
One loop effects of natural SUSY in indirect 
searches for SUSY particles at the ILC

Masato Jimbo (Chiba U. of Commerce)

with T. Kon, Y. Kouda, M. Ichikawa (Seikei U.),
Y. Kurihara, T. Ishikawa (KEK), K. Kato (Kogakuin U.)
and M. Kuroda (Meiji Gakuin U.)

The International Workshop on Future Linear Colliders (LCWS2016), 
Morioka, Iwate, Japan, 7 December, 2016



Outline

1. Motivation

2. MSSM parameter search

3. Numerical results

4. Summary

2



1. Motivation
• There are many parameters in the MSSM.

• How can we limit the possible region of them?

• A promising approach is “Natural SUSY”.
– The study on fine-tuning in the MSSM gives a solution.

• Light stop (top squark) with large A term

• Light higgsinos

Ref. R. Kitano and Y. Nomura, Phys. Rev. D 73, 095004 (2006).

• “Natural SUSY” has been studied by many 
researchers.

• The common idea of “Natural SUSY” is that the fine-
tuning is mild as possible.
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2. MSSM parameter search

• Our criterion for searching the MSSM parameters 
is that the MSSM effects are within the bounds 
from the experimental results as follows:
1. the muon    -2 anomalous magnetic moment (    ),
2. the Higgs mass (      ),
3. the branching ratio, Br(            ),
4. the branching ratio, Br(                    ),
5. the dark matter (DM) abundance (      ),
6. the direct search for the sparticles at the LHC.

We use SuSpect2, MicrOMEGAs, SUSY-HIT.

0h
m

g a

2

DMh

sb 
 sB

Ref. Y. Kouda et al., arXiv:hep-ph/1609.07868.

4

Ref. A. Djouadi, et al., Comput. Phys. Commun., 176, 426 (2007).
G. Bélanger et al., Comput. Phys. Commun., 149, 103 (2002).
A. Djouadi, et al., Acta Phys. Polon., B38, 635 (2007).



2-1. Muon -2

• If the deviation,          comes 
from the MSSM contribution, 
it becomes a constraint on 
the MSSM parameters.
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Abstract

We update the electroweak study of the predictions of theMinimal Supersymmetric
StandardModel (MSSM) including therecent resultson themuon anomalousmagnetic
moment, theweak boson masses, and thefinal precision data on theZ boson param-
eters from LEP and SLC. We find that the region of the parameter space where the
slepton massesarea few hundred GeV is favored from themuon g−2 for tanβ<∼ 10,
whereas for tanβ ≃ 50 heavier slepton mass up to ∼ 1000 GeV can account for the
reported 3.2σdifferencebetween itsexperimental valueand theStandardModel (SM)
prediction. Asfor theelectroweak measurements, theSM givesagood description, and
thesfermionslighter than 200GeV tend tomakethefit worse. Wefind, however, that
sleptons as light as 100 to 200 GeV are favored also from the electroweak data, if we
leaveout thejet asymmetry data that donot agreewith theleptonicasymmetry data.
Weextend thesurvey of thepreferred MSSM parametersby including theconstraints
from theb→sγ transition, and find favorable scenarios in theminimal supergravity,
gauge-, and mirage-mediation modelsof supersymmetry breaking.

arXiv:1104.1769v2  [hep-ph]  24 Oct 2011

K
E
K
-T
H
-1
23
6

O
C
H
A
-P
P
-2
98

T
h
e
M
S
S
M
c
o
n
fro
n
ts
th
e
p
re
c
isio
n
e
le
c
tro
w
e
a
k
d
a
ta

a
n
d
th
e
m
u
o
n
g
−
2

G
i-C
h
o
l
C
h
o
a,
K
a
o
ru
H
a
g
iw
a
ra
b,c,
Y
u
M
a
tsu
m
o
to
a
,b

an
d
D
a
isu
k
e
N
o
m
u
ra
d

a
D
epa
rtm
en
t
o
f
P
h
ysics,

O
ch
a
n
o
m
izu
U
n
iversity,

T
o
kyo
1
1
2
-8
6
1
0
,
J
a
pa
n

b
K
E
K
T
h
eo
ry
C
en
ter,
T
su
ku
ba
3
0
5
-0
8
0
1
,
J
a
pa
n

c
S
o
ken
d
a
i,
T
su
ku
ba
3
0
5
-0
8
0
1
,
J
a
pa
n

d
D
epa
rtm
en
t
o
f
P
h
ysics,

T
o
h
o
ku
U
n
iversity,

S
en
d
a
i
9
8
0
-8
5
7
8
,
J
a
pa
n

A
b
stra
c
t

W
e
u
p
d
a
te
th
e
electrow

ea
k
stu
d
y
o
f
th
e
p
red
ictio
n
s
o
f
th
e
M
in
im
a
l
S
u
p
ersy
m
m
etric

S
ta
n
d
a
rd
M
o
d
el
(M
S
S
M
)
in
clu
d
in
g
th
e
recen
t
resu
lts
o
n
th
e
m
u
o
n
a
n
o
m
a
lo
u
s
m
a
g
n
etic

m
o
m
en
t,
th
e
w
ea
k
b
o
so
n
m
a
sses,
a
n
d
th
e
fi
n
a
l
p
recisio

n
d
a
ta
o
n
th
e
Z
b
o
so
n
p
a
ra
m
-

eters
fro
m
L
E
P
a
n
d
S
L
C
.
W
e
fi
n
d
th
a
t
th
e
reg
io
n
o
f
th
e
p
a
ra
m
eter
sp
a
ce
w
h
ere
th
e

slep
to
n
m
a
sses
a
re
a
few
h
u
n
d
red
G
eV
is
fav
o
red
fro
m
th
e
m
u
o
n
g
−
2
fo
r
ta
n
β
<∼
1
0
,

w
h
erea
s
fo
r
ta
n
β
≃
5
0
h
eav
ier
slep
to
n
m
a
ss
u
p
to

∼
1
0
0
0
G
eV
ca
n
a
cco
u
n
t
fo
r
th
e

rep
o
rted
3
.2
σ
d
ifferen

ce
b
etw
een
its
ex
p
erim
en
ta
l
va
lu
e
a
n
d
th
e
S
ta
n
d
a
rd
M
o
d
el
(S
M
)

p
red
ictio
n
.
A
s
fo
r
th
e
electrow

ea
k
m
ea
su
rem
en
ts,
th
e
S
M
g
iv
es
a
g
o
o
d
d
escrip

tio
n
,
a
n
d

th
e
sferm
io
n
s
lig
h
ter
th
a
n
2
0
0
G
eV
ten
d
to
m
a
k
e
th
e
fi
t
w
o
rse.
W
e
fi
n
d
,
h
ow
ev
er,
th
a
t

slep
to
n
s
a
s
lig
h
t
a
s
1
0
0
to
2
0
0
G
eV
a
re
fav
o
red
a
lso
fro
m
th
e
electrow

ea
k
d
a
ta
,
if
w
e

leav
e
o
u
t
th
e
jet
a
sy
m
m
etry
d
a
ta
th
a
t
d
o
n
o
t
a
g
ree
w
ith
th
e
lep
to
n
ic
a
sy
m
m
etry
d
a
ta
.

W
e
ex
ten
d
th
e
su
rv
ey
o
f
th
e
p
referred

M
S
S
M
p
a
ra
m
eters
b
y
in
clu
d
in
g
th
e
co
n
stra
in
ts

fro
m
th
e
b
→
s
γ
tra
n
sitio
n
,
a
n
d
fi
n
d
fav
o
ra
b
le
scen
a
rio
s
in
th
e
m
in
im
a
l
su
p
erg
rav
ity,

g
a
u
g
e-,
a
n
d
m
ira
g
e-m
ed
ia
tio
n
m
o
d
els
o
f
su
p
ersy
m
m
etry
b
rea
k
in
g
.

ar
X

iv
:1

1
0

4
.1

7
6

9
v

2
  

[h
ep

-p
h

] 
 2

4
 O

ct
 2

0
1

1

KEK-TH-1236
OCHA-PP-298

The MSSM confronts the precision electroweak data
and the muon g−2

Gi-Chol Choa, Kaoru Hagiwarab,c, Yu Matsumotoa,b

and Daisuke Nomurad

a Department of Physics, Ochanomizu University, Tokyo 112-8610, Japan
b KEK Theory Center, Tsukuba 305-0801, Japan

c Sokendai, Tsukuba 305-0801, Japan
d Department of Physics, Tohoku University, Sendai 980-8578, Japan

Abstract

We update the electroweak study of the predictions of theMinimal Supersymmetric
StandardModel (MSSM) including therecent resultson themuon anomalousmagnetic
moment, theweak boson masses, and thefinal precision data on theZ boson param-
eters from LEP and SLC. We find that the region of the parameter space where the
slepton massesarea few hundred GeV is favored from themuon g−2 for tanβ<∼ 10,

whereas for tanβ ≃ 50 heavier slepton mass up to ∼ 1000 GeV can account for the
reported 3.2σdifferencebetween itsexperimental valueand theStandard Model (SM)
prediction. Asfor theelectroweak measurements, theSM givesagood description, and
thesfermionslighter than 200GeV tend tomakethefit worse. Wefind, however, that

sleptons as light as 100 to 200 GeV are favored also from the electroweak data, if we
leaveout thejet asymmetry data that donot agreewith theleptonicasymmetry data.
Weextend thesurvey of thepreferred MSSM parametersby including theconstraints
from the b→sγ transition, and find favorable scenarios in theminimal supergravity,

gauge-, and mirage-mediation modelsof supersymmetry breaking.

2 The muon g−2 vs MSSM

2.1 The muon g−2 in the MSSM

Themuon g−2 isa precisely measured quantity, and hence it isan excellent probeof new
physicsat theTeV scale. Themeasurement at BNLwasfinalized in 2006[7]. After including
a small shift in thevalueof theproton-to-muonmagneticratio reported sincethen [58], the
experimental value is [13]:

aexpµ = 11659208.9(6.3)×10
−10. (1)

As for theSM prediction, the recent improvement in the low-energy e+e− →hadronsdata
fromBaBar [59], BES[6], CMD-2 [60], KLOE [61, 62]and SND [63]allowsusto reducethe
uncertainty. In Ref. [8], theSM prediction hasbeen evaluated as(after correcting a typo in
Ref. [8]),

aSMµ = 11659183.0(5.1)×10
−10, (2)

which includes all the major updates on the e+ e− →hadrons data, and adopts the esti-
mate[64], al-by-lµ = 10.5(2.6)×10−10, for the light-by-light contribution. Other independent
analyses[9, 10, 11]based on thee+ e− data givesimilar estimates. Hence, theobserved value
of themuon g−2 is larger than theSM prediction by

δaµ ≡a
exp
µ −aSMµ = (25.9±8.1)×10

−10, (3)

which differsfromzeroby 3.2σ. It istempting tointerpret thedifferenceasacontribution of
newparticleswith themuonquantumnumber, such assmuonsin theSUSY SM. Throughout
thisarticleweassumethat theMSSM contribution accounts for thisdiscrepancy.
In theMSSM, thecontribution tothemuon g−2hasbeen calculated up toand including

the two-loop level [65]. In view of thesmallnessof the two-loop contribution, in thispaper
werestrict our analyses in theone-loop approximation1.
At one-loop, theMSSM contribution comes from thechargino contribution aµ(χ

−) and
the neutralino contribution aµ(χ

0). The relevant one-loop expressions in the notation of
Ref. [1] are found e.g. in Refs. [67, 68], as:

aµ(χ
−) =

1

8π2
mµ

mνµ

2

j = 1

⎧
⎨

⎩
g
χ−j µνµ

L

2

+ g
χ−j µνµ

R

2
mµ

mνµ

G1

⎛

⎝
m2
χ−j

m2νµ

⎞

⎠

+ Re g
χ−j µνµ

R

∗

g
χ−j µνµ

L

mχ−j
mνµ
G3

⎛

⎝
m2
χ−j

m2νµ

⎞

⎠

⎫
⎬

⎭
, (4a)

aµ(χ
0) = −

1

8π2

2

i= 1

mµ

mµi

4

j = 1

g
χ0j µµi

L

2

+ g
χ0j µµi

R

2 mµ

mµi

G2
m2
χ0j

m2µi

+Re g
χ0j µµi

R

∗

g
χ0j µµi

L

mχ0j
mµi

G4
m2
χ0j

m2µi
, (4b)

1 Theeffect from thetanβ-enhanced resummation in themuon-muon-Higgsvertex can changetheMSSM
contribution by about 10% [66], which doesnot affect theconclusions in thepresent paper significantly.
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W − H−

µL µRν̃µ
(a)

B

µL µ̃L

m2LR
µ̃R µR

(b)

B H0

µL µRµ̃L
(c)

W 0 H0

µL µRµ̃L
(d)

H0 B

µL µRµ̃R
(e)

Figure 1: The SUSY contributions to themuon g− 2 which give the leading terms of the
expansion in mZ/mSUSY . Thephoton (wavy line) isattached to all thecharged particles.

where

G1(x) =
1

12(x −1)4
(x −1)(x2−5x−2) + 6x lnx , (5a)

G2(x) =
1

12(x −1)4
(x −1)(2x2 + 5x −1) −6x2 lnx , (5b)

G3(x) =
1

2(x −1)3
[(x −1)(x −3) + 2lnx] , (5c)

G4(x) =
1

2(x −1)3
[(x −1)(x + 1) − 2x lnx] . (5d)

Even though theseexpressionsareuseful for numerical calculations, they arenot particularly
illuminating for the purposeof understanding their dependences on theSUSY parameters.
The main disadvantage of the above expressions is that they are written in terms of the
masseigenstates, in termsof which thedependences on theSUSY breaking parameters are
hidden by theelectroweak symmetry breaking that causescomplex mixings.
In theweak eigenstates, thestructureof theone-loop contributionsbecomesmuch more

transparent. This simplification occurs since the expressions in the weak eigenstates are
equivalent to the mZ/mSUSY expansion, where mSUSY is the typical SUSY breaking mass
scale. The price we have to pay is that the leading terms in the expansion are not useful
when mSUSY ∼ mZ . However, we will find below that this expansion is very useful when
analyzing theSUSY parameter dependence.
The leading terms in themZ/mSUSY expansion aregiven by thefivediagrams(a) to (e)

4

Scenario1 23.1

Scenario2 68.9
Suspect2

Ref. G. C. Cho et al., JHEP, 11, 068 (2011).

a 

allowed region

Light bino
5

Ref. A. Hoecker and W. J. Marciano, Chin. Phys., 
C38, 090001 (2014); p.649.



2-2. Higgs mass and stop masses
• In general, there are

two scenarios :

– Light stop scenario

<  1TeV

– Heavy stop scenario

>  1TeV

1
~
t

m

1
~
t

m

GeV(syst.) 0.11  ±(stat.) 0.21  ±125.09exp hm

6

Ref. ATLAS, CMS Collaboration, Phys. Rev. Lett. 114, 191803 (2015).



2-3. Rare decay mode of b quark

GeV600

7



2-4. DM abundance

• We explain the DM abundance,

by co-annihilation of stau-LSP and stop-LSP.

• There are three scenarios:

0026.01198.02

DM h

co-annihilation Light stop Heavy stop

stau-LSP

stop-LSP

0
11

~~
 mm  0

11
~~
 mm 

0
11

~~


mm
t


If                         , both co-annihilation processes occur.0
111

~~~
 mmm

t


8

Ref. Planck Collaboration (2015), arXiv:1502.01582.

Ref. K. A. Olive, PoS, PLANCK2015, 093 (2015).



Results of parameter scan in light stop scenarios

GeV2201 M

• Bino LSP with both stau and stop co-annihilation

• and 

12.0~2

DMh

Consistent with 6
observables

GeV400~300
1
~ 
t

m GeV235~225
1

~ m
9



1

2
3

Our Parameter sets

A.Manalaysay (the LUX Collaboration), IDM2016

SI WIMP-nucleon exclusion

Ref. LUX Collaboration, arXiv:1602.03489 [hep-ex]. 10



Parameter sets

(masses in unit of GeV)
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• Important observables

• Main decay modes of major sparticles

Parameter 
sets

Co-annihilation

Set1 125 2.00 0.120 3.13 3.99

Set2 125 1.92 0.120 3.11 3.66

Set3 125 2.04 0.121 3.01 4.02

Dam ´10-9( ) Br b® sg( ) ´10-4( ) Br Bs®m+m-( ) ´10-9( )GeV)(hm

11

~
,~ t

1
~

1

~
t

Parameter 
sets decay decay decay decay decay decay

Set1

Set2

Set3

g~

12



Light stop scenario still survives.

set3set1

CMS-PAS-SUS-16-029

(set2 is for heavy stop scenario.)

13



3. Numerical results
• The third generation fermion-pairs and Zh production

0.05	

0.5	

5	

200	 250	 300	 350	 400	 450	 500	

σ	
(pb)	

√s	(GeV)	

e+e- ® tt

e+e- ® bb

e+e- ®t +t -

e+e- ® Zh

The tree and the 1-loop 
level cross sections for 
those production 
processes have been 
calculated with using the 
GRACE system*.
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[      ] J. Cao et al., Chin. 
Phys., C40, 113104 (2016).
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Schappacher, Eur. Phys. J.,
C76, 220 (2016).

The tree level cross sections

14* J.Fujimoto et al., Comput. Phys. Commun, 153, 106(2003); Phys. Rev. D 75, 113002 (2007).
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• The definition of the ratio in our calculation:

We have investigated the MSSM effects in the 
production processes of the SM particles by 
this ratio. 

Ref. W. Hollik and C. Schappacher, Nucl. Phys., B545, 98 (1999).
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Light stop scenario vs. heavy stop scenario
• tau-pair production process 
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Error bars indicate 
the statistical errors 
of the experiments  
corresponding to the 
integrated luminosity.



• b-pair production process
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• t-pair production process
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• Zh production process

1.10%

1.15%

1.20%

1.25%

1.30%

1.35%

1.40%

1.45%

1.50%

-0.9 -0.6 -0.3 0 0.3 0.6 0.9

δ
su
sy

cosθz

δ(set1)

δ(set2) 
 1fb250Ldt

set1: light stop

set2: heavy stop

GeV344
1
~ 
t

m

GeV2000~ gm

GeV1799
1
~ 
t

m

GeV2000~ gm

Stop1 
contribution 
is large.

19



4. Summary

• We have obtained possible  MSSM parameter 
sets which are consistent with experiments.

• For the parameter sets, the virtual effects of 
MSSM in the indirect search processes are 
estimated at (1~5)% in the early stage of the 
ILC. 

• For the purpose of discrimination of the light 
and heavy stop scenarios, Zh and top-pair
production processes are promising.
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Figures from Y. Kouda et al., arXiv:hep-ph/1609.07868
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