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Introduction: Previous works

®SUSY X LHC

X |LC
X astrophys (AMS-02)
X cosmology (baryogenesis)

® Tevatron top forward-backward anomaly

® CMS W' searches at LHC
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Introduction: Previous works

«SUSY X LHC

X |LC
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® Tevatron top forward-backward anomaly

® CMS W' searches at LHC

Experiments X Phenomenology
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Introduction: Why I like SUSY?

MSSM (with R-parity)
v" Fermion<—> Boson (“unification”)

\/ Radlatlve EWSB [Electroweak symmetry breaking]
... mp~125GeV

v" Dark matter

v (9—2)y anomaly

v
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Introduction: Why SUSY?

MSSM (with R-parity)

v Radiative EWSB
... mp~125GeV
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Introduction: A nightmare

mp~ 125 GeV

——> A(m,)'°°P : large
—> mz=0(1-10)TeV in MSSM

N
O
SUSY far above TeV?
We won't see SUSY?
5 o 3g&mi ’m/% 1202 — o
my (MSSM) ~ m7, + 5 | In —5 |+
? 8m2msy, m; 12
\ >~ loop )
tree A (mh)

where o :=A¢/ms.
(stop mixing parameter

)
7 /a0



Introduction: Muon g-2 anomaly, solved by SUSY ( 9u— 2 )
au .=

Muon g—2 [anomalous magnetic moment] 2
1) e = -1
SM (HLMNT "1 ) '-:-'—'I o ” =(116591828+49) x10 3 30.
Expm (BNL 04) o -—-—' a?® = (116592089 £63) x 1071 "

Hagiwara, Liao, Martin, Nomura, Teubner [1105.3149]

—> Loop contrib. from
EWKino with /11=0(100) GeVv

570, 7
(L, Vi, X0 X)) (and large tan 8, positive ).
gz m;
asVSY (X0, i) ~» — = —"—sgn(u)tanB + -+-,
U (4 ) soft
g2 m?
aﬁUSY (Xt Vi) ~ ppy: ” sgn(u)tan B.
(4m)* m SOft Lopez, Nanopoulos, Wang [ph/9308336]

Chattopadhyay, Nath [ph/9507386]
Moroi [ph/9512396]

W > uHyHg4 (Higgsino mass term), tanB = (Hy)/(Hqg),
Meoft : SUSY-particle mass-scale, gi : Gauge couplings. 8/49
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Introduction: Two clues for SUSY mass spectrum

®Higgs mass
= t=0(1-10)TeV

» Together with 8TeV LHC

- — 0(1-10)TeV

® (g—2), anomaly
= EWKino=0(100)GeV

m [TeV]
10
q,9
1
L, Vv, X
0.1
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If EWKino = O(100)GeV,

7S 50 o

L, V, X X |

(g—2)y anomaly
0(100)GeV EWKIino

Discovery @ LHC!
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Story

If EWKino = O(100)GeV,

{—4 SUSY > 2 (g— 2),
EV}ZOXJ

(g —2), anomaly

O(100)GeV E Which channe|7
CQach?

Discove. « @ LH

SYSY Model?

114



If EWKino = O(100)GeV,

~

L, v, X

=0

iyt

X

(g—2)y anomaly

Which channel?

O(100)GeV EWWry &

Reach?

Discovery @ LHC!
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Outline

Muon g-2 v.s. LHC

1:3M9



Important channel

® Production

~ ~
—

> pp — XXt XX

m [TeV]
(Wino-like) 10

[f p X ~N A
/1000-. ! >’K,£,AVE<X \ ql g
p X
100 & (tree-level)
\ ) — 14TeV LHC 1
A3 w NN\ 8 TeV LHC
1 N . .'.:..--: -... ... ™
gre™ '
L "L
I NN .
| T T T [GeV]
\_ 200 400 600 800 1000 /  [GeV] 14..




Important channel

® Production

~

> pp — X°xT, XX (Wino-like)

® Sensitive decay channels

NO

LSP < £ < X9, X* ?

Non Z-like leptons!

50 o=
X2 X3
~1 ‘ =04, v
Xo
ale
. degenef Non Z-like leptons!
S0 ot

X2' X]_ _i

Z, W, h

1
Xo—

X°X

T — ZW(hW) + Ev

—» 3/
but large SM BKG...

154



g-2 prediction v.s. LHC reach

Endo, Hamaguchi, SlI, Yoshinaga [1303.4256]

m; [GeV] (soft mass)
AN Un (@) ~N
(- (- (- (-
(- (-] (- (-

w
-
o

200

-
-
- "
-
-
-
-
-
-

200 30

0

......

400 500 600 700
M, [ GeV]

=

G=2116 20

e tanf =40
o M1 =M>5/2

o [r>1TeV
(as well as g & g)

o TLrR>1TeV

e Long-lived LSP
(R-parity)

e Qpm not cared

16/
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g-2 prediction v.s. LHC reach

Endo, Hamaguchi, SlI, Yoshinaga [1303.4256]

m; [GeV] (soft mass)

200

LSP: ¥°

ex.) W+W_—>2f+ET

......

200 300 400 500 600 700
M, [ GeV]

=

G=2116 20

e tanf =40
o M1 =M>5/2

o [R>1TeV
(as well as g & g)

o TLrR>1TeV

e Long-lived LSP
(R-parity)

e Qpm not cared
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;2; g-2 prediction v.s. LHC reach : Higgsino mass  Endo, Hamaguchi, SI, Yoshinaga [1303.4256]

u=2M, U= M- u=0.5M>

: _ \ | 200
200 300 400 500 600 700 200 300 400 500 600 700

200 300 400 500 600 700

M> [GeV] M> [GeV] M> [GeV]
H is irrelevant W can decay _
. ) via H
W simply to 3/ )

via / Less/softer [/

194
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@SUSY contribution to g-2 : mass basis

(’f’y

e o
M 9y ™M
/

L

5(40 ' 02USY(XD,ﬁ)N r E sgn(u)tanB+---,

2 2
u (41’[) msoft

p) m2
SUSY (o 2 H
a S VIR sgn tang.

soft

W > uHyHg4 (Higgsino mass term), tanB = (Hu)/(Ha4),

Meoft : SUSY-particle mass-scale, gi : Gauge couplings.
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@SUSY contribution to g-2 : gauge basis

— ~

WE-H%~

ML

M2 9

ggmi Mgﬂtal’lﬁ . (

2 m

Y
~ my My

)

_gémi My tan 5 P My
16n2  mf \mp mg,

)

Q%mi (tan o (mgL mﬁR)
8r2 MY "\ M, M,
_g%miMl.utanB.F (Ml [ )
8% my, T
g%mi M i tan 8 N (Ml U )
1672 m%L ’ My, M

*Fq, Fp are loop functions (>0).
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SUSY contribution to g-2 : gauge basis

" 2 2
/f;“:.{,r“ _Gamy, Moy tan 5 P My pu
Lo 16n2  mi " \mg, mp,
TR o o
L _ 2.2
HL—HR_~ W-Hd gy my, f tan F, Mg, Moy
, ’X‘\\ 72 Mf’ Ml ’ M1
L ‘ 2,2
B* >R N _gymu M1 ﬂt&ﬂ@ Fb Ml v
,,“Fij’ 872 %R mﬁR’ Mg
/ ) TP
I R AR VT -Fb(Ml ; )
A T 16w mg, M, My
RS o T *Fq, Fp are loop functions (>0).
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SUSY contribution to g-2 : gauge basis

T > o gy 300350~ 400560600700
i Hq-B ET) My [GeV] —
/,HE‘{‘H d 167 2 [ ]n,ij
e *Fq, Fp are loop functions (>0).
B-Hgq
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@SUSY contribution to g-2 : gauge basis

— ~

WH-H=~
ML - MR
Vi
HyL
=L
0 \
—p—lng%a;é#u—p—
HL —~f ~ : HR
UL—ﬁR{J—J (-H
’X""‘\
p) \
/ \
L \
ML ~ -
B HR
HR
o
E \
— L« - \
s HL ~ N\~ >
ML Hq—-B
Pl
/ \
—»—'awﬁc%éaﬁcaw‘—’—
ML ~
~ HR

2. 2
gam;, Maoptan 3 M
T 2 M
872 ma “\mg )
2, 2 - e T
~9amy, Myptan 5 My
1672  m2 '4f ’ )
2 = Wil W,
Jy 1 ml
— 36 . F, (muL Mrg
- ?
o 3 My = M,
_gymy, My - ptan 3 M
. F 1 H
8T ma ’ ’ )
- - LR mﬁR mﬁR
gy my, Miptan 3 My, pu
1672  mt £ ’
T, mﬁL mﬁL

2 _ m(lL,)?

M2 =
K (m#(A; — ptan fB) m(Ir)?

my, (A}, — ptan ,6))
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@SUSY contribution to g-2 : gauge basis

For L Z> 190 GeV, g%mz

HL—HR
e K~ = FIJ
!, \\,‘
— b
ML ~ MR
B

u=2TeV | e tanf =40
mg 1-5m.L | e My=My/2
/'/./ : ° %L,R > 1TeV

e Long-lived LSP
(R-parity)

e Qpm not cared

-
-

200546300400 500 600700

M> [GeV]
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If EWKino = O(100)GeV,

~

L, v, X

=0

iyt

X

(g—2)y anomaly

Which channel?

O(100)GeV EWWry &

Reach?

Discovery @ LHC!
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Story

If EWKino = O(100)GeV,

7 35 Y0 g

VX0 X

(g—2)y anomaly

S0
XZ'X]._

0(100)GeV E\/dﬁzs—m

Z, W, h

7

Discovery @ LHC! -
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Story

If EWKino = O(100)GeV,

E” ]7’ )"(“O’ )’Z:l:J

(g—2)y anomaly

S0
XZ'X]._

0(100)GeV E\/dﬁzs—m

Z, W, h

Vo

00
00|
00
00|
00|

" 4 ]
Discove L HC! "~
200" 300 400 500 600 700

SUSY Model? }
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Outline

CP-safe Gravity Mediation
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SUSY model for muon g-2?

® SUSY model?

m [TeV]
10
d, J =125Gev
1
[V, X =w-2
0.1
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SUSY model for muon g-2?

Ghilencea, Lee, Park [1203.0569]

© SUSY model? > Cissfl, mGMSR

See also:

[constrained MSSM]

m [TeV] [minimal gauge-mediated SUSY breaking]
10
= 125GeV
| L R B L
RG running example
-~ = (Fig from “SUSY Primer”)
q,9
1 s i
._.__.._.-_-_:::::___::: (+m§)”2
m1/2
E’ V’ X ' arks
F sleptons M,
0.1 [ ' l I | I 1 |

M I S N
10 12 14 16 18
Log,,(Q/1 GeV)

Endo, Hamaguchi, Sl, Yokozaki
[1108.3071]
EHSI + Nakayama [1112.6412]

32/49
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SUSY model for muon g-2? Ghilencea, Lee, Park [1203.0569]

© SUSY model? > CHISS] = (mo, M3/2, 40, tan, sgn )

EXTEND
m [TeV] “NUGM” (M1, Mz, M3)for B, W, g
10 (non-universal gaugino mass)
= 125 GeV
I N FI{Glrulnnilngl e>|(arlnpie L
‘~ ~ K (Fig from “SUSY Primer”) A
9.9 3
1 |
N
_ M>
L, VvV, X arkM 1
S sleptons m,
0.1 - I | | | | | |

P " ] ] ] L | L L L
2 4 6 8 10 12 14 16 18
Log,,(Q/1 GeV) 334
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SUSY model for muon g-2? Ghilencea, Lee, Park [1203.0569]

© SUSY model? > CHISS] = (mo, M3/2, 40, tan, sgn )

EXTEND
m [TeV] “NUGM"” (M1, M3, M3)torB, W, §
10 (non-universal gaugino mass)

125 GeV

q,9

L B I R
Large M= contribf Roagyaning example
J 3 (Fig fron gy Primer”) -
1 _'
T m)”
I -
£,V, X 1
/ sleptons My
0.1 o T

i " 1 1 | L | L
2 4 6 8 10 12 14 16 18
Log,,(Q/1 GeV) 34 .
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SUSY model for muon g-2?

© SUSY model? > CHISS] = (mo, M3/2, 40, tan, sgn )

EXTEND
"NUGM" (M1, M2, M3) for B, W, §

(non-universal gaugino mass)

> Just a “parameter set”.

» Flavor & CP problems.

35/49



SUSY model for muon g-2?

© SUSY model? > CHISS] = (mo, M3/2, 40, tan, sgn )

EXTEND

"“NUGM”" (M1, My, M3)forB,W,§

(non-universal gaugino mass)

>|Just a “parfimeter set”.

> Flavor &[CP prv,lems.
partially

“CP-safe Gravity Mediation”

» Models for NUGM.
» CP-problems partially solved.
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SUSY model for muon g-2?

@

> CP problems.

“CP-safe Gravity Mediation”

» Models for NUGM.
» CP-problems partially solved.

37/49



What is SUSY CP problem?

® CP problem?
» MSSM ... (]: -parameters (Aude M1,2,3, 4, B)
» Unaligned > CP-violation

38/49


ACME Collaboration, Science 343 no. 6168, (2014) 269–272 [arXiv:1310.753

What is SUSY CP problem?

® CP problem?
> MSSM ...

» Unaligned > CP-violation
» Generic problem in O(100)GeV SUSY.

EDM ocIm

[electric dipole moment]

/
/

7

MY T

N
NO/X:E \

([: -parameters (Aude M1,2,3, U, B)

<8.7x10%%ecm

(electron)
ACME collab. [1310.7534]

m = 0(100) GeV = A(phases) < 1073-10"%.

g— 2 < Re

/
/

7

s

\

N\
NO/Xi \

—> m = 0(100) GeV
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ACME Collaboration, Science 343 no. 6168, (2014) 269–272 [arXiv:1310.753

Polonyi model has SUSY-CP problem

L= ]d29d29K(<b,CI>) + (/d29 W(®) +h.c.) + .-

Ex.) Polonyi model
superfield to break SUSY

|o?|2

MSSM superfields

MSSM superpotential

constant

Hidden sector

Visible sector (i.e. MSSM)
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Polonyi model has SUSY-CP problem [ fdggdng((b,(i)) i (/ A20 W () —|—h.c.) e

Ex.) Polonyi model
superfield to break SUSY ( .. (]:)

= ‘Z|2 + |Qa|2

w :@ @+ Wois

- unalighed phases
- CP-viol.

41 )



@Polonyi model: analysis K = |Z|2 + |Qa|2
] W H Z+ C + WVIS

V = KVF;F™ — 3"/Me|W/Mp |? + (D-term)

aV (Z) — (\/g o 1)eiarg(C’/,u22)MP = z

V)=0, (=5 )=0 . (OW* K W*
M=o (gz) o= (B )
[vanishing cosmo. const.] \/_e\/_ 9 2* "

_ K/2M3 <FZ) 0K W K/M3 <” ) oW _ 3.
_ i Fz)|
9 3 - 1)e 1argC|< >| A o 1argC|< Z
1 YA ] . <FZ>
L d? =) WeW!E = M, = 2kg?
3] 9(492 kMp) o 0 = 2h0 3

(set k € R by rotation of Z)
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SUSY model for muon g-2?

@

> CP problems.

“CP-safe Gravity Mediation”

» Models for NUGM.
» CP-problems partially solved.
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2 CP-safe gravity mediation: Simplest example
gature» Shift symmetry on Z (Z2—-2Z+iR)
(R €R)

(= (Z2) €R)

5(z) + |Qal”

complicated function

(K
< W = C + Wyis
...only one C > no misalignment

\_ where CCEZ—l—Z*

[invariant]

Note for professionals: R(HuHqg) = 2;



2 CP-safe gravity mediation: Simplest example
I%ature:> Shift symmetry on Z (Z2—-2Z+iR)
S l ' S,Y . .. (R = [R)
> Izawa, Lgo,ﬁgglﬁgsﬁm (= (Z) € R)

(K = s(x) + |Qal’

complicated function but R (" K € R)

E le:
< [ > SU3Y

s(x) = —3log - fx = 34 1+ cox® + 3’ + ey
3

with ¢y = 3c3/8c4, 768c] + 64cic3ci — 3cs > 0.
— (x) = —c3/4cy.

k where ,/I; E 2’/ -1 Z*

[invariant]

Note for professionals: R(HuHqg) = 2;



K = 5(z) + Q"

@CP-safe gravity mediation: Analysis

. . W — O + ins
V =K/F,F*" —SeK/Ml?’|T/V/]\Jp\2 + (D-term) withe = Z + Z*
aV / 2 / 2
V) =0, <_>:0 S@? . 08@?
0 07 MZs" (z) oz s"(x)
[vanishing cosmo. const.] (constraints on the function s)

— (Fy) = —3e%/2MEC* /' (SUSY),

(Z) #0

Vo _eK/le?, (Fz) <8K> Woie + eK/MF% (W) [aW
V1S aQa

Qa - 3ins]

Mg
C*
Mg

0z

2 O
ins + eK/MP [
Mg

8ins
Q4

= 3e/Mr

Mg

B/ = 2m3/2[e

—iargC}

Ag = 3m3/2[e

—iargC}

2 _ .2
mgo = Mg /9

Qa - 3ins:|

where mg/z = \C’|2es/M1% /My
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@CP-safe gravity mediation: Gaugino masses

1 7
Gaugino mass M, LS /d29 (— + k; —) WW,,

497 "Mp
From anomaly of (broken) shift sym. (= k; €R)
R 2<FZ> — 3MP —iarg C
/Ml, Mo, L M3 from “above-GUT” structure. N

— SU(3)c x SU(2)L x U(1)y

Ex.) SU(5) x U(3) = SU(3) x SU(2) x U(1) x SU(3) x U(1)

k ks =as + as ko, = as ki =as+ ay /

/Bu/ﬂ _ 2m3/2[e—iarg0}

< AO _ 3m3/2[6—iarg01

W:C+ins k

K = s(z) + |Qa|? 2 2 2 2 s/M?3 4
mg = m3 where mj3,, = [C] e Mp /A
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;2;) CP-safe gravity mediation

“CP-safe Gravity Mediation”

» Models for NUGM.
» CP-problems partially solved.

Fyz) 3Mp (.
M, = k; .2< = k;q? iarg C
g MP 9; m3/2 —SI(CIZ')
/Ml, Mo, L M3 from “above-GUT” structure. N

Ex.) SU(5) x U(3) = SU(3) x SU(2) x U(1) x SU(3) x U(1)

— SU(3)c x SU(2)L x U(1)y
\ k3 = as + as k> = as k1 =as + a; J

/Bu/ﬂ _ 2m3/2[e—iarg0}
< AO _ 3m3/2[e—iarg(’)}

K:s(x)+|Qa|2 2 2 he o 2 L ‘O'QGS/MFQ)/MLL
W= C 4 W Mo = M3/ WIELe 13 /9 = P
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@)

“CP-safe Gravity Mediation”

» Models for NUGM.
» CP-problems solved.

M1, M3, M3, By, Au, Ad, Ae are aligned.

CP-violation from sfermion (m3); still remains.
- should be solved together with flavor problem.
(OR: mé =07)

4 —iar
B,/ n= 2mg o are ¢

< AO = 3m3/26—iargC

K:s(x)+|Qa|2 2 2 he o 2 L ‘O|268/M1%/M4
W= C 4 W Mo = M3/ WIELe 13 /9 = P
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Summary
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Summary

Iif EWKino = O(100)GeV,

E” ]7’ )'ZO’ )'Z:I:J

(g—2)y anomaly

0O(100)GeV E\/d%—P‘ 7
E

00
00
00
00
00

Discove. « @ LHC! -2

“CP-safe GM" € | susY Model? |
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Summary

13.0/fb ; “CP-safe Gravity Mediation”
Ry = Shift sym. of Z & SUSY in K

{-search) ,~ :

»Models for NUGM.
»CP-problems partially solved.

K = s(2) + |Qal’

m; [GeV] (soft mass)

> W = C+ Wi
ex) W* W~ - 21+ Erf B .
200 300 400 500 600 700 where & — / + A
M> [GeV]
=M

SUSY from the viewpoint of (g — 2),

52/



