% measurement!

h

σ = κ2
Wκ2

b

κ2
H

σSM

[YH, Kitano, Matsudo, Takaura, Yoshida, 2201.06664]
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Higgs production @  ?μ+μ+
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hμ+

μ+

γ

W+

• Naively, only ZBF is possible at  collider → suppressed?μ+μ+

• However, -emitted WBF can be significant at high energy!!γ

∝ α log(E/mμ)

Higgs production@μ+μ+

Z

Z

μ+

h

~54fb@2TeV

b

b-

μ+

μ+

μ+

~35fb@2TeV

W+

γ

μ+

h

b

b-

μ+

μ+

νμ-

W-

W+

final state all visible
gets more important at high energy

total

WBF via photon

ZBF
about a factor of two smaller than μ+μ-

(not too bad?)

maybe we should plan 5-10TeV colliders.

Higgs production@μ+μ+

Z

Z

μ+

h

~54fb@2TeV

b

b-

μ+

μ+

μ+

~35fb@2TeV

W+

γ

μ+

h

b

b-

μ+

μ+

νμ-

W-

W+

final state all visible
gets more important at high energy

total

WBF via photon

ZBF
about a factor of two smaller than μ+μ-

(not too bad?)

maybe we should plan 5-10TeV colliders.

[2407.XXXXX, YH, Kitano, Matsudo,  
Okawa, Takai, Takaura, and Treuer]
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Higgs production @  ?μ+μ+

• di-Higgs production at  colliderμ+μ+
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Higgs production@μ+μ+

+ others

hhh coupling at 5-10% level? (@10TeV, 10ab-1)

total

WBF via photon

ZBF

λ/λSM

ZBF:

about 1/3 of μ+μ-
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h
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W
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h
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νμ-
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W
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Higgs production@μ+μ+

+ others

hhh coupling at 5-10% level? (@10TeV, 10ab-1)

total

WBF via photon

ZBF

λ/λSM

ZBF:

about 1/3 of μ+μ-
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Slepton production at TRISTANμ
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W̃

 colliderμ+μ+

• For simplicity, only Wino  exchange (no other neutralinos)W̃

• Mass parameter region where # of events exceeds 100 
(We do not consider decay of sleptons)

 can be exploredmμ̃ ≲ 1 TeV
0 2000 4000 6000 8000
0

500

1000

1500

2000

2500

L = 12 fb-1/year

our reference energy

higher energy option

[YH, Kitano, Matsudo, Takaura, Yoshida, 2201.06664]
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Indirect new physics search at TRISTANμ

Constrain SMEFT dim-6 operators via Møller scattering

Qll = 1
Λ2 (L̄γμL)(L̄γμL) QHD = 1

Λ2 (H†DμH)* (H†DμH)
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µ+

Qll

etc.

We can detect   at most!Λ ≲ 100 TeV

得られる制限

Cll C ll
����

C ee
����

C le
����

Cll
'' Ce� C le

ee��
C le

��ee
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]

current bound

s =2 TeV �+�+(RR)

s =2 TeV �+�+ (LL)

s =2 TeV �+�+ (RL)

s =346 GeV e-�+(RR)

s =346 GeV e-�+(RL)

s =346 GeV e-�+(LR)

s =346 GeV e-�+(LL)

100 TeV程度まで検知!

Current bound from 2204.05260 by Bagnaschi et al.CX =
1
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*ここでは簡単のため
Pµ+ = Pe� = ±1
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にセットwith 95% C.L.

[YH, Kitano, Matsudo, Takaura, 2210.11083] 
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Weak mixing angle at TRISTANμ

Weak mixing angle:  (@ tree)sin2 θW = g2
Y

g2
W + g2

Y

important quantity of EW sector and sensitive to NP through RGE

[Chen, YH, Iguro, 2406.04500]

APV
Qweak

SLAC E158

eDIS

NuTeV

LEP

SLC
LHCTevatron

stat only, 1ab-1

Pμ+=0, Pe-=±0.7

μ+e- collider
(Eμ+,Ee-)

(1TeV,100GeV)

(1TeV,30GeV)

(100GeV,30GeV)

(30GeV,10GeV)

0.01 0.10 1 10 100 1000

0.230

0.235

0.240

0.245

SM
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µ+

γ/Z

e−

e−

scan over wide range of  
with nice precision!

μ
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Summary

• We proposed a new collider TRISTAN using ultra-cold , 
which is already available!

μ μ+

 colliderμ+e−

• Higgs factory → coupling measurement w/ O(0.1) % precision

 colliderμ+μ+ s = 2 TeV

 ℒμ+e− = 4.6 × 1033 cm−2s−1

 ℒμ+μ+ = 5.7 × 1032 cm−2s−1

s = 346 GeV

• Weak mixing angle measurement

• direct NP search like slepton

• indirect NP search based on SMEFT →  at mostΛ ≃ 100 TeV

• Higgs factory at higher energy ( -emit WBF) γ



Backup
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Indirect new physics search at TRISTANμ
得られる制限

CHWB CHD CHl
(1) CHl

(3) CH�
0

5

10

15

20

25

30

[T
eV

]

current bound

s =2 TeV �+�+(RR)

s =2 TeV �+�+ (LL)

s =2 TeV �+�+ (RL)

s =346 GeV e-�+(RR)

s =346 GeV e-�+(RL)

s =346 GeV e-�+(LR)

s =346 GeV e-�+(LL)

現在の制限をimprove

Current bound from 2204.05260 by Bagnaschi et al.CX =
1

⇤2
X
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*ここでは簡単のため
Pµ+ = Pe� = ±1
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with 95% C.L.
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Indirect new physics search at TRISTANμ

We can detect   at most!Λ ≲ 100 TeV

得られる制限

Cll C ll
����

C ee
����

C le
����

Cll
'' Ce� C le

ee��
C le

��ee
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s =2 TeV �+�+ (LL)

s =2 TeV �+�+ (RL)

s =346 GeV e-�+(RR)

s =346 GeV e-�+(RL)

s =346 GeV e-�+(LR)

s =346 GeV e-�+(LL)

100 TeV程度まで検知!

Current bound from 2204.05260 by Bagnaschi et al.CX =
1

⇤2
X
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*ここでは簡単のため
Pµ+ = Pe� = ±1
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Efficiency

• Background events

By reconstructing the invariant mass from b-jets, we 
would suppress the BG events.

The efficiency to detect the events is important and under studied.
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• Coverage of detector in a small angle region

 1 TeV  30 GeV
The produced particle is strongly boosted.

μ+ e−

<latexit sha1_base64="YV94pYghAqyg53pTZk0DyCRoTCo="></latexit>

e�
<latexit sha1_base64="7E2IuFtWA99d1eQGhlpXn0CzY+Y="></latexit>

µ+

<latexit sha1_base64="XyRavwv0eT3OOzR7YuYbxiDBrng="></latexit>

W� <latexit sha1_base64="HZoPImkKdaPeI4N84D0899a0UHQ="></latexit>

W+

<latexit sha1_base64="GrIbnryecAiStmVQ/zCjko3zlH0="></latexit>

⌫̄µ
<latexit sha1_base64="s/CmyP15jeuoZSm2gMV7nZAF3FY="></latexit>⌫e

<latexit sha1_base64="VOvVmgDirYcJ/KE+pjVly14E+hM="></latexit>

h

b b̄

<latexit sha1_base64="YV94pYghAqyg53pTZk0DyCRoTCo="></latexit> e�
<latexit sha1_base64="7E2IuFtWA99d1eQGhlpXn0CzY+Y="></latexit> µ
+

<latexit sha1_base64="XyRavwv0eT3OOzR7YuYbxiDBrng="></latexit> W
�

<latexit sha1_base64="HZoPImkKdaPeI4N84D0899a0UHQ="></latexit> W
+

<latexit sha1_base64="GrIbnryecAiStmVQ/zCjko3zlH0="></latexit> ⌫̄
µ

<latexit sha1_base64="s/CmyP15jeuoZSm2gMV7nZAF3FY="></latexit> ⌫
e

<latexit sha1_base64="VOvVmgDirYcJ/KE+pjVly14E+hM="></latexit> h

W

Z

W

in progress with experimentalists



23

Efficiency

from slide by Toshiaki Kaji

Tracker

EM
Calorimeter

EM
 Calorim

eter

Solenoid Magnet

Hadron
Calorim

eter

Had
Calorimeter

Benchmark Detector : HL-LHC

02/Nov/2023 IPNS workshop 3

Coverage of HL-LHC @ Delphes
• Muon |η| < 4.0
• Electron |η| < 4.0
• B-jet |η| < 4.0, pT > 25 GeV

2o

Forward muons should be detected 
by combination of forward magnet 
and muon detector.

https://github.com/delphe
s/delphes/blob/3.5.0/cards
/delphes_card_HLLHC.tcl

! = 4

Delphes card for HL-LHC 
is used for this study.

Tentative rough schematic for muon collider detector

3m 30 m or longer ??
Align far enough to detect 
very forward muons

Toroid Magnet 

Muon detector

in progress with experimentalists
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Efficiency

WBF Higgs Measurements

02/Nov/2023 IPNS workshop 7

In the default Delphes settings, 
the parameters of calorimeter 
resolution for HL-LHC are bad.

WBF H
%% Z
&' Z

WBF H
%% Z
&' Z

Requirements
• No muon
• No electron
• Exact 2 b-jets
• (# $# > -4.0 

%!"! > -4.0 

Efficiency : ~ 23%
→ 12k events @ 1 ab-1

→

for the deviation is estimated to be

�(W + b � H)stat =
1

2

1p
N(WBF)⇥ Br(h ! bb̄)⇥ e�ciency

= 3.1⇥ 10�3
⇥

✓
integrated luminosity

1.0 ab�1

◆�1/2✓e�ciency

0.5

◆�1/2

. (10)

Here the branching ratio, Br(h ! bb̄) = 5.82 ⇥ 10�1, is used, and it is assumed that the

number of the background events gets much less than that of the signal events by appropriate

selection cuts. The e�ciency is assumed to be 50%, which actually depends on the energy

resolutions and event selections. As a reference, in Ref. [19] the event selections at the ILC

at
p
s = 250 GeV and 500 GeV are considered, which gives the e�ciencies of order 15%

and 40%, respectively. In the µ+e� colliders, there are no processes with the final state

W+W�, ZZ, qq̄ or Zh, which significantly contribute to background events, and thus the

event selection would be able to be much looser.

The main background is the Z boson production followed by the decay into bottom quark

pair, e�µ+
! ⌫e⌫̄µZ ! ⌫e⌫̄µbb̄. The invariant mass of the two b jets is peaked at the Z boson

mass, but give an overlap in the Higgs mass region by the finite energy resolutions of the

detector. The number of the events is at the same level as those of the signals:

NBG = 5.5⇥ 104 ⇥

✓
integrated luminosity

1.0 ab�1

◆
. (11)

The selection cut on the bb̄ invariant mass should significantly reduce this background. For

example, the study in Ref. [19] have reported that 95% (90%) of the Z ! bb̄ background

events are rejected by the cut at
p
s = 250 GeV (500 GeV) while about 80% of the signal

events survive. We therefore anticipate that the e�ciency of 50%, assumed e.g. in Eq. (10),

provides reasonable estimates.

The study in Ref. [10] reported the precision of the Higgs coupling to be a percent level

by performing a fast detector simulation. A better sensitivity in Eq. (10) is partly due to

enhanced cross sections by the beam polarization. One should, however, study the detector

performance to obtain a realistic estimate. As we discuss in Section 5, the coverage and the

performance in the forward region (the µ+ direction) is especially important.

Decay modes other than h ! bb̄ and the Higgs production via ZBF should also be able to

be used for the measurements of the coupling constants and would be useful in disentangling

individual couplings such as W and b rather than its combinations. Compared to the e+e�

or µ+µ� colliders, the domination of the WBF process for the Higgs production is a limitation

for this respect, although the measurements of the subdominant ZBF processes may give an

12

0.5% @ 1 ab-1

Radiative Z background 
can be removed by lepton veto and ($%$ cut.

a.
u.

Ev
en

ts

from slide by Toshiaki Kaji

in progress with experimentalists
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Trilinear coupling in higher energy case

ΔκW + Δκb − ΔκH + 0.006Δκλ

≲ 1.3 × 10−3 × ( integrated luminosity
1.0 ab−1 )

−1/2

( efficiency
0.5 )

−1/2

• WBF process

Eμ+ = 3 TeV, Ee− = 50 GeV

 s = 775 GeV  (Pμ+, Pe−) = (0.8, − 0.7)

 σWBF ≃ 472 fb
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can probe Higgs trilinear coupling via 1-loop

Δκλ ≲ 20 % (if other 's are zero)Δκ

• also probed by Higgs pair production

N(di Higgs) ≃ 89 × ( integrated luminosity
1.0 ab−1 )

−1/2

( efficiency
0.5 )

−1/2
Δκλ ≲ 100 %

[Di Vita+, 1711.03978]
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If a larger 6 (or 9) km ring is available (Tevatron size), we 
can explore higher energy:

•  colliderμ+e−

 Eμ+ = 3 TeV, Ee− = 50 GeV

•  colliderμ+μ+

 Eμ+ = 3 TeV, Eμ+ = 3 TeV

→ s = 775 GeV

→ s = 6 TeV

Higgs factory

<latexit sha1_base64="YV94pYghAqyg53pTZk0DyCRoTCo="></latexit>

e�
<latexit sha1_base64="7E2IuFtWA99d1eQGhlpXn0CzY+Y="></latexit>

µ+

<latexit sha1_base64="XyRavwv0eT3OOzR7YuYbxiDBrng="></latexit>

W� <latexit sha1_base64="HZoPImkKdaPeI4N84D0899a0UHQ="></latexit>

W+

<latexit sha1_base64="GrIbnryecAiStmVQ/zCjko3zlH0="></latexit>

⌫̄µ
<latexit sha1_base64="s/CmyP15jeuoZSm2gMV7nZAF3FY="></latexit>⌫e

<latexit sha1_base64="VOvVmgDirYcJ/KE+pjVly14E+hM="></latexit>

h

New physics search

Proposal of new experiment: TRISTAN!μ

(instead of )μ+μ−
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Comment on polarization

Polarization is important to enhance cross sections

eg.,  means 40 % is RH 
while 60% is unpolarized.

P = 0.4

• Electron beam polarization: Pe− = ± 0.7 same polarization as superKEKB

• Muon beam polarization: Pμ+ = ± 0.8

π+ → μ+ + νμ
Muonium ( ) formation in 
target silica aerogel

μ+e−
Ultra-cold muon

ionized by laser

muon production sequence:

| − ⟩μ+ | + ⟩e−oscillate
By applying magnetic field of 0.3 T, 
the polarization can be maintained.

Thus  would be a reasonable estimation.Pμ+ = ± 0.8

 Pμ+ = + 1.0 initial muonium states:  & | + ⟩μ+ | + ⟩e− | + ⟩μ+ | − ⟩e−

[CDR for muon g-2/EDM exp. at J-PARC]
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SMEFT operator次元6演算子 Adopt basis of
2013 Alonso, Jenkins, Manohar, Trod

散乱実験で測れる演算子

QHD = (H†
DµH)⇤(H†

DµH)
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Current difficulties of  colliderμ+μ−
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The  beam is difficult!μ−

• Production of large amount of μ−

• Cooling of μ− proton energy (MeV)

cr
os

s s
ec

tio
n 

(m
b)

 is produced by  

But  production is less than 

μ− π− → μ− + ν̄μ

π− π+

To make narrow beam, cooling is necessary. But cooling technology 
of  hasn't been established yet!μ−

large beam size low luminosity!
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Luminosity

ℒ = Nbeam1 Nbeam2
4π σx σy

frep• Collision frequency (per detector)

f (μ+e−)
rep = 3.0 × 108 m s−1/(3 km) × 40 = 4 MHz

f (μ+μ+)
rep = 3.0 × 108 m s−1/(3 km) × 20 = 2 MHz

circumference  
of ring

# of bunchesspeed of beam
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Luminosity

ℒ = Nbeam1 Nbeam2
4π σx σy

frep• Collision frequency (per detector)

f (μ+e−)
rep = 3.0 × 108 m s−1/(3 km) × 40 = 4 MHz

f (μ+μ+)
rep = 3.0 × 108 m s−1/(3 km) × 20 = 2 MHz

circumference  
of ring

# of bunchesspeed of beam

σx = 3.6 μm
σy = 1.7 μm

σi = ϵiβi

• Beam size is determined by emittance

ϵx , ϵy = 4 mm mrad
βγ

emittance:

beta function

βx = 30 mm
βy = 7 mm

βγ ∼ 104
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Luminosity

ℒ = Nbeam1 Nbeam2
4π σx σy

frep• Collision frequency (per detector)

f (μ+e−)
rep = 3.0 × 108 m s−1/(3 km) × 40 = 4 MHz

f (μ+μ+)
rep = 3.0 × 108 m s−1/(3 km) × 20 = 2 MHz

circumference  
of ring

# of bunchesspeed of beam

Thanks to ultra-cold muon, low emittance is realized!

• # of beam particles

 per bunchNe− = 10 nC  per bunch due to decayNμ+ = 3.6 nC → 1.3 nC

σx = 3.6 μm
σy = 1.7 μm

σi = ϵiβi

• Beam size is determined by emittance

ϵx , ϵy = 4 mm mrad
βγ

emittance:

beta function

βx = 30 mm
βy = 7 mm

βγ ∼ 104
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Current status of SUSY search
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ATLAS Preliminary
13 TeV, 139 fb 1

March 2022

pp +
L,R L,R, 0

1

8 TeV, 20.3 fb 1 ∈ [e, ] arXiv:1403.5294

Soft 2 ∈ [e, ] arXiv:1911.12606

2 ∈ [e, ] arXiv:1908.08215

2 , ∈ [e, ] CONF-2022-006

2 hadronic =  arXiv:1911.06660

LEP R excludedAll limits at 95% CL
Observed limits
Expected limits

All limits at 95% CL
Observed limits
Expected limits

, Δm∼m(W)

[ATL-PHYS-PUB-2022-013][2012.08600]

Typically, slepton w/ mass   is excluded.ml̃ ≲ 700 GeV
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SUSY search and muon g-2

[ATL-PHYS-PUB-2022-013]
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Target 

Laser 

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

R=1 km (B = 3 T max) 

100 nC/π/(⊿Ep=75[MeV](10mm))  
x 2-bunch x 40-turns x 50 Hz 
(6.6mC x 2-bunch x 75 MeV x 40-turns x 50 Hz = 2 MW) 

Compression 

RF 

30 GeV muon LINAC ～ 3 km 

16 turns ～ 700μs 

Triple ring 

Proton LINAC (500 MeV)  
RCS : 3 GeV x 6.6 mC x 2-bunch x 50 Hz = 2 MW 

Target 

Laser 

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

3 km Main ring  τm = 20 ms (2000 turns) 
m+m+  : 1 TeV, 2.2 nC x 1 TeV,2.2 nC x 20bunch 
m+e-  : 1 TeV, 2.2 nC x 30 GeV,10 nC x 40bunch 

30 GeV muon LINAC ～ 3 km 

R=1 km (B = 3 T max) 

Pion production ring:  
100 nC/π/(⊿Ep=75[MeV](10mm))  
x 2-bunch x 40-turns x 50 Hz 
(6.6mC x 2-bunch x 75 MeV x 40-turns x 50 Hz = 2 MW) 

Compression 

RF 

e- 

30 GeV muon LINAC ～ 3 km 

16 turns ～ 700μs 

Triple ring 
(m+,  m+,  e- ) 

Ultra-cold muons
pion beam

laser

1000 layers of 1mm tungsten foils [10 m]

Silica aerogel

1. Pions are stopped at tungsten foils and decay into muons.

2. Muons are transported into the aerogel target and  form muoniums.

3. Neutral muoniums become thermalized w/  and thermally 
diffused from the target. → ionized by laser

EK ∼ 25 meV

repeat step 2 and 3 twice: 1st target size ~ 10m, 2nd target ~ O(1) cm

∴ Nμ+/Nπ+ ≃ 0.5 × 0.52 × 0.73 × 0.6 × 0.6 × 0.5 ≃ 3.4 %

pion transportation to the target: 50%

muonium formation: 52 %

muonium emission: 60 % & decay loss: 60 %
laser ionization: 73%

 50% at second time because of a thin target



34

Estimation of Nμ+

Fig taken from 
Takaura-san's slide

110 nC

Proton
6.6 μC x 2 bunches

π+ ・・・

muon

 Graphite target

3 GeV

Hit 40 Ames
10 mm

2 bunches x 40

combined

<latexit sha1_base64="4MmS6C2Jh71eMtSihmNbhhS6UXE="></latexit>

7.2 nC

・・・

40 bunches

These operations are repeated at every 20 ms.

Proton LINAC (500 MeV)  
RCS : 3 GeV x 6.6 mC x 2-bunch x 50 Hz = 2 MW 

Target 

Laser 

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

3 km Main ring  τm = 20 ms (2000 turns) 
m+m+  : 1 TeV, 2.2 nC x 1 TeV,2.2 nC x 20bunch 
m+e-  : 1 TeV, 2.2 nC x 30 GeV,10 nC x 40bunch 

30 GeV muon LINAC ～ 3 km 

R=1 km (B = 3 T max) 

Pion production ring:  
100 nC/π/(⊿Ep=75[MeV](10mm))  
x 2-bunch x 40-turns x 50 Hz 
(6.6mC x 2-bunch x 75 MeV x 40-turns x 50 Hz = 2 MW) 

Compression 

RF 

e- 

30 GeV muon LINAC ～ 3 km 

16 turns ～ 700μs 

Triple ring 
(m+,  m+,  e- ) 

Initial # of ultra-cold muons = 7.2 nC × 40 bunch/(20 ms) = 9.0 × 1013/s

# of ultra-cold muons = 3.6 nC × 40 bunch/(20 ms) = 4.5 × 1013/s
acceleration
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Beam in main ring

Fig taken from 
Takaura-san's slide

Proton LINAC (500 MeV)  
RCS : 3 GeV x 6.6 mC x 2-bunch x 50 Hz = 2 MW 

Target 

Laser 

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

3 km Main ring  τm = 20 ms (2000 turns) 
m+m+  : 1 TeV, 2.2 nC x 1 TeV,2.2 nC x 20bunch 
m+e-  : 1 TeV, 2.2 nC x 30 GeV,10 nC x 40bunch 

30 GeV muon LINAC ～ 3 km 

R=1 km (B = 3 T max) 

Pion production ring:  
100 nC/π/(⊿Ep=75[MeV](10mm))  
x 2-bunch x 40-turns x 50 Hz 
(6.6mC x 2-bunch x 75 MeV x 40-turns x 50 Hz = 2 MW) 

Compression 

RF 

e- 

30 GeV muon LINAC ～ 3 km 

16 turns ～ 700μs 

Triple ring 
(m+,  m+,  e- ) ・μ+e- collider

…

muons (1 TeV) 

40 bunches

…

40 bunches

electrons (30 GeV) 

・μ+μ+ collider

…

20 bunches

…

20 bunches

muons (1 TeV) muons (1 TeV) 

<latexit sha1_base64="EmFjeIIjC4wO+I6D6DNdebUIcO0="></latexit>

10 nCTime dep.
<latexit sha1_base64="yvTCszn+PlblnkrcXRUmNp07y6k="></latexit>

(3.6 ! 1.3 nC)
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Luminosity

ℒ = Nbeam1 Nbeam2
4π σx σy

frep

• Collision frequency (per detector)

f (μ+e−)
rep = 3.0 × 108 m s−1/(3 km) × 40 = 4 MHz

f (μ+μ+)
rep = 3.0 × 108 m s−1/(3 km) × 20 = 2 MHz

circumference  
of ring

# of bunchesspeed of beam

Thanks to ultra-cold muon, low emittance is realized!

σx = 3.6 μm
σy = 1.7 μm

σi = ϵiβi

• Beam size

ϵx , ϵy = 4 mm mrad
βγ

emittance:

beta function

βx = 30 mm
βy = 7 mm

βγ ∼ 104

Without cooling, the normalized emittance is ∼ 103π mm mrad



L = 100 fb-1/year
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Slepton production at TRISTANμ

Mass parameter region where # of events exceeds 100.

The mass reach is not very high, but we can cover 
different region from LHC.

our reference energy

higher energy option (large ring)

•  colliderμ+e−

<latexit sha1_base64="uhLaAfF5SG36LRq0XhxOWF1yJgc="></latexit>

µ+
<latexit sha1_base64="prf58FvaiVzeFRT2y/B4Q4PSCMI="></latexit>

e�

<latexit sha1_base64="Ax4nLX0d8biPGSrVnk+6G+mZm6g="></latexit>

ẽ�
<latexit sha1_base64="jOIWZ7VEaa1pDzfKWM9D47ApHBQ="></latexit>

µ̃+
<latexit sha1_base64="KVE6Ll/YUq5c20hvGX2g5a2DWPU="></latexit>

W̃

 is assumedmμ̃ = mẽ
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Cross section

<latexit sha1_base64="uhLaAfF5SG36LRq0XhxOWF1yJgc="></latexit>

µ+
<latexit sha1_base64="uhLaAfF5SG36LRq0XhxOWF1yJgc="></latexit>

µ+

<latexit sha1_base64="jOIWZ7VEaa1pDzfKWM9D47ApHBQ="></latexit>

µ̃+
<latexit sha1_base64="jOIWZ7VEaa1pDzfKWM9D47ApHBQ="></latexit>

µ̃+

<latexit sha1_base64="KVE6Ll/YUq5c20hvGX2g5a2DWPU="></latexit>

W̃
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Cross section

<latexit sha1_base64="uhLaAfF5SG36LRq0XhxOWF1yJgc="></latexit>

µ+
<latexit sha1_base64="prf58FvaiVzeFRT2y/B4Q4PSCMI="></latexit>

e�

<latexit sha1_base64="Ax4nLX0d8biPGSrVnk+6G+mZm6g="></latexit>

ẽ�
<latexit sha1_base64="jOIWZ7VEaa1pDzfKWM9D47ApHBQ="></latexit>

µ̃+
<latexit sha1_base64="KVE6Ll/YUq5c20hvGX2g5a2DWPU="></latexit>

W̃
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Comparison with ILC

s = 346 GeV

• TRISTAN:   colliderμ μ+e−

 ℒμ+e− = 4.6 × 1033 cm−2s−1

main ring: 3km circumference

booster ring: 2km LINAC x2 + R=1km arc

• ILC:   collidere+e−

s = 250 GeV  ℒ = 1.35 × 1034 cm−2s−1

length: 20km

construction cost: 5000 billion yen? (with large uncertainty)

construction cost: 7300-8000 billion yen

(1 dollar ~120 yen)
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Four fermi measurement at ILC

[1908.11299]

Note: They use a different 

convention: 
4π
Λ2 (L̄γμL)(L̄γμL)

[TeV]
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Higgs coupling measurement at ILC

[1908.11299]

[%]
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Magnet

Dipole magnet with the magnetic field of 10T

Main ring 3km for (Eμ+, Ee−) = (1 TeV, 30 GeV)

9km for (Eμ+, Ee−) = (3 TeV, 50 GeV)

If dipole magnet with the magnetic field of 16T is possible,

Main ring 6km for (Eμ+, Ee−) = (3 TeV, 50 GeV)

cf. High-luminosity LHC: 11T
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W boson mass

• ILC (and LEP): 
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W boson mass

• TRISTANμ

μ+ μ+ν̄μ μ+

In ILC 250 study,  , which is dominated by 
systematic uncertainty (particularly hodronization).

ΔMW ≃ 3.7 MeV
[1310.6708]

& hadronic decay W → qq̄

We expect a similar precision at TRISTAN.μ

Cf.) CDF II result: MW = 80,433.5 ± 9.4 MeV



Collider design

46
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Design of TRISTANμ

Proton LINAC (500 MeV)  
RCS : 3 GeV x 6.6 mC x 2-bunch x 50 Hz = 2 MW 

Target 

Laser 

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

3 km Main ring  τm = 20 ms (2000 turns) 
m+m+  : 1 TeV, 2.2 nC x 1 TeV,2.2 nC x 20bunch 
m+e-  : 1 TeV, 2.2 nC x 30 GeV,10 nC x 40bunch 

30 GeV muon LINAC ～ 3 km 

R=1 km (B = 3 T max) 

Pion production ring:  
100 nC/π/(⊿Ep=75[MeV](10mm))  
x 2-bunch x 40-turns x 50 Hz 
(6.6mC x 2-bunch x 75 MeV x 40-turns x 50 Hz = 2 MW) 

Compression 

RF 

e- 

30 GeV muon LINAC ～ 3 km 

16 turns ～ 700μs 

Triple ring 
(m+,  m+,  e- ) 
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Design of TRISTANμ

Proton LINAC (500 MeV)  
RCS : 3 GeV x 6.6 mC x 2-bunch x 50 Hz = 2 MW 

Target 

Laser 

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

3 km Main ring  τm = 20 ms (2000 turns) 
m+m+  : 1 TeV, 2.2 nC x 1 TeV,2.2 nC x 20bunch 
m+e-  : 1 TeV, 2.2 nC x 30 GeV,10 nC x 40bunch 

30 GeV muon LINAC ～ 3 km 

R=1 km (B = 3 T max) 

Pion production ring:  
100 nC/π/(⊿Ep=75[MeV](10mm))  
x 2-bunch x 40-turns x 50 Hz 
(6.6mC x 2-bunch x 75 MeV x 40-turns x 50 Hz = 2 MW) 

Compression 

RF 

e- 

30 GeV muon LINAC ～ 3 km 

16 turns ～ 700μs 

Triple ring 
(m+,  m+,  e- ) 

1

2 3
4

5
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Design of TRISTANμ

Proton LINAC (500 MeV)  
RCS : 3 GeV x 6.6 mC x 2-bunch x 50 Hz = 2 MW 

Target 

Laser 

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

3 km Main ring  τm = 20 ms (2000 turns) 
m+m+  : 1 TeV, 2.2 nC x 1 TeV,2.2 nC x 20bunch 
m+e-  : 1 TeV, 2.2 nC x 30 GeV,10 nC x 40bunch 

30 GeV muon LINAC ～ 3 km 

R=1 km (B = 3 T max) 

Pion production ring:  
100 nC/π/(⊿Ep=75[MeV](10mm))  
x 2-bunch x 40-turns x 50 Hz 
(6.6mC x 2-bunch x 75 MeV x 40-turns x 50 Hz = 2 MW) 

Compression 

RF 

e- 

30 GeV muon LINAC ～ 3 km 

16 turns ～ 700μs 

Triple ring 
(m+,  m+,  e- ) 

Proton LINAC (500 MeV)  
RCS : 3 GeV x 6.6 mC x 2-bunch x 50 Hz = 2 MW 

Target 

Laser 

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

3 km Main ring  τm = 20 ms (2000 turns) 
m+m+  : 1 TeV, 2.2 nC x 1 TeV,2.2 nC x 20bunch 
m+e-  : 1 TeV, 2.2 nC x 30 GeV,10 nC x 40bunch 

30 GeV muon LINAC ～ 3 km 

R=1 km (B = 3 T max) 

Pion production ring:  
100 nC/π/(⊿Ep=75[MeV](10mm))  
x 2-bunch x 40-turns x 50 Hz 
(6.6mC x 2-bunch x 75 MeV x 40-turns x 50 Hz = 2 MW) 

Compression 

RF 

e- 

30 GeV muon LINAC ～ 3 km 

16 turns ～ 700μs 

Triple ring 
(m+,  m+,  e- ) 

Proton acceleration (proton LINAC & RCS)

p(3 GeV)

1
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Proton LINAC (500 MeV)  
RCS : 3 GeV x 6.6 mC x 2-bunch x 50 Hz = 2 MW 

Target 

Laser 

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

3 km Main ring  τm = 20 ms (2000 turns) 
m+m+  : 1 TeV, 2.2 nC x 1 TeV,2.2 nC x 20bunch 
m+e-  : 1 TeV, 2.2 nC x 30 GeV,10 nC x 40bunch 

30 GeV muon LINAC ～ 3 km 

R=1 km (B = 3 T max) 

Pion production ring:  
100 nC/π/(⊿Ep=75[MeV](10mm))  
x 2-bunch x 40-turns x 50 Hz 
(6.6mC x 2-bunch x 75 MeV x 40-turns x 50 Hz = 2 MW) 

Compression 

RF 

e- 

30 GeV muon LINAC ～ 3 km 

16 turns ～ 700μs 

Triple ring 
(m+,  m+,  e- ) 

Proton LINAC (500 MeV)  
RCS : 3 GeV x 6.6 mC x 2-bunch x 50 Hz = 2 MW 

Target 

Laser 

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

3 km Main ring  τm = 20 ms (2000 turns) 
m+m+  : 1 TeV, 2.2 nC x 1 TeV,2.2 nC x 20bunch 
m+e-  : 1 TeV, 2.2 nC x 30 GeV,10 nC x 40bunch 

30 GeV muon LINAC ～ 3 km 

R=1 km (B = 3 T max) 

Pion production ring:  
100 nC/π/(⊿Ep=75[MeV](10mm))  
x 2-bunch x 40-turns x 50 Hz 
(6.6mC x 2-bunch x 75 MeV x 40-turns x 50 Hz = 2 MW) 

Compression 

RF 

e- 

30 GeV muon LINAC ～ 3 km 

16 turns ～ 700μs 

Triple ring 
(m+,  m+,  e- ) 

Design of TRISTANμ

Proton acceleration (proton LINAC & RCS)

p(3 GeV)
Pion production (pion production ring)

p(3 GeV) + C → π+ + X

2
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Proton LINAC (500 MeV)  
RCS : 3 GeV x 6.6 mC x 2-bunch x 50 Hz = 2 MW 

Target 

Laser 

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

3 km Main ring  τm = 20 ms (2000 turns) 
m+m+  : 1 TeV, 2.2 nC x 1 TeV,2.2 nC x 20bunch 
m+e-  : 1 TeV, 2.2 nC x 30 GeV,10 nC x 40bunch 

30 GeV muon LINAC ～ 3 km 

R=1 km (B = 3 T max) 

Pion production ring:  
100 nC/π/(⊿Ep=75[MeV](10mm))  
x 2-bunch x 40-turns x 50 Hz 
(6.6mC x 2-bunch x 75 MeV x 40-turns x 50 Hz = 2 MW) 

Compression 

RF 

e- 

30 GeV muon LINAC ～ 3 km 

16 turns ～ 700μs 

Triple ring 
(m+,  m+,  e- ) 

Proton LINAC (500 MeV)  
RCS : 3 GeV x 6.6 mC x 2-bunch x 50 Hz = 2 MW 

Target 

Laser 

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

3 km Main ring  τm = 20 ms (2000 turns) 
m+m+  : 1 TeV, 2.2 nC x 1 TeV,2.2 nC x 20bunch 
m+e-  : 1 TeV, 2.2 nC x 30 GeV,10 nC x 40bunch 

30 GeV muon LINAC ～ 3 km 

R=1 km (B = 3 T max) 

Pion production ring:  
100 nC/π/(⊿Ep=75[MeV](10mm))  
x 2-bunch x 40-turns x 50 Hz 
(6.6mC x 2-bunch x 75 MeV x 40-turns x 50 Hz = 2 MW) 

Compression 

RF 

e- 

30 GeV muon LINAC ～ 3 km 

16 turns ～ 700μs 

Triple ring 
(m+,  m+,  e- ) 

Design of TRISTANμ

Proton acceleration (proton LINAC & RCS)

p(3 GeV)
Pion production (pion production ring)

p(3 GeV) + C → π+ + X

Ultra-cold muon production (explained later)

π+ → μ+ + νμ
Muonium ( ) formation in 
target silica aerogel

μ+e−
Ultra-cold muon

ionized by laser

3
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Target 

Laser 

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

3 km Main ring  τm = 20 ms (2000 turns) 
m+m+  : 1 TeV, 2.2 nC x 1 TeV,2.2 nC x 20bunch 
m+e-  : 1 TeV, 2.2 nC x 30 GeV,10 nC x 40bunch 

30 GeV muon LINAC ～ 3 km 

R=1 km (B = 3 T max) 

(6.6mC x 2-bunch x 75 MeV x 40-turns x 50 Hz = 2 MW) 

RF 

e- 

30 GeV muon LINAC ～ 3 km 

16 turns ～ 700μs 

Triple ring 
(m+,  m+,  e- ) 

Proton LINAC (500 MeV)  
RCS : 3 GeV x 6.6 mC x 2-bunch x 50 Hz = 2 MW 

Target 

Laser 

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

3 km Main ring  τm = 20 ms (2000 turns) 
m+m+  : 1 TeV, 2.2 nC x 1 TeV,2.2 nC x 20bunch 
m+e-  : 1 TeV, 2.2 nC x 30 GeV,10 nC x 40bunch 

30 GeV muon LINAC ～ 3 km 

R=1 km (B = 3 T max) 

Pion production ring:  
100 nC/π/(⊿Ep=75[MeV](10mm))  
x 2-bunch x 40-turns x 50 Hz 
(6.6mC x 2-bunch x 75 MeV x 40-turns x 50 Hz = 2 MW) 

Compression 

RF 

e- 

30 GeV muon LINAC ～ 3 km 

16 turns ～ 700μs 

Triple ring 
(m+,  m+,  e- ) 

Design of TRISTANμ

Proton acceleration (proton LINAC & RCS)

p(3 GeV)
Pion production (pion production ring)

p(3 GeV) + C → π+ + X

Ultra-cold muon production (explained later)

π+ → μ+ + νμ
Muonium ( ) formation in 
target silica aerogel

μ+e−
Ultra-cold muon

ionized by laser

Muon acceleration (booster ring) to 1TeV & electron acceleration (LINAC part)

4
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Laser 

1 TeV x (7.2nC=>3.6nC)/m x 40 bunch x 50Hz  
= 9 MW  

3 km Main ring  τm = 20 ms (2000 turns) 
m+m+  : 1 TeV, 2.2 nC x 1 TeV,2.2 nC x 20bunch 
m+e-  : 1 TeV, 2.2 nC x 30 GeV,10 nC x 40bunch 

30 GeV muon LINAC ～ 3 km 

R=1 km (B = 3 T max) 

e- 

30 GeV muon LINAC ～ 3 km 

16 turns ～ 700μs 

Triple ring 
(m+,  m+,  e- ) 

Proton LINAC (500 MeV)  
RCS : 3 GeV x 6.6 mC x 2-bunch x 50 Hz = 2 MW 

Target 

Laser 

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

3 km Main ring  τm = 20 ms (2000 turns) 
m+m+  : 1 TeV, 2.2 nC x 1 TeV,2.2 nC x 20bunch 
m+e-  : 1 TeV, 2.2 nC x 30 GeV,10 nC x 40bunch 

30 GeV muon LINAC ～ 3 km 

R=1 km (B = 3 T max) 

Pion production ring:  
100 nC/π/(⊿Ep=75[MeV](10mm))  
x 2-bunch x 40-turns x 50 Hz 
(6.6mC x 2-bunch x 75 MeV x 40-turns x 50 Hz = 2 MW) 

Compression 

RF 

e- 

30 GeV muon LINAC ～ 3 km 

16 turns ～ 700μs 

Triple ring 
(m+,  m+,  e- ) 

Design of TRISTANμ

Proton acceleration (proton LINAC & RCS)

p(3 GeV)
Pion production (pion production ring)

p(3 GeV) + C → π+ + X

Ultra-cold muon production (explained later)

π+ → μ+ + νμ
Muonium ( ) formation in 
target silica aerogel

μ+e−
Ultra-cold muon

Collide (main ring) :  or [μ+ (1 TeV), e− (30 GeV)] [μ+ (1 TeV), μ+ (1 TeV)]

τμ(1TeV) = 20 ms

New beam injected every 20 ms

Ring circumference 3 km

5

Muon acceleration (booster ring) to 1TeV & electron acceleration (LINAC part)

ionized by laser
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Target 

Laser 

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

R=1 km (B = 3 T max) 

100 nC/π/(⊿Ep=75[MeV](10mm))  
x 2-bunch x 40-turns x 50 Hz 
(6.6mC x 2-bunch x 75 MeV x 40-turns x 50 Hz = 2 MW) 

Compression 

RF 

30 GeV muon LINAC ～ 3 km 

16 turns ～ 700μs 

Triple ring 

Proton LINAC (500 MeV)  
RCS : 3 GeV x 6.6 mC x 2-bunch x 50 Hz = 2 MW 

Target 

Laser 

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

3 km Main ring  τm = 20 ms (2000 turns) 
m+m+  : 1 TeV, 2.2 nC x 1 TeV,2.2 nC x 20bunch 
m+e-  : 1 TeV, 2.2 nC x 30 GeV,10 nC x 40bunch 

30 GeV muon LINAC ～ 3 km 

R=1 km (B = 3 T max) 

Pion production ring:  
100 nC/π/(⊿Ep=75[MeV](10mm))  
x 2-bunch x 40-turns x 50 Hz 
(6.6mC x 2-bunch x 75 MeV x 40-turns x 50 Hz = 2 MW) 

Compression 

RF 

e- 

30 GeV muon LINAC ～ 3 km 

16 turns ～ 700μs 

Triple ring 
(m+,  m+,  e- ) 

Ultra-cold muons
pion beam

laser

1000 layers of 1mm tungsten foils [10 m]

Silica aerogel

1. Pions are stopped at tungsten foils and decay into muons.

2. Muons are transported into the aerogel target and  form muoniums.

3. Neutral muoniums become thermalized w/  and thermally 
diffused from the target. → ionized by laser (Lyman- )

EK ∼ 25 meV
α
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Target 

Laser 

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

R=1 km (B = 3 T max) 

100 nC/π/(⊿Ep=75[MeV](10mm))  
x 2-bunch x 40-turns x 50 Hz 
(6.6mC x 2-bunch x 75 MeV x 40-turns x 50 Hz = 2 MW) 

Compression 

RF 

30 GeV muon LINAC ～ 3 km 

16 turns ～ 700μs 

Triple ring 

Proton LINAC (500 MeV)  
RCS : 3 GeV x 6.6 mC x 2-bunch x 50 Hz = 2 MW 

Target 

Laser 

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

3 km Main ring  τm = 20 ms (2000 turns) 
m+m+  : 1 TeV, 2.2 nC x 1 TeV,2.2 nC x 20bunch 
m+e-  : 1 TeV, 2.2 nC x 30 GeV,10 nC x 40bunch 

30 GeV muon LINAC ～ 3 km 

R=1 km (B = 3 T max) 

Pion production ring:  
100 nC/π/(⊿Ep=75[MeV](10mm))  
x 2-bunch x 40-turns x 50 Hz 
(6.6mC x 2-bunch x 75 MeV x 40-turns x 50 Hz = 2 MW) 

Compression 

RF 

e- 

30 GeV muon LINAC ～ 3 km 

16 turns ～ 700μs 

Triple ring 
(m+,  m+,  e- ) 

Ultra-cold muons
pion beam

laser

1000 layers of 1mm tungsten foils [10 m]

Silica aerogel

1. Pions are stopped at tungsten foils and decay into muons.

2. Muons are transported into the aerogel target and  form muoniums.

3. Neutral muoniums become thermalized w/  and thermally 
diffused from the target. → ionized by laser (Lyman- )

EK ∼ 25 meV
α

repeat step 2 and 3 twice: 1st target size ~ 10m, 2nd target ~ O(1) cm

→ obtain ultra-cold muons, whose # is    (or  )9.0 × 1013/sec 14 μC/sec



54

Luminosity

ℒ = Nbeam1 Nbeam2
4π σx σy

frep

f (μ+e−)
rep = 3.0 × 108 m s−1/(3 km) × 40 = 4 MHz

f (μ+μ+)
rep = 3.0 × 108 m s−1/(3 km) × 20 = 2 MHz

σx = 3.6 μm σy = 1.7 μm

 per bunchNe− = 10 nC  per bunch due to decayNμ+ = 3.6 nC → 1.3 nC

Our estimate:

 ℒμ+e− = 4.6 × 1033 cm−2s−1 ∫ dt ℒμ+e− ≃ 1.0 ab−1

 ℒμ+μ+ = 5.7 × 1032 cm−2s−1  ∫ dt ℒμ+μ+ ≃ 130 fb−1

(10 years running w/ 70 % duty factor) 


