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Lets start from here (again)...




§ 3.3. MSSM

spin
quark g 1/2 <-> 0O squark a

S

lepton  / 1/2 <-> 0 slepton p
Higgs FI,. H,; 0 <-> 1/2 higgsino },

gauge bosons 1 <-> 1/2 gaugino
Y, 24, W, g B.W.q

MSSM (minimal SUSY Standard Model)

More precisely,...



§ 3.3. MSSM

More precisely,...
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& 3.4. MSSM Lagrangian

Lavissm = Lsm—susy + Lsoft SUSY



& 3.4. MSSM Lagrangian
Lavissm = Lsm—susy + Lsoft SUSY

/

(1) Lsm_sUSY

— »Cfrom superpotential + »Cfrom gauge interactions

< r F‘i%/i e

L 4 2 ; g y g /i » \ g 2

" e Sy
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no new free parameter
compared to SM.



& 3.4. MSSM Lagrangian
Lavissm = Lsm—susy + Lsoft SUSY

/

(1) Lsm_sUSY

— L:from superpotential + L:from gauge interactions

N .
WMSSM — (yu)ng Qzu +(yd)ngszdc ye ngsze _I_,UH Hd

corresponding to SM Yukawa - term




& 3.4. MSSM Lagrangian

Wassm = (Yu)ij HuQiv§ + (ya)ij HaQ:d5 + (ye)ijHaQses + pHy Hy
R EEEEE—=——E———-

corresponding to SM Yukawa “p-term”

NOTE:
There are other renormalizable terms allowed by gauge invariance.

Wipy = 5 ANVELiLjef + NFLiQgdy + i LiHy + 5 X" uidsd;
N————
L-violating B-violating

But they mediate a very rapid proton decay!

q +

/1/i'<2 /112 et & exp. bound (super-K)
p > S < 7(p — etn?) > 1.3 x 10°*years
(v} SR U O mg.

2
T XXl 1072 ( )
U U ‘ 11k 11k‘ ~ 1 TeV
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& 3.4. MSSM Lagrangian

Wassm = (Yu)ij HuQiv§ + (ya)ij HaQ:d5 + (ye)ijHaQses + pHy Hy
—————————————————————— N’
corresponding to SM Yukawa “p-term”

/

WRpV — 5 ™ v 179 = /ijkLiQ d, _
- ———

L-violating

There is a parity symmetry
which forbids Wrpv and allows Whissw .

R-parity
SM particles —> even (+)
SUSY particles —> odd (-)

rapid proton decay
is forbidden.

9



& 3.4. MSSM Lagrangian

R-parity
SM particles —> even (+)
SUSY particles — odd (-)

—> Lightest SUSY Particle (LSP) becomes stable.
—> Dark Matter candidate!

R-parity 4 (even) [ R-parity — (odd) l

S—— ) 913 &
Me —— }( LSP cannot decay!!

10



& 3.4. MSSM Lagrangian

R-parity
SM particles —> even (+)
SUSY particles — odd (-)

—> Lightest SUSY Particle (LSP) becomes stable.
—> Dark Matter candidate!

sleptons : (

i
e

gauginos and higgssinos : x?, xit, g

A~

gravitino: G
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& 3.4. MSSM Lagrangian

R-parity
SM particles —> even (+)
SUSY particles — odd (-)

—> Lightest SUSY Particle (LSP) becomes stable.
—> Dark Matter candidate!

sleptons :

——

gauginos and higgssinos : ;f?, xf:, [7]

gravitino :

neutral and color-singlet
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& 3.4. MSSM Lagrangian

R-parity
SM particles —> even (+)
SUSY particles — odd (-)

—> Lightest SUSY Particle (LSP) becomes stable.
—> Dark Matter candidate!

sleptons :

—

gauginos and higgssinos : ;&;’, xf:, [7]

gravitino :

neutral and color-singlet
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& 3.4. MSSM Lagrangian

R-parity
SM particles —> even (+)
SUSY particles — odd (-)

—> Lightest SUSY Particle (LSP) becomes stable.
—> Dark Matter candidate!

LSP DM candidates within MSSM (+ supergravity):
e neutralino
e gravitino

<= Cf. Cosmology Lecture by Prof. Rubakov.

14



& 3.4. MSSM Lagrangian

Lavissm = Lsm—susy + Lsoft SUSY

/
(11) »Csoft SJJ’S'?

Supersymmetry must be
a (spontaneously) broken symmetry

electron se n ar
511 keV <—> e

15



& 3.4. MSSM Lagrangian

Lavissm = Lsm—susy + Lsoft SUSY

oo “——————————————————
(ii) SUSY

SUSY must broken only by parameters with mass dim. > O.

fop quark stop
Omye~ | 1 ________________________
hard D
breaking Ytop # Ystop > 0 mH2 i (Ys’rop2 - Y’mpz)/\2 =
soft Vo

Miop # Mstop , > 0 mMye ~ (ms’rop2 - m’ropz) IOgA -/

breaking
16



& 3.4. MSSM Lagrangian

Lavissm = Lsm—susy + Lsoft SUSY

oo /
(ii) SUSY

SUSY must broken only by parameters with mass dim. > O.
1 e o o
Luf™ = =3 (Msgg+ MaWW + MyBB + cc.) 9AUGIN0 Masses

- (5au @Hu — dag @Hd — €ae ZHd C.C. ) éx;izmges )

I e =

—QTmQQ L'm?2 L —um2u i Emdd —emge
—m3; HiH, —deHde— (bHyHg + c.c.).
Higgs soft terms
93 squark and slepton masses

(3x3 matrices.) 17



& 3.4. MSSM Lagrangian

Lavissm = Lsm—susy + Lsoft SUSY

4/

MSSM

33 LM = —2 (Msgg+ MWW + My BB + c.c.)

11 soft A
— (ﬂau QH, —dagQH; —eae LH; + c.c.)
~ ~ o~ ~ ~ ~ ~ ~F ~
—QTszQ—LTm%L—Hm%'UT—dm%d —em

—my, HyHy, — my, HiHy — (bHyHg + c.c.).

g’r

olN

This part contains a variety of

intferesting SUSY phenomenologies......

2 SUSY particle masses,
2 Higgs sector (tree level mass, loop corrections...), p

2 Flavor Changing Neutral Current (FCNC) and CP-violation,

2 SUSY breaking mechanism and its mediations, model-building,
(Gravity mediation, Gauge mediation, Anomaly mediation,......)

2 Collider physics,
2 Dark Matter

But I skip the details here.
For a review, see,e.qg., hep-ph/9709356 by S.P.Martin.

collider signals:--- 18
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0. Introduction
1. Higgs

2. Beyond the Standard Model
3. SUSY

4. SUSY after Hiqgs discover
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126 GeV Higgs

V(H) = —m*(H'H) + \g(H"H)?
(H)? = 2”;1 Wei“;v}lGF ~ (174 GeV)?

Now we also know

mnggS =2m? (126 GeV)

2

-
\ = Hzlggs ~ (89 GeV)?
AH = ——0r5 ~0.13
: o AH)?

20



126 GeV Higgs
V(H) = —m*(H'H) + \g(H"H)?
(89 GeV)? _0.13

4 . N
It seems... nggs sec-l-or 1S ImliCG'l'iOﬂS fOl" BSM (in my opinion.....)
alsodescribed by weakly This is compatible with....

coupled, perturbative QFT.
(at least no sign of strong interaction | | 22 GUT and coupling unification

etc, so far..) in perturbative QFT. « g2
2> heavy right-handed neutrinos
6\ ~ 0.8 (Seesaw + Leptogenesis)
Higgs < &2 and Neutrino Lecture by Prof. Xing.

P> Supersymmetry < 3




Supersymmetry

boson < fermion

? naturalness

p
fine-tuning problem

me = m%{,o + A2 (A > mpg)

S --O--

(fine tuning like 1.0000000000000001 - 1)

2 coupling unification
Grand Unified Theory

—Supersymmetry (SUSY)

quarks q

leptons £

gauge bosons A4,

Higgs bosons H

spin
1 p
- | —p
2
14—»
2
I S —
0 |je=——»

Standard Model

B = B =

squarks @

sleptons £

gauginos A

higgsinos h

I

10 12 14 16 18
(QGeV)

2 Dark Matter - Lightest susy particle

N
— solved by the supersymmetry !
my = myie + (A A% )
' “a
e e O. ..... NI
fermion boson )
so,t;:x}x;:g. | wﬂ'hou'f SUSY
S o~
i - e —— -_ff—ia»%l.;jj_j: Wlth SUSY
oG
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OK, then,....
Whats the implications of

126 GeV Higgs for
Supersymmetry (SUSY) 22

23



126 GeV Higgs and SUSY

V(H) = —m*(H'H) + \g(H"H)?
(89 GeV)? 013
in SUSY... — A}j,j\e NP

g? cos? 213

~ 0.069 cos® 20

/8C082 Oy y
/ .\-oo Sma\\.u

parameters
in Standard Model
(known)

24



V(H)

126 GeV Higgs and SUSY
—m*(H"H) + \y(H"H)?

n SUSY...

(89 GeV)?

0.13

ree loo
=\ H, T OGP

-
g 2 cos? 20

8 cos? Oy

N
~ 0.069 cos? 2/3

A

Syt 1
og
1672 m?

for large tan 5. (o ~ At/m top)

..requires heavy stop
_and/or large A-term

L\

25




126 GeV Higgs and SUSY
—m*(H"H) + \y(H"H)?

V(H)

in SUSY..

(89 GeV)?

155

0.13

ree loo
= A}IA + AP

Y > N
g° cos 5
~ 0.069 2
8 cos? Oy w8 6

1 I L} T T 1 I T L 1 T T 1
: - 3loop O(a, %) FeynHiggs 2.10.0 :
150 — 3looptul A, =0, tan =10 —
[ = LL+NLL ]
| w— H3m |
145 [ =
140 - - -
>
) L
O, 135}
= | It.
[ resu
130 atest 3-100P v
[ (for small A-term
125} : ]
; ; ~ 5 TeV :
120 i -
115 | 1 1 1 l ] A l 1 l
5000 10000 15000 20000
Mg [GeV]

1404.0186 Hahn et.al.

A

mt

for large tan (.

..requires heavy stop
_and/or large A-term

CL/ = At/mstop

L\
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126 GeV Higgs and SUSY
V(H) = —m*(H'H) + \g(H"H)?

i (89 GeV)? 0.13

an

n the other )\trj\e NP )\EOP
)

~ 0.069 cos? 2/3

Syt 1
og
1672 m?

for large tan 8. (a =~ At/m stop )

Higgsino mass

soft mass for
up-type Higgs

..requires heavy stop
_and/or large A-term

27




126 GeV Higgs and SUSY
V(H) = —m*(H'H) + \g(H"H)?

i (89 GeV)? 0.13

an

n the other )\trj\e NP )\EOP
)

g? cos? 213
8 cos? Oy

mt

for large tan . (a ~ At/m stop )

~ 0.069 cos? 2/3

requires ngh"' S‘|'OP and

small A-term
to avoid a fine-tuning.

..requires heavy stop
_and/or large A-term

28




126 GeV Higgs and SUSY

Fine-tuning worse than 1% seems unavoidable in MSSM.

What does it imply ??

1. No SUSY ? ? ? ?

O
2. (Its anyway fine-tuned, then....) ?
Vel"y heavy SUSY ? (10-100 TeV, or even hlgher )?

3. (still.....) ? :
°

O(O.l-l) TeV SUSY ? (fine-tuned, but less than 2 and 3...)

29



126 GeV Higgs and SUSY

2 What happens to
neutralino Dark Matter after Higgs discovery?

30



126 GeV Higgs and SUSY

2 What happens to
neutralino Dark Matter after Higgs discovery?

2 Still OK... and SUSY particles may be seen at LHC.

As an example..., benchmark model points in CMSSM/mSUGRA
shown in 1305.2914, Cohen Wacker

Input parameters

My | M, A tan 3 | sign(p) |l sign(By)/|Bul

765.97 | 900. | -2882.83 | 28.3588 1 1736.46 31794.6

"Stau coannihilation”

Low energy spectrum

9|U|n0 .=t T ’-:\ " s
squark ." mg | mg |mg, /;x\\ [ mp\ ma {Qh? 1‘, osi [pb] Ay | Ag

stop . :
+[ 1990 | 1950 988',389 \sﬁna kzj 1580 0.103J,2.21><10‘“ 1400 | 160
within 13-14 TeV | —ac---7 T —— .
{LHC reach J neutralino DM Higgs DM density \f'qeojfluﬁz”Q 31




126 GeV Higgs and SUSY

2 What happens to
neutralino Dark Matter after Higgs discovery?

2 Still OK... and SUSY particles may be seen at LHC,
..... OF May not be seen.

As an example..., benchmark model points in CMSSM/mSUGRA
shown in 1305.2914, Cohen Wacker

Input parameters

"Well tempered”

b

pure Higssino limit Mo | My | Ao | tanf |siga(w)| lul | VB
13927.9 | 5700. | 6837.31 | 51.1892 1 1170.51 | 96009.4
gluino IPPTTEN — Low energ spectrurillf .
squark |'m; mis| ms, mef mm 4 |f QB2 “‘ os1 [pb] A, |Aqg
STOP J\ll?OO 16900 1199{7'I 10200 kQQOVQQI k128 V3910 {0.0901,‘ 1.45 x 10719 {[ 12000 | 34
utside the J et ’ . ‘v\—':cor'r'ec’.r \ fine-tuning
3 TeV LHC reach neutralino DM Higgs DM density <0.01%

32



126 GeV Higgs and SUSY

2 What happens to
coupling unification after Higgs discovery?

33



126 GeV Higgs and SUSY

2 What happens to
coupling unification after Higgs discovery?

2 No problem.

O(10-100) TeV SUSY can make it even better......

10° 10® 10" 10? 10" 10'®

Scale (GeV)

Zoom

. 101‘6
Scale (GeV)

High-scale SUSY
Mg = 10* TeV
My =3 TeV
My /My =9

Low-scale SUSY
Mg =1 TeV
My = 200 GeV
M3 /My = 3.5

[talk given by N.Nagata at YITP workshop 2013

HisanoKuwahara,Nagata’l3, HisanoKobayashi,Kuwahara,Nagata'l3]

34



126 GeV Higgs and SUSY

Fine-tuning worse than 1% seems unavoidable in MSSM.
(MSSM =Minimal SUSY Standard Model)

What does it imply ??

1. No SUSY ?

2. (Its anyway fine-tuned, then....) (

Very heavy SUSY ? (10-100 Te, or even higher..)

3. till....)
O(O.l"l) TeV SUSY ? (fine-tuned, but less than 2 and 3...)

35



126 GeV Higgs and SUSY

(Its anyway fine-tuned, then....)

Ibe, Matsumoto,

Very heavy SUSY

m3; = 4y (H)?
— )\H ~

0.13
|
AE° Oy
" N——"
0.07 cos? 203 Nlog(mgtop

L.Hall, Y.Nomura,

Yanagida,'12 S.Shirai ‘12
¥ e e 130CeV: )
5 \\ n =10 TeV

! N p =100 TeV

1
|
|
1
1
|
\
]
\
\
\
\

tan 3

104

1 0.5

1 0.6

1 0.7

0.8
409

Mgysy/TeV

10.

N.Arkani-Hamed,

A.Gupta, D.E.Kaplan,
Weiner, T.Zorawski,'12

16" 16‘ 16' ’ 16'

TR
G 36



126 GeV Higgs and SUSY

(Its anyway fine-tuned, then....) s 10 TeV squaks and sleptons

Very heavy SUSY

e consistent with 126 GeV Higgs

~ auginos
e No cosmological gravitino problem TeV 99
e Coupling Unification is OK 126 GV one tuned Hiaas
e Dark Matter is also OK
Many many works recently..... (foo many to list all...)

Ibe,Yanagida'll, IbeMatsumoto,Yanagida’l2,
Bhattacherjee,Feldstein,Ibe,Matsumoto,Yanagida’'l2,

Hall Nomura’ll, Hall,Nomura,Shirai’l2,

Giudice,Strumia’ll,  Arvanitaki,Craig,Dimopoulos,Villadoro'12
Arkani-Hamed,Gupta,Kaplan,Weiner,Zorawski'l2, = IbanezValenzuelal3,
Jeong,Shimosuka,Yamaguchi‘ll,  Hisano,Ishiwata,Nagata'l2,  Sato,Shirai,Tobioka12,
Moroi,Nagai'l3, McKeen,Pospelov,Ritz13,

HisanoKuwahara,Nagata’l3,  HisanoKobayashi,Kuwahara,Nagata’'l3, etc etc....

37



126 GeV Higgs and SUSY

(Its anyway fine-tuned, then....)

Very heavy SUSY

Typical DM = Wino DM

(AMSB)

2 if thermal relic,... 2.7 TeV

> 10 TeV

~ TeV

126 GeV

(>> LHC reach) (Hisano,Matsumoto,Nagai,Saito,Senami’07)
2 if non-thermal, it can be lighter.

2 indirect DM signal expected !

Annihilation cross section (cm3/s)

amma [ ———— We Cross Sosten amma 10_24 1
9 1022 G 9 (rescaled to Burket)
continuum ot L) line A 102} |

1023 B -26
5 VIO NFW[13HESS] |
| 10-%7}
102 | A A . L .
| 1000 1500 2000 2500 3000
102GeV  10°GeV Winomass wino mass
[Fermi-LAT:1310.0828 ( Translated by K.Ichikawa )] [Figure by S.Matsumoto]

—y
4

squaks and sleptons

gauginos

one tuned Hiaas

Figures from tfalk by
M.Ibe at KIAS workshop,
October 2014.
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126 GeV Higgs and SUSY

(Its anyway fine-tuned, then....)

Very heavy SUSY

Flavor Physics
can probe it !

> 10 TeV

~ TeV

126 GeV

Heavy gaugino
‘ g 7} = 50
Af a tan
‘ I\| ]A“ —“]

10

L Excluded (2-0)
TR 1

107" \“\.\J\TK(AJ‘,led,u)= n/2

1072

- == -~

K‘K}
.
1a

ol
Sitenes
a)
IIIIY.
N

squaks and sleptons

gauginos

one tuned Hiaas

Figures from tfalk by
T.Moroi at KIAS workshop,
November 2013.
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126 GeV Higgs and SUSY

(Its anyway fine-tuned, then....)

> 10 TeV
Very heavy SUSY
. ~ TeV
Flavor Physics
can probe it ! 126 Ge¥
S
Ford o

j m; [TeV]

Moroi, Nagai, ‘13

squaks and sleptons

gauginos

one tuned Hiaas

Figures from tfalk by
T.Moroi at KIAS workshop,
November 2013.
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126 GeV Higgs and SUSY

(Its anyway fine-tuned, then....)

> 10 TeV
Very heavy SUSY
. ~ TeV
Flavor Physics

can probe it ! 126 Ge¥
|

f

S,

I*orj" QS"

1
1 . .
mi; |
L oy

leV|

Moroi, Nagai, ‘13

squaks and sleptons

gauginos

one tuned Hiaas

Figures from tfalk by
T.Moroi at KIAS workshop,
November 2013.
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126 GeV Higgs and SUSY

(Its anyway fine-tuned, then....) s 10 TeV squaks and sleptons

Very heavy SUSY

~ TeV gauginos
Flavor Physics
b .1_ \ 126 GeV one funed Hiaas
can probe it !
Heavy gaug
| |
j Br(} '
10~ Br(y tan 8 = 50
4 10-11 (I, [l‘ ('m] -34‘ “—{A,{ 1l= l»lxl [Solid ]'l.nvl
0d  H o : 124510 (deshed line) f Figures from tfalk by
- 10 .
ol 4 RS < T.Moroi at KIAS workshop,
of ¥ A BN 1 Forv O November 2013.
ol 10 10“”‘F 107 r.-------:...‘.‘.;.\.~.-.:.~".x,~.\ --Pfi'grlt.sf’frquwtb.@?lf /// - \\
1079 , . ta / \
107 10H 107} / \\
140 NS —AAAAAAAT—
’ 10-"1 | J \\*. w x%or X° e*
41070
10| 107 i . . .« 0
E 10 100 1000 Moroi, Nagai, 13
mj [TeV]
, i 42




126 GeV Higgs and SUSY

Fine-tuning worse than 1% seems unavoidable in MSSM.
(MSSM =Minimal SUSY Standard Model)

What does it imply ?7?

1. No SUSY ?

2. (Its anyway fine-tuned, then....)
Very heavy SUSY ? (107100 Tev, or even higher..

3. (still....) (
(0.1-1) TeV SUSY ? «

ne-tuned, but less than 1 and 2...)

43



A Who supports low scale (< TeV) SUSY?

P—
—

. ‘(super—) split SUSY

S __\—/ 7

~

A 4 R
squarks
PeV SUSY
S slep’rons
I % D
TeV — }b)
'i'eva’rron
100 GeV

coupling

unification gu-z WIMP DM (li’r’rle) hierarchy 4




one more motivation for TeV scale SUSY...

a," —a)" =(26.1+£8.0) 107"

muon g-2 > 30 deviation !

45



one more motivation for TeV scale SUSY...

LIFE OF A MUON:
THE g-2 EXPERIMENT

:::-:Dxndxzﬂ . Atter circling the ring
22 s thie onghe, dividod eporianeousty decty 10
By the magnetic field the clectron, (plus neutrinos.)
muon is traveling through in the direction of the muon spin.
in the ring.
from E821 muon g-2 Home Page
§1o’ iy
g 32233 s VW
£10° ”
I %
: ‘%
10
=
5'”’%
467-700 us
107, WY
10 W&WJWW
0 50 100 150 200
Time [ps)

FI1G. 3. Positron time spectrum overlaid with the fitted 10
parameter function (y*/dof= 3818/3799). The total event
sample of 0.95 x 107 e* with £ > 2.0 GeV is shown.

from hep-ph/0102017

Standard Model Prediction

Exp (E821)

116 592 089 (63) [10-1]

QED (a?,Rb)

116 584 718951 (0.080) ;\.H\M"‘L,Z

EW (W/Z/Hsy, NLO) 1540  (1.0) 3

(leading) | pHMZ) 6923 (42) gJ : "Q
Hadronic (o higher) -98.4 (0.7) g

Hadronic | [R4RV] 105 (26)* had é
(LbL) [NJN] 116  (39)

from Talk by M.Endo
@Hokkaido Winter School 2013

46



one more motivation for TeV scale SUSY...

—a;" =(26.1£8.0)-107"

> 30 deviation !

[Hagiwara, Liao, Martin, Nomura, Teubner,
arXiv: 1105.3149. See also references therein!]

New experiments also planned.

[]'TI1 l' TIT‘I1 TI‘IV Y‘Tlfl] T'-]IT YI'III.I'I'
! .
. ' ' ' .
' .

HMNT (06) *—C—'

IN (09) e
Davier et al, t (10) '—d—4

Davier et al, e'e” (10) '—'—4

Js (1) e

HLMNT (11) ﬁ H—¢

- @xperiment -----oceeereneeees S S B -----
BNL =
BNL (new from shiftina) @ | | ——

\_IJALLl_JJ_LLA_LlLJJA_LLA‘_IJ*L.L_LI_L_AJALLIJ_LLL.LIJ_LJH_L_LJ
170 180 180 200 210

a, x10'° 11659000
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one more motivation for TeV scale SUSY...

S —ap =(26.1+8.0) 1071

> 30 deviation !

...can be explained by SUSY.

chargino
=
PN newralio .. if smuon and
e g% | chargino/neutralino
\ kR HT Hy WH* 2 Vd \

{ mriroos— | T O(100 GeV).

48




126 GeV Higgs + SUSY + g, -2

/ \

heavy stop light smuon/ inos

difficult to reconcile in typical models
(IT]SUGRA/GMSB/AMSB/NMSSM (small tanpB) )

800 73

Hi

Higgs mass is maximized by A-term,
while b -> sV constraint is satisfied.

(Figure thanks to Motoi Endo.)
[ See M.Endo, KH, S.Iwamoto,

K.Nakayama, N.Yokozaki ‘11 ] 400 fimuon g-2
| 20

300 t : . : R
200 1000 1500 2000
mo |[GeV] 49

e

O

Example in CMSSM/mSUGRA: 700 | ,§
| AF
L

(GeV]

600 |

500 |

my /o




126 GeV Higgs + SUSY + g, -2

/ \

heavy stop light smuon/ inos
difficult to reconcile in typical models

(ITISUGRA/GMSB/AMSB/NMSSM (small tanpB) )

2 GPPrOaC hesS [from here, 14 like to introduce our works...
(1) model building k
extra matter

M.Endo, KH, S.Iwamoto, N.Yokozaki, arXiv:1108.3071, 1112.5653, 1202.2751

M.Endo, KH, K.Ishikawa, S.Iwamoto, N.Yokozaki, arXiv:1212.3935 X auge
a
M.Endo, KH, S.Iwamoto, K.Nakayama, N.Yokozaki, arXiv:1112.6412 =<' 3

(2) general MSSM

M.Endo, KH, S.Iwamoto, T.Yoshinaga, arXiv:1303.4256 LHC cuum
va
M.Endo, KH, T.Kitahara, T.Yoshinaga, arXiv:1309.3065 LHC/I\-C’fﬂ‘“’Or+
M.Endo, KH, S.Iwamoto, T.Kitahara, T.Moroi, arXiv:1310.4496  ILC 50



126 GeV Higgs + SUSY + g, -2

Idea:
In MSSM, Yiop (and Aiop) raises the Higgs mass.

W = Y'I'op Q3U3Hu

- (top, stop-loop)
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126 GeV Higgs + SUSY + g, -2

MSSM + vector-like matter

Idea:

In MSSM, Yiop (and Aiop) raises the Higgs mass.
--> Add new vector-like matters
with a Yukawa coupling to Higgs.

W = Yiop Q3UsHu + Y'Q'U'Hu

[Okada,Moroi,'92;....Babu,Gogoladze,Rehman,Shafi,'08; Martin,'09]

5m12{iggs X Ag (=~ 0.13) sy(loop) -4
H

top (top, stop-loop)

+Y'* . (new vector-loop)
52



126 GeV Higgs + SUSY + g, -2

RQSUH'S M.Endo, KH, K.Ishikawa, S.Iwamoto, N.Yokozaki, arXiv:1212.3935

for "V-GMSB”
= gauge mediation (GMSB) + vector-like matter
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126 GeV Higgs + SUSY + g, -2

RQSUH'S M.Endo, KH, K.Ishikawa, S.Iwamoto, N.Yokozaki, arXiv:1212.3935

for "V-GMSB” .
Vo - 0'cey o MUON g-2 explained (10)

50
40 £ /‘
Nn I
é 30 F
+ - \
20 |
10 B il i ]

600 800 1000 1200 1400 1600 1800 2000
mg |GeV]
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126 GeV Higgs + SUSY + g, -2

RGSUH'S M.Endo, KH, K.Ishikawa, S.Iwamoto, N.Yokozaki, arXiv:1212.3935
for "V-GMSB”

o  muon g-2 explained (10)

“ | L~ Higgs mass
i / 125-126 GeV

30 F

20 [
r My =
0.7 TeV 1TeV 1.2TeV
10 B
600 800 1000 1200 1400 1600 180C
mg |GeV]
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126 GeV Higgs + SUSY + g, -2
Results

for “"V-GMSB”

tan /7

50

10 t

40 |
30 |

20 [

M pess = 10°GeV

0.7 TeV 1TeV 1.2TeV

llllllllllllllllllllllllllllllllll

600 800 1000 1200 1400 1600 1800 2000

mg |[GeV]

M.Endo, KH, K.Ishikawa, S.Iwamoto, N.Yokozaki, arXiv:1212.3935

(20)

/Higgs mass
{ 125-126 GeV

muon g-2 explained (10)

56



126 GeV Higgs + SUSY + g,-2

Resun's M.Endo, KH, K.Ishikawa, S.Iwamoto, N.Yokozaki, arXiv:1212.3935
for "V-GMSB”
M eee = 10°GeV
50 o e (LSP=gravitino, NLSP=stau)
] «—— LHC signal
OF 1 = long-lived charged particle
= 30 :

«— (LSP=gravitino, NLSP=neutralino)

2 K8 { LHC signal

- \[‘:_ : - ° ° °
:_ u W ] = Jets + missing energy
10 :....l.“AnA‘..l..,.l.‘..l..llllll,:

600 800 1000 1200 1400 1600 1800 2000
mg |GeV]
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126 GeV Higgs + SUSY + g, -2

RQSUH'S M.Endo, KH, K.Ishikawa, S.Iwamoto, N.Yokozaki
for "V-GMSB”

50 Mipews = 10°GeV | New LHC results
1 were reported
after our analysis.

40

g 30

20 ! y
luded
+  1TeV 1.2TeV exc u e

10 : | [* using

600 800 1000 1200 1400 1600 1800 2000 ATLAS result (5.8fb'@8TeV)
for jets + missing

mg [GeV] and CMS result (5.0fb'@7TeV)

for long-lived charged particle.] §8



126 GeV Higgs + SUSY + g, -2

Results
for “"V-GMSB” Now...
50 M pess = 10°GeV

The region of long-lived
charged particle is

completely excluded.
(CMS: m(stau) > 339 GeV

with Drell-Yang direct)

40

allowed

30 . ]
region :

tan 3

20 | Jets + missing energy

TeV 1270 region is still allowed.
10 I : 8TeV ZOFbA—l

600 800 1000 1200 1400 1600 1800 2000 [ATLAS-CONF-2013-047]
mg [GPV]
New analysis: thanks to Kazuya Ishikawa. 59




126 GeV Higgs + SUSY + g, -2

/ \

heavy stop light smuon/ inos
difficult to reconcile in typical models

(ITISUGRA/GMSB/AMSB/NMSSM (small tanpB) )
2 GPPrOdCheS [from here, I'd like to introduce our works...]

(1) model building tra matter

M.Endo, KH, S.Iwamoto, N.Yokozaki, arXiv:1108.3071, 1112.5653, 1202.2751

M.Endo, KH, K.Ishikawa, S.Iwamoto, N.Yokozaki, arXiv:1212.3935

: ra gauge
M.Endo, KH, S.Iwamoto, K.Nakayama, N.Yokozaki, arXiv:1112.6412 exira 9

(2) general MSSM *

M.Endo, KH, S.Iwamoto, T.Yoshinaga, arXiv:1303.4256 LHC cuum
va

M.Endo, KH, T.Kitahara, T.Yoshinaga, arXiv:1309.3065 LHC/ILC+flavoT+

M.Endo, KH, S.Iwamoto, T.Kitahara, T.Moroi, arXiv:1310.4496 ILC 60




126 GeV Higgs + SUSY + g,-2
"g-2 motivated” MSSM

mg 2> My, Mg+, Ms0,
v ~
> 1 TeV = O(100 GeV)
to explain to explain muon g-2
Higgs mass

Can we test it ??
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muon g-2 vs LHC in SUSY

o0
-
-

vvvvvvvvvvvvvv

N D ~)
S S S
< = =

slepton mass L [GeV]

100 2 - m00
WIno mass M [GeV]

M.Endo, KH, S.Iwamoto, T.Yoshinaga [arXiv:1303.4256]

See also related works, e.g., Das, Guchait, Roy, [1406.6925],
M.Chakraborti, U.Chattopadhyay, A.Choudhury, A.Datta, S.Poddar [1404.4841], and refs therein.
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muon g-2 vs LHC in SUSY

= 800
3 - 8 TeV LHC
s
,\'
)] &* (,(}\D
¢ 600 7 . )
o (O'QJ (,06
E 0o
500 7 @ C
- . <O
= o™
D 400 RV
o WISy SmZE oty VY
IR ISR Y4 e e
already excluded by
200 3-lepton search.
: % ATLAS 13fb-'@8TeV
1001 600 700 (a little stronger bound
Wino mass M, [GeV] with 20fb-! data)

M.Endo, KH, S.Iwamoto, T.Yoshinaga [arXiv:1303.4256]

See also related works, e.g., Das, Guchait, Roy, [1406.6925],
M.Chakraborti, U.Chattopadhyay, A.Choudhury, A.Datta, S.Poddar [1404.4841], and refs therein. 63



muon g-2 vs LHC in SUSY

';‘ 800

<)

= 700

S

7p)
600

% (2015~)

E 500

O

Q 40 New signals like

9 X2 = x1+ W/Z/h
0 may cover
200 this region at 13714 TeV !
100 L

100 2 0500 TRe00 =00
WINno mass M [GeV]

M.Endo, KH, S.Iwamoto, T.Yoshinaga [arXiv:1303.4256]

See also related works, e.g., Das, Guchait, Roy, [1406.6925],
M.Chakraborti, U.Chattopadhyay, A.Choudhury, A.Datta, S.Poddar [1404.4841], and refs therein. 64



muon g-2 vs LHC in SUSY

——

—

my, [GeV|

\

T o g FFTT

\QW/"/---”’

7
/s

L g
A

.

SRR | HC started excluc.:\e
g-2 motivated regions

. ‘
100 v
00 o0

100 200 300 400

(1] p. /n: ;;/ 00 300 ""'_vu) o0 (L)) Y P
M; [GeV] M; (G “
(a) p= My, mg = 3TeV J (b) = 2M3, mg = 3TeV ® 13 -14 Tev LHC W|
- B v 700 v — v v v - %
| Bl test more regions.

|

i

my, |GeV|

20 F .&'

o 1f discovered at LHC,

|| # :
'; Tl __, further test may be
?fnn (1] &0 00 :“ll( 00 00 ’ ) / Possible at ILC
M, [GeV] M; [GeV]
(¢) p= My/2, mg = 3TeV (d) p=2TeV, mg = 1.5my,

M.Endo, KH, S.Iwamoto, T.Yoshinaga |arXiv:1

See also related works, e.g., Das, Guchait, Roy, [1406.6925],
M.Chakraborti, U.Chattopadhyay, A.Choudhury, A.Datta, S.Poddar [1404.4841], and refs therein. 65



126 GeV Higgs + SUSY + g, -2

/ \

heavy stop light smuon/ inos
difficult to reconcile in typical models

("‘SUGRA/GMSB/AMSB/NMSSM (small tanp) )
2 GPPrOdCheS [from here, I'd like to introduce our works...]

(1) model building tra matter

M.Endo, KH, S.Iwamoto, N.Yokozaki, arXiv:1108.3071, 1112.5653, 1202.2751

M.Endo, KH, K.Ishikawa, S.Iwamoto, N.Yokozaki, arXiv:1212.3935 X auge
a
M.Endo, KH, S.Iwamoto, K.Nakayama, N.Yokozaki, arXiv:1112.6412 =<' 3

(2) general MSSM

M.Endo, KH, S.Iwamoto, T.Yoshinaga, arXiv:1303.4256 LHC uu
M.Endo, KH, T.Kitahara, T.Yoshinaga, arXiv:1309.3065 LHC/ ILC"H“VOH&
66

M.Endo, KH, S.Iwamoto, T.Kitahara, T.Moroi, arXiv:1310.4496 ILC



muon g-2 vs ILC

Can we reconstruct the SUSY
contributions tfo the muon g-2

by using ILC data ?

Assume one specific (optimistic) model point

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

Parameters

Mg Mg

mszy  MMz2

m

Values

126 200

108 210

chargino

<<

2 sinf; sinf; ay "
90 0.027 0.36 | 2.6 x 107*
neutralino
I."R,’*‘ﬁl,‘\‘\‘\r‘: )
/ \ this one
/ \
i = | dominates
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muon g-2 vs ILC

neutralino
p N Can we reconstruct the

ﬂR,/ e 5L ,\\\‘\P: contribution of this loop-
// \ diagram by using ILC
\
/ \ measurements?
MR B L
\ J
Table 2: Observables necessary for the reconstruction of af,[ L) and their uncertainties with

V3 = 500 GeV and £ ~ 500-1000 fb™". Processes relevant to determine each observable are
also shown. The second and third rows are the information to determine mZ;,. For the

determination of my, analyses of the productions of selectrons and smuons are combined.

)

The uncertainties in gfc;f are those from the experiment and theory, respectively.

X 0X dx aT‘C) Process

AT 12% 13% ete” - 77 (cross section, endpoint)
(sin20;) (9%) - ete™ = 7, 7y (cross section)

(ms2) (3%) — ete” - 77y (endpoint)

mu1, Mz 200MeV  0.3% ete” > ptp (endpoint)

mi&’ 100MeV  <0.1% ete” = ptja~/été (endpoint)

gf‘f,) afew+1% afew+1% ete” — éjéx (cross section)

g}f‘fg) 1% 0.9% ete™ — éhén (cross section)

M.Endo, KH, S.Iwamoto, T.Kitahara, T.Moroi arXiv:1310.4496



muon g-2 vs ILC

neutralino
p N Can we reconstruct the

/%‘\p‘\ﬂ: contribution of this loop-
r \\ diagram by using ILC
measurements?

. J/

(
Table 2: Observables necessary for the reconstruction of af,[ L) and their uncertainties with Parf' C le
Vs =500 GeV and £ ~ 500-1000fb~". Processes relevant to determine each observable are
also shown. The second and third rows are the information to determine mZ;,. For the ma s s e s

determination of my, analyses of the productions of selectrons and smuons are combined.

)

The uncertainties in g}f“}f are those from the experiment and theory, respectively.

e
X 0X o xag ) Process
AT 12% 13% ete = 747 (cross section, endpoint)
(sin20;) (9%) - ete™ = 7, 7y (cross section)

3 % — ete” = 7 7y
200MeV  0.3% ete” > ptp (endpoint)
100MeV  <0.1% ete” = ptja~/été (endpoint)
afew+1% afew+1% ete — €/ ég cross section)
§§fg) 1% 0.9% ete™ — éhén (cross section)

M.Endo, KH, S.Iwamoto, T.Kitahara, T.Moroi arXiv:1310.4496
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muon g-2 vs ILC

neutralino

- ~ Can we reconstruct the
iR e P w‘\w? contribution of this loop-
/ \ diagram by using ILC

/ \
@' @ measurements?
MR B HL
\ J
Table 2: Observables necessary for the reconstruction of af,[ L) and their uncertainties with

V3 = 500 GeV and £ ~ 500-1000 fb™". Processes relevant to determine each observable are
also shown. The second and third rows are the information to determine mZ;,. For the

determination of my, analyses of the productions of selectrons and smuons are combined.

The uncertainties in gfc;f) are those from the experiment and theory, respectively.

X 0X dx aT‘C) Process

AT 12% 13% ete” - 77 (cross section, endpoint)
(sin20;) (9%) - ete™ = 7, 7y (cross section)

(ms2) (3%) — ete” - 77y (endpoint)

mu1, Mz 200MeV  0.3% ete” > ptp (endpoint)

mgo 100MeV  <0.1% ete” = ptja~/été (endpoint)

a few+1

cross section)
0.9 % ~ — €R€p (cross section)

M.Endo, KH, S.Iwamoto, T.Kitahara, T.Moroi arXiv:1310.4496

couplings




muon g-2 vs ILC

neutralino
r N
[LR i, .\P‘\N\’
) S
/ N\
/ \
/ \
IR B HL
\_ _J

Can we reconstruct the
contribution of this loop-
diagram by using ILC
measurements?

Table 2: Observables necessary for the reconstruction of af,[ L) and their uncertainties with

Vs =500 GeV and £ ~ 500-1000fb~". Processes relevant to determine each observable are
also shown. The second and third rows are the information to determine mZ;,. For the
determination of my, analyses of the productions of selectrons and smuons are combined.

)

The uncertainties in g}f“}f are those from the experiment and theory, respectively.

e
0y ar ) Process

(cross section) ‘

(endpoint)

it ; J.9 /0
m’i&’ 100MeV  <0.1% ete” = ptja~/été (endpoint)
~Y:L) afew+1% afew+1% e*e” — éjég (cross section)
~§fg) 1% 0.9 % ete~ — éRéx (cross section)

M.Endo, KH, S.Iwamoto, T.Kitahara, T.Moroi arXiv:1310.4496

mixing can
also be
reconstructed

m
2 M, 2
Mzrp = ——Mzp
LR m. TLR
ms = 1(mg — m3,) sin 26;
YLR — 9\ €2/ " £
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muon g-2 vs ILC

neutralino
p N Can we reconstruct the

RS contribution of this loop-
/ \ diagram by using ILC
measurements?

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

V3 = 500 GeV and £ ~ 500-1000 fb™'. Processes relevant to dcterminc each observable are
also shown. The second and third rows are the information to determine mZ;,. For the

determination of my, analyses of the productions of selectrons and smuons are combined.

The uncertainties in gf"}” are those from the experiment and theory, respectively.

X 0X d a'c) Process

12% 13% (e (cross section, endpo
(9 %) — te~ = 7 T (cross section) \\
(3%) — T T (endpoint)
200MeV  0.3% T ptps (endpoint)

100MeV  <0.1% te~ — ptia—/été~  (endpoint)
afew+1% afew+1% €1 €R (cross section)

1% 0.9% ete” — éxég (cross section)

M.Endo, KH, S.Iwamoto, T.Kitahara, T.Moroi arXiv:1310.4496
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muon g-2 vs ILC

neutralino
- N Can we reconstruct the

contribution of this loop-
diagram by using ILC
measurements?
at this model point,

Table 2: Observables necessary for the reconstruction of a,(‘l LC),
Vs = 500 GeV and £ ~ 500-1000fb™". Processes relevant to det

also shown. The second and third rows are the information to

determination of mgo, analyses of the productions of selectrons

g . . . ~ "f .
I'he uncertainties in gf‘ ,J) are those from the experiment and thg

5ai* [a{*0) = 13 %,

X 0X Sxal "> Process

MELLR 12% 13 % ete” = Y7~ (cross section, enf\n/ith \/: — 500 GeV. [ ~ 500ﬂ)—1
(sin20;) (9%) - ete™ = 77y (cross section) ’

™ (3%) - ete” = 7 7y (endpoint)

ma, Mz 200MeV  0.3% ete” - ata” (endpoint)

Mo 100MeV  <0.1% ete” = pia~/été”  (endpoint)

gf"f’ afew+1% afew+1% ete” — éjéx (cross section)

gﬁfg) 1% 0.9% ete™ — éhén (cross section)

M.Endo, KH, S.Iwamoto, T.Kitahara, T.Moroi arXiv:1310.4496 73



126 GeV Higgs and susY: SUMMARY

2 Higgs mass 126 GeV has a significant impact on SUSY.
2 at least a "little fine-tuning” seems unavoidable.
P>
~

» It may imply SUSY particles are (much) heavier than
TeV scale...... (but it may still be probed by, .e.g, Flavor Physics !)

2 Many other possibilities which I didnt discuss:
NMSSM and other modifications, RpV, light stop, compressed SUSY, etc etc...

may be a BSM signal.

In SUSY, it can be explained |F smuon and chargino/
neutralino are O(100 GeV).

—> may be fested at 13-14 TeV LHC ! (and 1LC ) 74
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Beyond the Standard Model
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