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Introduction: What is TRISTAN?μ



Task of future collider

1

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



Luminosity
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We need many particles and narrow beam!

Luminosity

We need a large number of muons and/or narrow beams. 

σ

As a reference,

Nbeam=1010  (1.6nC) / bunch

σ=1μm

frep=1MHz

~ 8x1032 cm-2s-1 ~ 25 fb-1/year

We want ab-1 level luminosity for physics
(HL-LHC, ILC)

σ is the most difficult part. The cooling is the key.

ℒ =
Nbeam1 Nbeam2

4π σx σy
frep

# of particles

beam size

How frequently collisions occur



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]

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±

• LEMMA (Low Emittance Muon Accelerator)

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

principle works (MICE), but not yet enough

Ionizing laser

Ionized
μ

Ionizing laser

Ionized

[1907.08562]



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+

4

• 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 TeV!

trapped in 
material



5ready to be acceleratedhttps://www.j-parc.jp/c/en/press-release/2024/05/23001341.html

Technology for cooling exists!μ+



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.

planned emittance in MAP 6

Comparison of 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]
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ultra-cold  is here!μ+



7

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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Higgs coupling measurement

• Higgs mainly decays into   (Br. = 58.2 % in SM)bb̄
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b b̄• 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]

κ∙ = 1 + Δκ∙

ΔκW + Δκb − ΔκH ≲ 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!
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Higgs production @  ?μ+μ+
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γ

W+

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

σγWBF ∝ α4 log
s

m2
μ (log

s
smin )

2

[2408.01068, YH, Kitano, Matsudo,  
Okawa, Takai, Takaura, and Treuer]

σZBF ∝ α3 log
s

m2
h

• Naively, only ZBF is possible at  collider → suppressed?μ+μ+
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Higgs production @  ?μ+μ+
[2408.01068, YH, Kitano, Matsudo,  
Okawa, Takai, Takaura, and Treuer]

Figure 2. We show the cross section for single Higgs boson production at µ
+
µ
+ colliders via

W boson fusion as a function of center-of-mass energy. We compare the results for this process
obtained using di↵erent calculation methods and polarizations Pµ+ for both beams, as well as
di↵erent processes for single Higgs production. First, we show theW boson fusion at µ+

µ
� colliders,

via µ
+
µ
�
! ⌫µ⌫µh, with unpolarized beams, i.e., Pµ± = 0 (orange, solid with diamonds). Second,

the leading-logarithm approximation of Eq. (2.5) (including the Z-boson factor of Eq. (2.18)) for
W boson fusion at µ+

µ
+ colliders, via µ

+
µ
+
! µ

+
⌫µW

+
h, with both beams +0.8 polarized, i.e.,

Pµ+ = +0.8 (dark blue, solid), and unpolarized (dark green, dashed). Third, we show the full
result for W boson fusion at µ+

µ
+ colliders with polarized (blue, solid with dots), and unpolarized

(green, dashed with dots) beams. Fourth, the bands for the Improved Weizsäcker–Williams (IWW)
calculation in MadGraph for W boson fusion at µ+

µ
+ colliders, multiplied by the Z-boson factor of

Eq. (2.18), with polarized (purple, solid with upwards-pointing triangles) and unpolarized (yellow-
green, dashed with downwards-pointing triangles) beams. The bounds of these bands are obtained
by setting the dynamical scale in MadGraph to the standard setting -1, which yields the lower
bounds, and to the partonic center-of-mass energy denoted by the setting 4, giving the upper
bounds. Lastly, we also show the Z boson fusion process in µ

+
µ
± collisions, via µ

+
µ
±
! µ

+
µ
±
h,

with polarized (light blue, dash-dotted with squares) and unpolarized (light green, dotted with
squares) beams.

becomes about half as large as the leading one at µ+
µ
� colliders. See also Tab. 1, where

we list the cross sections for representative collider energies. Therefore, the disadvantage

due to missing W boson fusion at the leading order is remedied at the next-to-leading

order at ⇠ 10 TeV energies. Importantly, this large contribution to Higgs production is

also present for µ+
µ
� and e

+
e
� colliders. This will thus add a new significant process at

any such lepton collider.

Lastly, we also show in Fig. 2 the cross section of Z boson fusion at µ+
µ
+ colliders for

Pµ+ = +0.8 and Pµ+ = 0. We see that the cross section of the sub-leading W boson fusion

process becomes larger than for the leading Z boson fusion beyond a few TeV.

The observed large correction to W boson fusion at the next-to-leading order may

indicate that we are about to lose perturbativity. We thus investigate higher-order pro-

– 9 –

our reference energy
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Slepton production at TRISTANμ

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

[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

0

20

40

60

80

100

[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)

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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にセットwith 95% C.L.

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

Møller-like scattering btw  μ+ e−

[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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scan over wide range with precision!
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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
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Higgs production @  ?μ+μ+
[2408.01068, YH, Kitano, Matsudo,  
Okawa, Takai, Takaura, and Treuer]

µ
+

µ
+

µ
+ ⌫µ

W
+

h

�

W
�

W
+

µ
+

µ
+

µ
+ ⌫µ

W
+

h

Z

W
�

W
+

Figure 1. We show representative Feynman diagrams of single Higgs boson production through
quasi-real photon (left) or Z boson (right) emission, splitting, and subsequent W boson fusion.

First, we focus on the contribution of the photon, ignoring the Z boson. Quantum

electrodynamics enables us to factorize the contribution of the photon into a parton dis-

tribution function with respect to the antimuon beam, and a partonic cross section with

an on-shell photon in the initial state. The corresponding parton distribution function is

given by

f�/µ(x, µ
2
f ) =

↵

2⇡

1 + (1� x)2

x
log

µ
2
f

m2
µ

(2.1)

at the leading-logarithm level [9, 10], where ↵ = e
2
/4⇡ is the fine structure constant, x is

the longitudinal momentum fraction carried by the photon, µf is the factorization scale,

and mµ the muon mass. The large logarithm originates from an integral over the transverse

momentum pT of the di↵erential parton distribution function

df�/µ
dp2T

=
↵

2⇡

1 + (1� x)2

x

1

p2T

, (2.2)

which comprises a p
�4
T from the propagator of the photon and a p

2
T from the splitting

amplitude. Here, we adopt the muon mass mµ as infrared scale of the emission, which

physically cuts o↵ the associated collinear divergence.
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Figure 1. We show representative Feynman diagrams of single Higgs boson production through
quasi-real photon (left) or Z boson (right) emission, splitting, and subsequent W boson fusion.
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in the high energy limit s � smin ⌘ (mh +mW )2 [14]. Here, mW and mh are the masses

of W and Higgs bosons, respectively. We obtain this cross section by averaging over the

polarizations of the initial photon, and summing over the ones of the final-state W
+,

while taking the initial-state W
+ to be longitudinally polarized. This is because the high-

energy cross section is dominated by the contribution of order s
0, which comes from the

longitudinally polarized W boson in the initial state, since its polarization vector is almost

proportional to its momentum. By contrast, the contribution from a transversely polarized

W boson falls o↵ as 1/s at high energies. Therefore, it does not contribute in the high-

energy limit, and we may assume a longitudinally polarized W boson in the initial state.

Finally, the photon contribution to the process µ
+
µ
+

! µ
+
⌫µW

+
h is thus approxi-

mately given by
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at the leading-logarithm level, where Pµ+ denotes the polarization of the antimuon beams.

The factor of two in the first line accounts for photon or W+ emission by either antimuon.

For this estimate, we take the factorization scale to be the center-of-mass energy at the

parton level, µ2
f = xys.

We thus find three large logarithms in the final formula. Compared with the cross

section of the leading-order Z boson fusion process [15, 16],

�ZBF(s) ⇠
↵
3(1� 4 sin2 ✓W + 8 sin4 ✓W)2

64m2
Z sin6 ✓W cos6 ✓W

log
s

m2
h

, (2.6)

we observe a rapid growth of the cross section as a function of the collider energy. Further-

more, the cross section of the Z boson fusion process has an unfortunate suppression factor

in the numerator. Because of this, at
p
s ⇠ O(10) TeV, the sub-leading, �-mediated W

boson fusion cross section becomes much larger than for the leading-order Z boson fusion

process. Even when compared to the cross section of the leading-order W boson fusion

process at µ+
µ
� or e+e� colliders [15, 16],

�WBF(s) ⇠
↵
3

16m2
W sin6 ✓W

log
s

m2
h

, (2.7)

the �- (and Z-) mediated process becomes important at high energy as two extra logarith-

mic factors can compensate the O(↵/⇡) suppression. For reference, the logarithmic factors

of Eq. (2.5) and Eq. (2.7) at 10 TeV evaluate to approximately 1100 and 10, respectively.

This may resemble a breakdown of perturbation theory of fixed-order computations.

We will therefore return to the discussion of further higher-order processes later in this

section.
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Higgs production cross section
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Figure 1. Cross sections for the most important single Higgs production modes as a function
of energy. Here ZH and tt̄H are s-channel production while the others are vector boson fusion
produced in association with any of (νµν̄µ, νµµ±, µ+µ−).

that at high energy lepton colliders, vector boson fusion (VBF) production modes begin
to dominate for many electroweak processes [25, 26], allowing them to be thought of as
gauge boson colliders [9, 10, 14, 25]. However, since we focus on single Higgs precision
in this paper for muon colliders, in figure 1 we show only the unpolarized cross sections
for the most important production mechanisms as a function of energy, where we have
separated WW and ZZ fusion for single Higgs production. As clearly seen, by 10TeV,
VBF is the dominant production mode for all single Higgs production including ZH and
tt̄H. For example, we see that W+W− fusion single Higgs overtakes ZH by 500GeV, ZZ

fusion single Higgs overtakes it by 900GeV, and even VBF ZH production becomes larger
by 1.1TeV. Since WW provides the largest single Higgs cross section parametrically, it is
obvious that high energy muon colliders will provide the most sensitivity to the hW+W−

coupling compared to other Higgs factory options [3]. However, there is also room for
complementarity, given that at lower energies e+e− colliders rely upon the hZZ coupling
for the dominant production mode. The dominance of VBF and the kinematics of a 10TeV
muon collider presents new challenges as well. Given that the ZZ and W+W− VBF
production modes are both large (even though ZZ is clearly subdominant), they serve as a
background to each other if there aren’t handles to disentangle them. As we will see in the
results of section 3, Higgs being a sizable background for itself is a common feature for high
energy muon colliders which benefit from the improved S/B compared to hadron colliders.

An obvious handle to disentangle various VBF production contributions is the ability to
tag forward charged particles. For instance, if one could tag forward muons, one could easily
distinguish between ZZ and W+W− VBF processes. However, as the ECM increases far

– 4 –
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Higgs production @  ?μ+μ+
[2408.01068, YH, Kitano, Matsudo,  
Okawa, Takai, Takaura, and Treuer]

Center-of-Mass Energy [TeV] 1 2 3 10 30

�(µ+
µ
�
! ⌫⌫h) [fb], Pµ± = 0 211 385 498 842 1165

�(µ+
µ
+
! µ

+
⌫W

+
h) [fb], Pµ+ = +0.8 15.6 61.0 109 371 799

�(µ+
µ
+
! µ

+
⌫W

+
h) [fb], Pµ+ = 0 7.05 27.7 49.9 172 374

�(µ+
µ
+
! µ

+
µ
+
h) [fb], Pµ+ = +0.8 29.0 53.8 70.4 121 168

�(µ+
µ
+
! µ

+
µ
+
h) [fb], Pµ+ = 0 20.9 39.0 50.9 87.6 122

Table 1. We show the total cross section in the unit of fb for single Higgs production via W boson
fusion in µ

+
µ
� collisions (µ+

µ
�

! ⌫µ⌫µh) with unpolarized beams, W boson fusion in µ
+
µ
+

collisions (µ+
µ
+
! µ

+
⌫µW

+
h) with both beams +0.8 polarized or unpolarized, and via Z boson

fusion in µ
+
µ
+ collisions (µ+

µ
+

! µ
+
µ
+
h) with both beams +0.8 polarized or unpolarized for

di↵erent center-of-mass energies.

cesses with additional powers of log s, which are, e.g., µ+
µ
+
! µ

+
µ
+
W

+
W

�
h, µ+

µ
+
!

µ
+
⌫µW

+
�/Z h and µ

+
µ
+

! ⌫µ⌫µW
+
W

+
h. In particular, the first process has a para-

metric (log s)5 dependence, while the others have (log s)4, and we thus expect it to have

the largest contribution at high energies among them. Using the method we describe in

Sec. 3, we calculate the cross section of this process to be � ' 14 fb at
p
s = 20 TeV for

Pµ+ = +0.8, which is notably smaller than the cross section � ' 600 fb of the lower-order

process µ+
µ
+
! µ

+
⌫µW

+
h. Therefore, at least for Higgs boson production at O(10) TeV

energies, the higher-order processes are not yet in the non-perturbative regime. Neverthe-

less, in the analysis of actual events, one should include the higher-order processes since

they may contribute to the signals defined by lower-order ones.

3 Calculation with controlled theoretical uncertainties

We saw in the previous section that a large enhancement of the cross section occurs at high

energies. We furthermore examined its leading-logarithm approximation and a numerical

method implementing parton distribution functions; however, it should be possible to calcu-

late the cross section accurately without uncertainties, as we are considering a fixed-order,

tree-level process. One could try to calculate the full fixed-order process in MadGraph,

but as previously mentioned, in that case one encounters numerical instabilities in the in-

tegration of the phase space for small transverse momenta pT of the antimuon emitting the

photon—this is why we previously opted for using a parton distribution function instead.

Here, we therefore discuss a method to calculate the cross section accurately and reli-

ably, and with controlled theoretical uncertainties. The method is simply to split the inte-

gral over the pT of the final-state antimuon into two parts with pT < p
(cut)
T and pT � p

(cut)
T ,

respectively, for some value of p(cut)T . We calculate the first part semi-analytically using

the Weizsäcker–Williams method, also referred to as Equivalent Photon Approximation

(EPA) [9, 10, 21–24], and the second part numerically using MadGraph, since the lower

– 10 –
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Indirect new physics search at TRISTANμ
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Indirect new physics search at TRISTANμ

We can detect   at most!Λ ≲ 100 TeV
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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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Efficiency

from slide by Toshiaki Kaji
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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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h

b b̄

λ

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

100 200 300 400 500 600 700 800

m( L,R) [GeV]

0

100

200

300

400

500

600

m
(

0 1)
 [G

eV
]

m( L,R
) <
m(

0 1)

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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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- ) 

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
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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) 
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(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
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Cross section
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Cross section
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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 ~130 yen)
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FCC-ee

[slide by Frank Zimmermann]
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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
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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

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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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) 

, , f = 10−15 a = 10−18 p = 10−12


