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Why supersymmetry?



Why supersymmetry?

Gauge coupling unification in minimal SU(5)
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Why supersymmetry?



Why supersymmetry?

This picture works well if SUSY scale ~ EWSB
scale

But, this picture seems not work very well in
the current situation,
.e., SUSY particles are heavy




How can we understand the origin
of the EWSB scale with relatively
heavy SUSY particles?

First part
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First Part

Reconsideration of the fine-tuning problem



Radiative EWSB works very well
for low-energy SUSY
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Radiative EWSB works very well
for low-energy SUSY
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Radiative EWSB works very well
for low-energy SUSY
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Non observation of SUSY particles
stop direct search gluino/squark search

MSUGRA/CMSSM: tanp = 30, A0= -2mg, u>0
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Larger SUSY scale — larger fine-tuning

We need to reconsider the fine-tuning problem
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Moreover observed Higgs boson mass requires
rather large radiative correction
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Larger mas muz At increase both Higgs boson

mass and Higgs soft mass
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We need an elaborate choice of u-parameter
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We need an elaborate choice of u-parameter
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How can we understand the EWSB scale?



Approaches to the
origin of the Fermi scale

Attractive but
. Low scale SUSY (and low ditficult in the

messenger Scale) current situation

. Anthropic principle/never mind

(much better than the fine-tuning of the
cosmological constant)
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Original Focus Point

universal scalar mass gaugino mass
mo >> M /2

N Input parameters at
minimal Kahler the GUT scale

MmHu?(mMz) becomes much smaller than expected

and does not sensitive to the change of mo
[Feng, Matchev, Moroi, '99]
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Why mHu4(msoft) IS small ?



Why mHu4(msoft) IS small ?

looks like coincidence



1
1672

[6Yt2 (mé3 +m

2
Hy,

+mpy, + A7) — 6g3| Ma|* + ... ]



v~ ——[6Y (mg, +my, +mi, + Af) — 6g5| Ma|? +

—(32/3)g3 M3 +...]
dmés 1 2 2 2 2 2

—(32/3)932)]\432 69§M22 + ...

mir, (Q = Mstop) = —lcn M1/2 CH~ 1
m%]g(Q = Mstop) = +|Cu M1/2 We want to
My, (Q = Mmsiop) = +lcq| M7, mMake Mi/z small




Let us shift boundary value mo=0 to d mo
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(because of the mass
dimension)

At, M1, M2, M3 do not change



RGEs for 0 muu?, 0 mu3s2, 0 mqz?
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RGEs for 0 muu?, 0 mu3s2, 0 mqz?
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RGEs for 0 muu?, 0 mu3s2, 0 mqz?
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Defining a fine-tuning measure

A, = a;gi [ A =max(A,) |

mZ:mZ

a 1s a fundamental parameter

J. R. Ellis, K. Enqvist, D. V. Nanopoulos and F. Zwirner, Mod. Phys. Lett. A 1, 57
(1986); R. Barbieri and G. F. Giudice, Nucl. Phys. B 306, 63 (1988).

e.g., mMSUGRA
{ai} — {m07 M1/27 1o, A07 BO}

ABo ™~ (1/tanﬁ)Auo

(can be neglected for large tan )



Defining a fine-tuning measure

A, = 8;52 [ A =max(A,) |

mZ:mZ

a 1s a fundamental parameter

J. R. Ellis, K. Enqvist, D. V. Nanopoulos and F. Zwirner, Mod. Phys. Lett. A 1, 57
(1986); R. Barbieri and G. F. Giudice, Nucl. Phys. B 306, 63 (1988).

e.g., mMSUGRA
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In the original focus point, the gaugino masses
are taken to be small and universal
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Let us look into gaugino contributions more
closely for larger gaugino masses( ...

parameters

my (2.5TeV) =~ —1.197M; + 0.235M5 — 0.013M; M3 — 0.134M,M;

w —+ 0.010M12 — 0.027M; M, + 0-067m(2)7




In the original focus point, the gaugino masses
are taken to be small and universal

Let us look into gaugino contributions more
closely for larger gaugino masses( ...

parameters

my (2.5TeV) =~ —1.197M; + 0.235M5 — 0.013M; M3 — 0.134M,M;

m —+ 0.010M12 — 0.027M; M, + 0.06777”&(2),

Gaugino contributions to mnu? become small

with certain ratios of gaugino masses

[G.L. Kane and S.F. King, '98; H. Abe, T. Kobayashi and Y. Omura, '07; S. P. Martin, '07; Horton
and Ross '09]
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[Kaminska, Ross, Schmidt-Hoberg ‘13]



We proposed
"Focus point gaugino mediation”

[Yanagida, Yokozaki ‘13]
[Kaminska, Ross, Schmidt-Hoberg ‘13]

Very simple

Only one parameter determines
the focus-point behavior

Bino mass I1s not so important, unless it is very large



We proposed
"Focus point gaugino mediation”

[Yanagida, Yokozaki ‘13]
[Kaminska, Ross, Schmidt-Hoberg ‘13]

The fixed ratio of the gluino mass to wino mass
M2/M3~0.4, e.q., 3/8 reduces fine-tuning
significantly

(" )

mi, (2.56TeV) ~ —0.006M7,, for ri =r3 = 8/3
where (M17 M27 M3) — (T17 17T3)M1/2-

. J
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The running of mnu? (TeV?)
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The running of mnu? (TeV?)
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Higgs boson mass @ three loop level

3 = 0.4, tan 3 = 20, mo = 500 GeV r3 = 0.4, tan 3 = 20, mg = 500 GeV

1 1

09 r 0.9 -

08 08
0.7 0.7
0.6 06 -\

0.5 05

M1 /M2
M1 /M2

04 - 04 -

0.3 03 [

0.2 0.2

0.1 0.1 \
3000 3500 4000 4500 5000 5500 6000 3000 3500 4000 4500 5000 5500 6000

M2(GeV) M2(GeV)

Figure 2: Contours of the Higgs boson mass (left panel) and Am;, (right panel) in the
unit of GeV. The red (green) lines drawn with the top mass of m; = 173.2 GeV (174.2
GeV). Here, ag(mz) = 0.1184.

red: me=173.2 GeV green: mi=1/74.2 GeV




Fine-tuning and HIQQSINO mMass
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Predictions

. At least Higgsino Is light, which can
be target at the ILC

« Neutralino can be dark matter

. Gravitino can also be dark matter



Predictions
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Predictions

10-39 1 1 1 r rrri I 1 I I UL lI 1 I 1 UL
XENON100 (2012)
Q QDAMA/N& = observed limit (90% CL)
E 10% . P Expected limit of this run:
Whole region will be covered at XENON 1T
'\ < DAMANa 1
‘E 10 ‘ ~..¢.<,COGeNT
3 DAMA/I
= o \ >~CDMS (2011) /
= \ \ CDMS (2010)
Q e
S 104 \ ST ZEPLIN-III
%) R o —— 2 o= VIS VIE RS =
& e \ XX ~_--.. EDELWEISS-(2011) -
= 10 N ~ .. —
& LI Improve by E
5 N - -
3 104k AN —=4 two order of g
S = ™ XENONI00 (2011) - _ E
Z 104 XENON100 (2012) e Mmagnitude .
E Buchmyeller E
% 104 — et al. S—=
- XENONIT (2017) -
10-47 E_I L1 1 I | 1 | | | || I 1 | | | | 1 IE
7 8910 20 30 40 5060 100 200 300 400 1000

WIMP Mass [GeV/c’]



The origin of 8:3

. May be determined by
dim(SU(2)adj): dim(SU(3)adq;))

( Wino M5y = M5/dim<SU(2)adj)\
Gluino M3 = M5 /dim(SU(3)ad;)




The origin of 8:3

. May be determined by
dim(SU(2)adj): dim(SU(3)adq;))

~N

Wino M, = Ms/dim(SU(2)aq;)
Gluino M3 = M5 /dim(SU(3)agq;)

J

« Anomaly free condition of ZnRr



Suppose that there exist non-anomalous
discrete R-symmetry

proton decay operators

| et us focus on even humber of N

/4R, Z6R, Z8R ...

For N=even, constant term breaks Znr to R-parity
(For N=odd, R-Parity is broken by constant term)



u-term is generated by Giudice Masiero

e

re + 74 =0 mod N (and 7, + 4 # 2).

A =2mod N, A3 =6 mod N.

Vo

/NR-SU(2)1-SU(2)L /NR-SU(3)c-SU(3)c



ZNR transftformation

Im(Z/M.) — Im(Z/M,) + (2l'/N)
i — b exp [i(r; — 1) (27" /N)

> J

ri. charge of matter fermion and Higgsino

ko 0 4 . - _
3972 d HM* (W2)o(W )2,

k3 2 Z a aco .
3om | @0z, (Wa)sW" s,

conjecture

Shift of Im(Z/M*) cancels the anomaly



A; =2mod N, Az =6 mod N.

+

A2:2—|—]{72 IIlOdN, A3:6—|—]€3 mod N

Anomaly cancellation: A2=A3=0 mod N
ke=10, k3=06 for Zer

2 a aa
32w2/d9—w (W),

2 a aa
327T2/d9—W (W3,

Muwino : Mgluino =8:3
(No solution with k2/k3=8/3 for Z4r)
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Second Part

A GMSB model for
explaining the muon g-2



Muon g-2 anomaly

If the muon g-2 anomaly Is indeed true,
this Is an important probe of the NP beyond SM

V(Z) = —pi - B(T) g — 2
e - p = %
u=9<2 S
My >3 0 deviation
from SM

prediction!



SM prediction of the

QED
muon g-2 $
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SM prediction of the

QED
muon g-2 $
[1019] s
Experiment 11659208.9+6.3 HVP Sg
QED@5loop 11658471.8951 (80) 2%@35
LO: 69491x4.27 :
: [Hagiwara, Liao, Martin, Nomura, Teubner] HlLBL
Hadronic vacuum LO: 692.3+4.2
pOIarlzatlon [Davier, Hoecker, Malaescu, Zhang] %
HO: -9.84+0.07
0O: -9.84+0.0 W g
Hadronic LBL 10.5+2.6 ‘ |
Electroweak@2loop 15.4+0.2 HWZ
Exp  sM _ (26.148.0) - 1070 HLMT]

a a —

g g (28.7 T 8.0) . 1()_10 [DHMZ] >3 0




SM prediction of the

muon g-2 ¢
gnom] s

Experiment 11659208.9+1.67 HVP §

" " e " | -2 proj .
700-ton Swiss watch (2 project JRARC

(333 uA)

Graphite target Silicon Tra
¥ (20 mm)

Surface muon beam
(28 MeV/c, 4x10%s)

v K~

Muonium (~10° u*/s)

New Muon g-2/EDM Experiment at
J-PARC with Ultra-Cold Muon Beam

J-PARC g-2:tEIHEHE

-5.2) - 10710 [HLMT]
) - 10710 [DHMZ] ~50




What is an expected NP mass scale to
explain the muon g-2 ?

, New
2 .
g m coupling
Alay)np ~ =5 —5
1672 myp o ,
2 1120GeV
—20.7 10—10( J )
8 0.05 MNP

Mass scale

of new physics

We need ~100GeV new particles.

In SUSY, tan 8 enhancement can
help to explain this deviation



What is an expected NP mass scale to
explain the muon g-2 ?

, New
2 :
1672 m12\TP ,
2 1120GeV
— 20.7 x 10719 ( J )
0.05 MNP
X tanf

Mass scale

of new physics

We need ~100GeV new particles.

In SUSY, tan 8 enhancement can
help to explain this deviation



SUSY contributions to
muon g-2

light smuons and neutralino/chargino

can explain this deviation

[J.L. Lopez, D.V. Nanopoulos, X. Wang ‘94; U. Chattopadhyay, P. Nath ‘95; T.Moroi '95]



SUSY contributions to
muon g-2

Wino-Higgsino-sneutrino m

(suppressed for large u) - .

Bino-(L,R)smuon m
X

(oroportional to ~utanB) —; 5 % ;-



SUSY contributions to
muon g-2

Bino contribution I1s Important tor
mstop~u~a few TeV.

Light Bino/smuons are required to explain
the muon g-2

Bino-(L,R)smuon m
— — _x_ -

(proportional to ~utanB) —;

. J




A possible explanation
exists within minimal

SU(D)



Gauge coupling unification in minimal SU(5)
60 |
29
50
45
40

a-] 35
30 | —

25 | =~ )

20 - aj -
15 |- -

10
10 10° 10® 10" 10" 10 10'® 10'®

Colored Higgs multiplets@10'>GeV
Proton decays quickly (—_ —)




Gauge coupling unification in minimal SU(5)

60
55 oy’
50 |- Colored Higgs
T X gauge bosons
40 | s :

a’l BF o Adjoint Higgs
JAW 24 D (3,2)+(3%2)+(8,1)+(1,3)+(1,1)
15 GS boson
m B 2 s

10 10° 10® 10" 10" 10 10'® 10'®

Colored Higgs multiplets@10'>GeV
Proton decays quickly (— —)




Gauge coupling unification in minimal SU(5)
60

ER

Colored Higgs
X gauge bosons
Adjoint Higgs

Keeping these
particles heavy

30
25

S 24 D (3,2)+(3%,2)+(3,

15 GS boson
multiplets

1 O e e e e e T e T T ST TTT T T “T_"

Colored Higgs multiplets@| Lower these
Proton decays quickly (t,—Tas5€5




Gauge coupling unification in minimal SU(5)
60 |

55 . Ms3=10""GeV, Ms=0.3M3 -
50
45 |-
40 -

heavy triplet |
’ —

a-] 35 —1
30 | ‘

o5 | T ;

20 |k 1 \ -
(g

15 b -

10
10 10° 10® 10" 10" 10 10'® 10'®

Colored Higgs and gauge bosons are heavy
(")



Gauge coupling unification in minimal SU(5)
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heavy triplet -

Colored Higgs and gauge bosons are heavy
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Gauge coupling unification in minimal SU(5)
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40 masses
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Gauge coupling unification in minimal SU(5)

55
50

. have SUSY breaking

40 masses
a-] 35
30
25
20
15

10
10 10° 10® 10" 10" 10 10'® 10'®

Colored Higgs and gauge bosons are heavy
(")



Adjoint Messenger Model

W = (Mg + A FO*)Try;
+(Msz + A FO*)Trys




Adjoint Messenger Model

No hyper charge
heavy




Massless Bino and right-handed
sleptons are predicted!
triplet — light hon-colored SUSY
particles
Light octet — colored SUSY
particles




Results



Mess = 10" GeV, tan 8 = 10, mo = M /5 = 300 GeV

Higgs mass (GeV)

128

127

—
N
@)

—h
N
)

124 - ~

[@B-Ioop with
H3m

123 I I I I I I I

200 220 240 260 280 300 320 340
(AF/Mg) TeV

Mstop~ 3.0 — 5.1 TeV




Mess = 10" GeV, tan 8 = 10, mo = M /5 = 300 GeV

128 | | I i I ]
o
127 F V. _
= A2
8 _
PREE (A F/Msg)>200TeV can
(q]
= be consistent with the
oy 125 :
ko observation
124 =
123 | | | | | | |
200 220 240 260 280 300 320 340

(AF/Mg) TeV

Mstop~ 3.0 — 5.1 TeV

[@

3-loop with’

H3m

_/




mStOp“‘3.6T€V mstop~5 1TeV
Mpess = 1011 GeV tan 3 = 15 M ess = 1011G€V tan /6 — 10
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In whole region, neutralino is NLSP
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mStOp“‘3.6T€V mstop~5 1TeV
Mpess = 1011 GeV tan 3 = 15 M ess = 1011G€V tan /6 — 10
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500
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400
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mstop~3.6TeV

mstop~5.1 TeV

AL 1n11ﬂ,\17tan/6 — 10
CMS Preliminary L =195t \s=8TeV
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S\ B :t' ..I.OI L DL DL L L L E 1 O 3 .
K 30F pp—¥% %, 95% C.L. CLs NLO Exclusions = = =
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300 |- — TV, - theo —] = K
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mstop~3.6TeV
Mpess = 1011GeV tan 8 = 15

N
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mstop~3 6T€V mstop~5. 1 TeV

Mmess _ 1011G€fw . = A — 1n11w tanﬁ — 10
500 | I |
The muon g-2 can be \ ,
450 e
) 600 .~
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350

300

250

200

150

100 ' ' |
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In whole region, neutralino is NLSP
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mstop~3 6T€V
Mmess = 1011@67‘ | i}

mstop~5.1 TeV
v —1otlcay tan 8 = 10

The muon g-2 can be \
explained!
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It IS minimal, but 1t may not
be attractive in view points

from cosmology and FCNC o2 o2 o

\_

ole region, neutralino is NLSP



Introducmg 5 5" messengers
may be more attractive. v

0.6

0.55

0.5

Gravitino is light
No gravitino problem |
No SUSY FCNC =

./ ,’II/§

/

w’ﬁ

Ms/Ms

04

0.35 |

0.3

0 0.3

Note: b 5* do not affect the

gauge coupling unification
Stable stau is excluded for mstau < 340GeV




chargino mass Left-handed
| slepton mass

Mmess = 10 GeV, A8 - 200 TeV M ess =10 GeV, Ag — 300 TeV

'soo\j °'5. ' \ \

0.45 500 ‘QOO

0.6

~ |

0.55

0.5 04

0.4

0.35 0.25

g-220

Stable stau is excluded for mstau < 340GeV
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Mmess

chargino mass

]_011 GeV A8

!

= 200 TeV

~ |

- 600 \

Left-handed
slepton mass

10! GeV, A8 - 300 TeV

NN\,

500 ‘600
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0.45

0.4 |

0.25

Stable stau is excluded for mstau < 340GeV



Mass spectrum

\

7 2.4TeV 7 3.0 TeV
Mstop 3.6 TeV Mstop 5.1TeV
Sa, 20.3 x10~10 da, 18.6 x10~10
g Mgluino 4.4 TeV Mgluino 6.3 TeV )
\__ Mgquark 4.1 TeV Mgquark 5.8 TeV )
g me, (mﬁL) 379 GeV me; (mﬁL) 425 GeV A
ng(mﬁR) 181 GeV m'éR(mﬁR) 218 GeV
ms, 123 GeV ms, 133 GeV
M0 100 GeV Mo 128 GeV
m, = /Mg 375 GeV mxi‘/mx‘z) 411 GeV

_/

Table 1: Some reference mass spectra and (da,,)susy-



60
55
50
45

M3=5x10"2GeV, Ms=0.TM3 -

riplet/ octet

40 - -
o1 35T -
30 -
25 | \ _
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st —7 act as messengers
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Heavy colored particle and
are predicted
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Msg/M3 0.17 Ms/M3 0.11
Ms/Ms 0.41 Ms/Ms 0.35
Ag 200 TeV Ag 300 TeV
M ess 101! GeV M pess 101! GeV
tan O 10 tan O 10
L4 2.4TeV 7 3.0 TeV
Mstop 3.6 TeV Mstop 5.1TeV
50,}u 20.3 x10~19 5% 18.6 x10—10
g Mgluino 4.4 TeV Mgluino 6.3 TeV )
\__ Mgquark 4.1 TeV Mgquark 5.8 TeV )
" mes, (Mma,) 379 GeV me, (Mg, ) 425 GeV
ng(m,}R) 181 GeV ng(mﬁR) 218 GeV
ms, 123 GeV ms, 133 GeV
TN5,0 100 GeV T 0 128 GeV
m, = /Mg 375 GeV mxic/mxg 411 GeV

\

_/

Table 1: Some reference mass spectra and (da,,)susy-



Summary

It the fine-tuning of the EWSB scale is
Important guiding principle, focus-
point scenarios are attractive!

If the anomaly of the muon g-2 is
true, GMSB models with SU(3) octet
and SU(2) triplet messengers can
solve this anomaly.



Summary

1T .the fin Prediction! ale Is
IMmport US-

hoin Light Higgsino §

If the anomaly of the muon g-2 Is
true, GMSB models with SU(3) octet
and SU(2) triplet messengers can
solve this anomaly.



Summary

1T .the fin Prediction! ale Is
Import

g Light Higgsino ¥

IT the aress

true, G tet



Thank you very
much!



