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Muon g-2

✓ g = 2 at tree level (Dirac equation)
✓ g ≠ 2 by radiative corrections

Magnetic moment

g-factor
�

Search for BSM based on experimental anomalies



> 3σ deviation

Status of Muon g-2
Experiment (E821)Experiment (E821) 116 592 089          (63)     [10-11]

QED  (α5, Rb)QED  (α5, Rb) 116 584 718.951   (0.080)

EW (W/Z/HSM, NLO)EW (W/Z/HSM, NLO)               153.6       (1.0)
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Δaμ ～ 
16π2 (new particle mass)2

(muon mass ~106MeV)2gnew2

gnew gnew

new
particleμ μ

γ

Discrepancy (~EW) is explained

• gnew  ～ W boson coupling
• mnew ～ W boson mass

No such particles have been discovered

New Physics Contribution



• weak interaction, small mass
e.g. heavy photon model  (~10-100MeV)

• strong interaction, large mass
→ Supersymmetry  (~100GeV)

Δaμ ～ 
16π2 (new particle mass)2

(muon mass ~106MeV)2gnew2

New Physics Contribution

Today’s subject: Test of SUSY solution at colliders



Outline

• Status of muon g-2
- more than 3σ deviation between SM and Exp.
- can be a sign of low-scale SUSY

• Probing SUSY contributions to muon g-2
‣ types of contributions
‣ probing the contributions at LHC and ILC

• Summary



Two Types of Contributions
chargino-muon sneutrino neutralino-smuon

Enhanced by tanβ:



chargino-muon sneutrino neutralino-smuon

light particles
✓muon sneutrino (smuon)
✓Wino, Higgsino
large tanβ

light particles
✓ L- and R-smuons
✓ Bino
large smuon LR mixing

Two Types of Contributions

“SUSY solution” can be tested, if these particles are discovered



• Status of muon g-2
- more than 3σ deviation between SM and Exp.
- can be a sign of low-scale SUSY

• Probing SUSY contributions to muon g-2
‣ types of contributions
‣ probe: status, prospect

- chargino type
- neutralino type

• Summary

Outline



1. Probing Chargino Contributions

[ME, Hamaguchi, Iwamoto, Yoshinaga]

light particles
✓muon sneutrino (smuon)
✓Wino, Higgsino



Mass Spectrum

consistent with

multi-jet search at LHC, Higgs boson mass

light: smuon, Wino, Higgsino  + Bino (LSP)
large tanβ (= 40)
* other SUSY particles are heavy (decoupled)

Chargino contributions are sizable:
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Mass Spectrum

consistent with

multi-jet search at LHC, Higgs boson mass

light: smuon, Wino, Higgsino  + Bino (LSP)
large tanβ (= 40)
* other SUSY particles are heavy (decoupled)
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Mass Spectrum

consistent with

multi-jet search at LHC, Higgs boson mass
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Mass Spectrum

consistent with

multi-jet search at LHC, Higgs boson mass

light: smuon, Wino, Higgsino  + Bino (LSP)
large tanβ (= 40)
* other SUSY particles are heavy (decoupled)

Chargino contributions are sizable: “EWKino” search

Bino

multi-lepton signature



LHC: Chargino Type

[Endo,Hamaguchi,Iwamoto,Yoshinaga]
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Multi-lepton signature:
sleptons lighter than Winos
Wino three-body decays

Bino

[status]

Multi-lepton



LHC: Chargino Type

H, W, Z
Bino

ATLAS-CONF-2013-035, 093
CMS-PAS-SUS-13-017

SM-boson signatures:
sleptons heavier than Winos
currently very weak

[status]

[Endo,Hamaguchi,Iwamoto,Yoshinaga]
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[Endo,Hamaguchi,Iwamoto,Yoshinaga]

200

300

400

500

600

700

800

100 200 300 400 500 600 700

Wino mass  [GeV]

sle
pt

on
 m

as
s  

[G
eV

]
LHC

g-2
1σ

2σ

LHC: Chargino Type
Multi-lepton:

most sensitive
(expect) improved well

SM-bosons:
Wh: Wino, Higgsino mass
        ~ 250-400GeV
        at 14TeV, 300fb-1

            [Berggren,et.al., 1309.7342]

WZ: Wino mass ~ 800GeV
        (1TeV) for 300(3000)fb-1

Multi-lepton

SM-bosons

[prospect]

[ATLAS-PHYS-PUB-2013-007
,CMS-NOTE-13-002]



• Status of muon g-2
- more than 3σ deviation between SM and Exp.
- can be a sign of low-scale SUSY

• Probing SUSY contributions to muon g-2
‣ types of contributions
‣ probe: status, prospect

- chargino type: LHC w/ multi-lepton, SM bosons
- neutralino type

• Summary

Outline



[ME, Hamaguchi, Kitahara, Yoshinaga,
 ME, Hamaguchi, Iwamoto, Kitahara, Moroi]

2. Probing Neutralino Contributions

light particles
✓ L- and R-smuons
✓ Bino
large smuon LR mixing



Mass Spectrum

light: left- and right-handed smuons, Bino
large LR mixing parameter (∝ μ tanβ)
* other SUSY particles (Winos, Higgsinos) are heavy

consistent w/ multi-jet search at LHC, Higgs boson mass

Neutralino contributions are sizable:



[Endo,Hamaguchi,Kitahara,Yoshinaga]

g-2

Muon g-2 is explained when 
smuon mass < 330/460GeV

• vacuum stability (stau-H)
• slepton mass degeneracy to 

avoid FCNC/CP
• stau searches at LEP, LHC

LHC di-lepton search

[ATLAS-CONF-2013-049,CMS-PAS-SUS-13-006]

LHC

Mass Spectrum



Neutralino contribution at ILC

[Endo,Hamaguchi,Kitahara,Yoshinaga]

g-2
1σ 2σ

ILC can probe neutralino 
contribution to muon g-2
• lightest smuon is within 

kinematical reach of ILC
• cross section >~ 1fb

It is possible to reconstruct
at ILC under some conditions



[ ME, Hamaguchi, Iwamoto, Kitahara, Moroi]

2. Probing Neutralino Contributions

light particles
✓ L- and R-smuons
✓ Bino
large smuon LR mixing

Reconstructing



Reconstruction at ILC
Muon g-2 parameters:



Reconstruction at ILC
Muon g-2 parameters:

Neutralino contribution is reconstructed

* Winos and Higgsinos are decoupled



Setup
Table 1: Parameters and mass spectrum and at our sample point. The masses are in units
of GeV, and !̃ denotes selectrons and smuons.

Parameters m!̃1 m!̃2 m"̃1 m"̃2 m#̃0
1

sin "µ̃ sin ""̃ a(ILC)
µ

Values 126 200 108 210 90 0.027 0.36 2.6! 10!9

where Msoft is a mass scale of colored superparticles and heavy Higgses, MH̃ is the Higgsino
mass, MW̃ is the Wino mass, and Q (" m!̃) is an energy scale. The di!erences among gY ,
g̃Y,L and g̃Y,R can be O(1–10)% if Msoft, MH̃ and MW̃ are larger than " 1TeV. Note that
the leading contribution of (6) is proportional to the product g̃Y,Lg̃Y,R (cf. Eq. (4)). Since
the corrections to the gaugino couplings can be sizable, both of the couplings should be
determined directly at ILC. It is also noted that g̃Y,L, g̃Y,R and g̃2 are universal for (at least)
light generations.

In the following discussion, we choose a specific sample point to make our discussion
concrete and quantitative. The mass spectrum at the sample point is summarized in Table 1.
All the sleptons and the lightest neutralino are within the reach of ILC with

#
s = 500GeV.

Their masses are set to be close to those of the SPS1a" benchmark point [13], so that
results of the previous ILC studies can be applied. The lighter sleptons are chosen to be
almost left-handed in order to avoid LHC limits (see below). The lightest neutralino mass
is 90GeV, which is the lightest superparticle among the MSSM ones including sneutrinos.
Other superparticles such as colored ones as well as Winos and Higgsinos are assumed to be
so heavy that they are not observed at LHC nor ILC (so that their masses are di!erent from
those for SPS1a").#1 Trilinear couplings of sleptons, A!̃, are set to be zero. The left-right

mixing parameter, m2
µ̃LR, (or equivalently µ tan #) is chosen to realize that a(ILC)

µ defined
in Eq. (17) becomes equal to 2.6 ! 10!9, which is close to the central value of the current
discrepancies (3); µ tan # = 6.1! 103 GeV.

The mass spectrum is consistent with present collider limits. Light sleptons decaying to
the lightest neutralino are searched for by studying the di-lepton signatures at LHC [14,15].
Our sample point is not excluded because masses of the left-handed selectron and smuon are
close to that of the neutralino. Also, constraints on the right-handed ones are weak, since
the production cross sections are small. On the other hand, collider limits on the stau mass
is weaker as m"̃1 > 81.9GeV at 95% CL by LEP [16]. Exclusions from the three-lepton
searches at LHC [15,17] are also negligible, since Winos and Higgsinos are heavy.

3 Fun with ILC

In the rest of this letter, we discuss how and how accurately the SUSY contribution to the
muon g $ 2 is determined at ILC. At the sample point, only the sleptons and the lightest

#1This setup is minimal to reconstruct the SUSY contributions to the muon g $ 2. If some of the heavy
superparticles such as Winos would be additionally discovered, the reconstruction could be improved.

4

Sample point

others are decoupled

• All of selectrons, smuons and staus are within kinematical 
reach of ILC at

• Close to SPS1a(’): [left-handed sleptons are lighter]
- avoid LHC/LEP limits
- previous studies of ILC can be applied



Overview

precise by studying endpoints or by threshold scans

too small to measure directly → stau productions
[most uncertain, strongly depend on model point]

theoretically uncertain because of radiative corr. and mixing
involved in t-channel neutralino exchanges of the processes



Mass Measurement
Smuon and neutralino masses are measured precisely 
by studying endpoint or by threshold scans

Studies at SPS1a(’) with polarized beams,
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or better

ILC can provide



Smuon LR Mixing
LR mixing is measured by the relation:

Measurement of stau mass: endpoint of tau (-jet) energy
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Figure 1: Generic leading-order diagrams for the pair production of smuons and selectrons
in e+e! or e!e! scattering.

with the symmetric mass matrix

Y =

!

""#

M1 0 !MZ sW c! MZ sW s!

0 M2 MZ cW c! !MZ cW s!

!MZ sW c! MZ cW c! 0 !µ
MZ sW s! !MZ cW s! !µ 0

$

%%& , (9)

in which the abbreviations s! = sin ! and c! = cos! have been introduced; sW and cW are
the sine and cosine of the electroweak mixing angle. The transition to the mass eigen-basis
is performed by the unitary mixing matrix N ,

N"Y N!1 = diag
'
m2

"̃0
1
, m2

"̃0
2
, m2

"̃0
3
, m2

"̃0
4

(
with "0

i = Nij#
0
j . (10)

The Majorana spinors "̃0
i of the physical neutralinos are composed of the Weyl spinors as

"̃0
i =

)
"0

i

"0
i

*

. (11)

Explicit analytical solutions for the mixing matrices can be found in Ref. [10]2

2.2 Production Mechanisms

In supersymmetric theories with R-parity conservation scalar leptons are produced in pairs.
Since mixing can be neglected, the pairs are built of the current eigen-states with chiral
index L or R.

Scalar smuons are produced in diagonal pairs via s-channel photon and Z-boson ex-
changes in e+e! collisions, see Tab. 1 and Fig. 1 (a).

Since the intermediate state is a vector, the helicities of electron and positron must be
opposite to each other. By angular momentum conservation the scalar smuons are therefore
produced in P-wave states. This gives rise to the characteristic !3 behavior of the excitation
curves close to threshold, with ! denoting the velocity of the smuons in the final state.

2Note that a convention for the chargino mass matrix X di!erent from eq. (5) is used in Ref. [10].

4

Smuon LR Mixing
Measurement of stau mixing angle: cross section of stau

contd.

Cross section depends on the angle
via s-channel Z exchange

after some discussions

at



Smuon LR Mixing contd.

LR mixing is measured by the relation:

Note that                             
is very sensitive to mixing,
though there is no study

From stau productions,   [500fb-1]



Gaugino Couplings
Couplings of Neutralino-Slepton-Lepton

left

right

• equal to gauge coupling 
constant at LO

• deviate due to radiative 
corrections as well as 
mixing with (unobserved) 
Winos and Higgsinos

→  1-10% correction

• The couplings should be 
determined directly at ILC



Selectron productions involve t-channel neutralino exchanges

Gaugino Couplings

contamination of (unobserved) Winos and Higgsinos
is less than 0.4%

exp: measurement of cross section,  th: Winos, Higgsinos
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2.2 Production Mechanisms

In supersymmetric theories with R-parity conservation scalar leptons are produced in pairs.
Since mixing can be neglected, the pairs are built of the current eigen-states with chiral
index L or R.

Scalar smuons are produced in diagonal pairs via s-channel photon and Z-boson ex-
changes in e+e! collisions, see Tab. 1 and Fig. 1 (a).

Since the intermediate state is a vector, the helicities of electron and positron must be
opposite to each other. By angular momentum conservation the scalar smuons are therefore
produced in P-wave states. This gives rise to the characteristic !3 behavior of the excitation
curves close to threshold, with ! denoting the velocity of the smuons in the final state.

2Note that a convention for the chargino mass matrix X di!erent from eq. (5) is used in Ref. [10].

4

E.g.



Reconstruction at ILC

Table 2: Observables necessary for the reconstruction of a(ILC)
µ , and their uncertainties with!

s = 500 GeV and L " 500–1000 fb!1. Processes relevant to determine each observable are
also shown. The second and third rows are the information to determine m2

µ̃LR. For the
determination of m!̃0

1
, analyses of the productions of selectrons and smuons are combined.

The uncertainties in g̃(e!)1,L are those from the experiment and theory, respectively.

X !X !Xa
(ILC)
µ Process

m2
µ̃LR 12% 13% e+e! # "̃+"̃! (cross section, endpoint)

(sin 2#"̃ ) (9%) $ e+e! # "̃+1 "̃
!
1 (cross section)

(m"̃2) (3%) $ e+e! # "̃+2 "̃
!
2 (endpoint)

mµ̃1, mµ̃2 200MeV 0.3% e+e! # µ̃+µ̃! (endpoint)
m!̃0

1
100MeV < 0.1% e+e! # µ̃+µ̃!/ẽ+ẽ! (endpoint)

g̃(e!)1,L a few+1% a few+1% e+e! # ẽ+L ẽ
!
R (cross section)

g̃(e!)1,R 1% 0.9% e+e! # ẽ+Rẽ
!
R (cross section)

or better. Here, the first term in the right-hand side comes from the measurement of the cross
section for e+e! # ẽ+L ẽ

!
R, and the second term is due to the contamination from the undis-

covered Winos and Higgsinos. Then, the uncertainty is sub-dominant in the reconstruction
of a(ILC)

µ compared to that in m2
µ̃LR.

3.4 Reconstruction of the SUSY contribution to muon g $ 2

Now let us discuss the accuracy of the reconstruction of a(ILC)
µ with ILC. The accuracy is

estimated by summing all the errors induced by these parameters in quadrature as

!a(ILC)
µ %

!"

X

#
!Xa

(ILC)
µ

$2
, !Xa

(ILC)
µ % $a(ILC)

µ

$X
!X, (38)

where X = m2
µ̃LR, mµ̃1, mµ̃2, m!̃0

1
, g̃(e!)1,L , and g̃(e!)1,R . In Table 2, their uncertainties are

summarized. Consequently, we estimate !a(ILC)
µ as

!a(ILC)
µ /a(ILC)

µ = 13%, (39)

taking !g̃(e!)1,L & 3%. The dominant error originates in the determination of the left-right
mixing parameter m2

µ̃LR.

The reconstructed SUSY contribution a(ILC)
µ may not well approximate the full contribu-

tion, a(SUSY)
µ . The di!erence between a(SUSY)

µ and a(ILC)
µ comes from the unobserved neutralino

and chargino contributions to the muon g $ 2, and should be understood as a theoretical
error in the reconstruction of a(SUSY)

µ in our procedure. Let us define

!a(SUSY,th)
µ % a(SUSY)

µ $ a(ILC)
µ . (40)

12

Neutralino contribution to muon g-2 is reconstructed
by measuring all the sleptons

at the sample point with

+ correction from Winos, Higgsinos is 4% (1%) for >1TeV (1.5TeV)



Extra Contribution to Muon g-2
aμ(SUSY; total) - aμ(SUSY; ILC)

Null signal of Winos/Higgsinos reduces theoretical uncertainties



Summary
• Muon g-2 has >3σ deviation between SM prediction and 

experimental value.
• SUSY is a good candidate to explain the anomaly.
• We discussed how to probe SUSY contributions.
✓ chargino contribution can be probed at LHC

- EWKino search: multi-lepton, SM bosons
✓ neutralino contribution can be probed at ILC

- sleptons are within kinematical reach
- It is possible to reconstruct the contribution, if all the 

sleptons (selectrons, smuons and staus) are measured 


