JL—IN\—DoTI53RA5—)L~
(EBIZ. TIRT—ILHIBTL—/N\—A)

AEriliin (A RE)

T rEE A 2T
SEImMREFLHCO T YIRS T SR —IIL D R AL FYEE
~BZELRFEANDF - P E ~
ME=
2013F5H23H~25H



4 B DR

1. TORT—ILEE

DA

EvI ARFDHEEERANDIL—N\—D oD HIR

NS T TA—F

IANDITL—/\—DYE

3. TORT—ILEFE



TIART—ILEFIEANDE

TIORT—ILHHDEDFEZTRT HLD

1.

S A~ P

Ea—F2 g2

BEMNE

B/ \)A AR
—a—k)/B=

EvJ REEBASDRIE




Muon g-2

Various contribution to muon g-2

v Y v
L/ \H u u
Y
Wy il
y v "
QED Hadronic vacuum Light-by-light  Electroweak Beyond SM
Up to 5-loop leading  polarization (HVP) scattering at two-loop
Kinoshita et al (LBL) level
[rrrrprerrprrrrprrerprrre e e e e rnprs
HMNT (06) b
3 sigma deviation from the SM prediction  n (09 —
50’# ~ 3 X 10_9 Davier et al, T (10) —a—
which is twice larger than weak boson Davier etal, e"e” (10) T
contribution. S0 gl
o HLMNT (11) H-=—
2 (or 3) possibilities: _ experiment .
* Uncertainties com from HVP and LBL BNL —
* New contribution from BSM BNL (new from shift in )  —

Illllllllllllllllllllllll L1l L1l Ll IIIIEIIII
¢ 170 180 190 200 210
a x10'° - 11659000 ,
M (from Nomura-san’s paper




Muon g-2

Contribution from SUSY SM:

Since SUSY SM has two Higgs doublets,

muon g-2 has a contribution

proportional to tan 3 =

5 day + ay mi
a ~Y
H 48T M S2USY

_g (tanp Msysy \ ~°
—3%x 107" —
8 ( 10 )(200(}6\/)

(H2)/{H1) .

tan

mp (GeV)

CMSSM (Constrained MSSM) has been
constrained by null results in SUSY
searches. If we give up the GUT
relation, we may get light EW SUSY
particles, while squarks and gluino are

heavy enough.
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miy (GeV) (Hagiwara et al, 06)



Muon g-2

Direct searches for chargino/neutralino and slepton by CMS.

When chargino/neutralino can decay into sleptons, the constraints
on the masses are stronger.

CMS Preliminary Vs=8TeV,L_ =9.2fb"

int

| | 1T 1T | T T 177 | T T 17T | T T | 17T 17T | 17 17T | T T 'y
% B LEP2 slepton limit 7 CMS Preliminary Vs=8TeV, L,=92 fo! )
©) 800 __ [ LEP2 chargino limit N e
— - —pp — 70 7 ( [ . BF(I"1)=0.5) i " pp— ;L ;L’ HL ~lL 95% C.L. CLs NLO Exclusions 7 7
olX'_ - . ,;"."— B Ly - theory N 7]
S | e pp = 7, 7, (T, BR(D)=1) N  Observed = 1o Bl
600 — w9y —> /(2) 7? ( no B (WZ) 1) “”,ﬂ’ | : Br(lL — [:/11) =1 = Expecteded +x1o : i
[ e pp = 7 %y (I BRUTD)=1) o 1 1501 =
I ) b - 1 <10
1 100} -
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W I E L Q— T ST e -
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95% CL upper limit ono [fb]



Anatomy of SUSY contribution Aa, :

Wino mass (GeV)

Muon g-2

Casel (compact spectrum): chargino-sneutrino diagram.

Case2 (large higgsino mass): bino-like neutralino-slepton diagram
(enhanced left-right mixing proportional to higgsino mass)

Left and right-handed smuons, 500 and 1000 GeV

tanp=30
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(Moroi (95))
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Muon g-2

Case2 (one light slepton and large higgsino mass):

Large higgsino mass is constrained from vacuum (meta)stability for
stau direction. Assuming stau is lighter than smuon, we derive

upperbound on
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Electroweak baryogenesis

Sakharov’s three conditions for baryogenesis

1. Baryon number violation (Sphaleron)

2. Cand CP violations (CKM or new phase)

3. Out of equilibrium (15t order EW phase transition)

EWBG in SM
 1storder EWPT may be possible for mh smaller than ~70 GeV.

e CP violation in CKM is too small.

EWBG in MSSM (stop lighter top)

* 1storder EWPT may be possible when stop mass is smaller than
~115GeV.

e CP violation comes from SUSY breaking.



Electroweak baryogenesis

Stop mass is smaller than 115GeV is ruled out at 97% CL and 98%CL
for mA= 300 GeV and 2TeV, respectively. (Curtin et al (12))

my = 2TeV
£
—
JI—

m4 = 300 GeV
-
-
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Electroweak baryogenesis

New possibility: Higgs coupled with strongly-interacting sector

: A
V(e,T) = D(T* ~ T§)p* = ET9" + “r¢" + -+
— Boson loop
Introduction of new strongly-interacting boson coupled with Higgs
boson leads Landau pole around O(10) TeV, above which the

description should be changed.

Kanemura-Shindou-Yamada model Fields | SU(2), | U(1)y | Z
T _
Symmetries: SUSY SU(2)uXSU(2).XU(1)yXZ2 (Tl) 2 0 +
Matter contents: Nf=Nc+1 (confiment) 13 1 +1/2 | +
T, 1 —1/2
Particle contents below the cutoff scale: Tl 3 +1?2 f
2doublets (MSSM-like Higgs) Ts 1 —-1/2

2doublets+charged singlets+neutral singlets
New particles affects hhh, hyy couplings.



Electroweak baryogenesis

Kanemura-Shindou-Yamada model:

Couplings hhh and hyy may be deviated from the SM prediction.
(Kanemura, Senaha,Shindou and Yamada (1211.5883) )
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Electroweak baryogenesis

Generated baryon number in SUSY SM is sensitive to SUSY particle
masses.

> §CPV [ \/_
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(Seneha-san’s presentation),




Electroweak baryogenesis

Generated baryon number in SUSY SM is sensitive to SUSY particle
masses. For example, existence of lighter colored particles suppress
the strong sphaleron (comes from QCD anomaly) so that generated
baryon number is increased.

M, = 1000 GeV
100 -
10 5.
R M5, = 250 GeV
_; 14 e
W3 I~
- 1 °~
] N
1 N\
0.1 N —
. ~~
] ~
1000 GeV ™ _
™~
~N
0-01 llII|IIlI|lllI|IIII|IlII

200 300 400 500 600 700

Uy ( IC' ) I(;(‘\l

Electrobaryongesis in a
scenario based in
NMSSM

(Senaha et al (12))
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1. CP violating Higgs coupling
2. Lepton-flavor violating Higgs coupling



New physics contribution to odd hyy and hgg

Low-energy theorem:

New fermions with mass terms dependent on Higgs VEV are integrated
out ( Ly = —M; ;(v) (¥, ir) + h.c.) so that

1 0 0
Ly = Q2 { 3 FFE,, va— log Det [./\/lT/\/l] — FWFWU(?_ arg [Det/\/l]}
CP-even hyy coupling CP-odd hyy coupling

(No bosonic contribution)

One example is 4t generation with SU(2)*U(1) inv. Dirac mass termes.
9, Re[M1 May12y21]

v%bgDet MIM] ~ —40? TRYAL ( My, M, :Dirac masses)
9, Im | My Moyi2y21] (Y12, Y21 : Yukawa coupling)
— arg [Det —20? !

v arg [Det M| ~ —2v RYRYAE

If CP phase is O(1), CP-odd coupling is not negligible.

CP-odd hgg coupling is also generated when new fermions have color.



New physics contribution to odd hyy and hgg

Higgs coupling to 2 ys and 2gs:

a h 5 L= a h
£= Qg o AP B+ 57 P B |+ o

{rgG“WGZV + SQGGHVGZV}
Br — Br sm X (V200 + S200)
h—~yv(g9) h—~v(gg) |SM T(9) v(g)

Barr-Zee diagrams generate EDMs and CEDMs (color EDMs).  $y/g
de/e| ~ 8 x 107 *"em x s, L

d,/e| ~ 2 x 10~ %%cm x Qqamqe(MeV) x s, L v/g Nk
de| ~ 3 x 107*°cm x my(MeV) x s4L

Fr g
where L = log(A?/m3).

From |d,/e| < 1.0 x 10~27cm, |dn/e] <29 x10"*em | s,L < 10%, s,L < 1.

Higgs decay to 2 ys and 2gs is mildly constrained, if O(1) CP phase is
in new contribution.



New physics contribution to odd hyy and hgg

Signal strength for yy mode constrained from electron EDM

Doublets + Singlets (N=1, ¢=0.21)

SU(2) doublet and singlet
with Dirac masses

SU(2) doublet and triplet
with Dirac and Majorana
Masses.

eooft; |

mp(GeV)
I |

175

15

11

n
120

mr(GeV)

Doublets + Triplet (N=1, ¢=0.2m)

my (GeV)
g &

175

15

-
-
-

mp(GeV)

my(GeV)

Doublets + Singlets (N=1, ¢=0.037)
T T T T T T T T T T T T T T T

my(GeV)

1
180

~ 18
(Fan and Reece (13))

my(GeV)



New physics contribution to odd hyy and hgg

Signal strength for yy mode constrained from electron EDM

Doublets + Singlets (N=1, ¢=0.21)

Doublets + Singlets (N=1, ¢$=0.037)
600 l2 T T T T T T T T T T T T ! T T T
1

175

SU(2) doublet and singlet
with Dirac masses

asof- 15 asof-

mu(GeV)

m: 11

mp(GeV)

When htt coupling is CP, the\
Barr-Zee diagram generates | -
EDM. Then, it should also be SN
smaller than O(10)%
——
SU(2) doublet and triplet :

with Dirac and Majorana
Masses.

my(GeV)
my(GeV)

-
—‘—
-
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Lepton-flavor violating Higgs coupling

Discovered Higgs(-like) boson is in the standard model?

H'H

_EYukawa, — )\zjfif}:gH + )\;szf}?;{H— + h.c.

= m; fr fr 41

h h
/ Y /! L M Y
1 T T 1
T — : . ot . Iz
Y5 P+ Y Pr Y3 PL+ Y Pr Y7 PL+ Yur Pr Yo Pr+ YuuPr
Y Y
e K

L YL+ YiePr
41%’ Y Pr

h

T h .-~ 1
I ut et
h
1 ViR YoPr . .
> . >
I
I
i
hi +
1
1
1
|
N N N

A2

"4 he.
Flavor-violating Higgs(-like) coupling

Channel Coupling Bound

e — ey [Yie|? + [Yeu|? <3.6x107°
pn— 3e [Yiel? + [Yeul* <0.31
electron g — 2 Re(YeuYye) —0.019...0.026
electron EDM [Im(Ye, Yie)| <9.8x 1078

JL — e conversion [Yie|? + [Yeu|? <46 x107°
M-M oscillations [Yie + Y| < 0.079

r e Vo2 4 Var ] <0014

T — e \/m < 0.66
electron g — 2 Re(YerYze) [—2.1...2.9] x 103
electron EDM [Im(Yer Yze)| <11x107°®

T — py [Yrul? + |Vir|? < 1.6 x 1072

T — 3u [Y2, + Yy |? < 0.52

muon g — 2 Re(YurYrp) (2.740.75) x 1073
muon EDM Im(Y,r Yru) —08...1.0
R (YruYrel? + Vur Yer P) /1 <34 x 1074 20

(Harnik, Kopp, Zupan, (12))



Lepton-flavor violating Higgs coupling

(Harnik, Kopp, Zupan (13))

25_! L 7 r r = |~
: - ATLAS 47 o' |
I [ _
20+
> | ] ATLAS MC
3 151_ —f—= ATLAS data
S ————= 5XH> 17,1
E T L i 5% H - T, U
5 101 R Rl |
m | i
St 1
4

0 100 200 300 400
7t collinear mass m  [GeV]

The LFV Higgs decay is already constrained
Br(h — Tu(te)) <~ 0.1

21



Lepton-flavor violating Higgs coupling

(Harnik, Kopp, Zupan (13))
10°
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LFV Higgs decay search at LHC and LFV tau decay

. .. 22
searches at B factories are competitive.
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1. Flavor constraints on MSSM with extra matter
2. How to access high—scale SUSY



Flavor constraints on MSSM with extra matter

Introduction of extra matter to MSSM
» Radiative correction to Higgs boson mass
* New flavor violation

Problem: How to construct more realistic model(s)
* How to control flavor violation

* Origin of mass for extra matter

MSSM with extra matter (SU(5) 10+10" dim multiplets)
under U(1) flavor and U(1) Peccei-Quinn symmetries.

U(l)ﬁavor U(l)PQ (1)ﬂavor U(1>PQ
104 2 1 57 1 1
10, 1 1 5% 1 1
104 0 1 5% 1 1
10,4 0 1 107 0 5
H, 0 -2 Ho 0 -2




Flavor constraints on MSSM with extra matter
Superpotential (i=1—-4,a=1-3):
W = ¢Q+% H,10;10; 4 €9+ Hy10,5% + €9 M10;10% + pHy Ho
U(1) flavor and U(1) Peccei-Quinn symmetries are broken by S and P.
§E=(S)/M, ~02 M~ p~ (P)?/M, =0(100)GeV
H1 is coupled with extra matter while H2 not.
(no excess hyy, no Barr-Zee type EDM, and no reduction of Higgs mass)

Tree-level FCNC appears due to introduction of 10* in Z coupling
* u—>ey/3e (left-handed lepton mixing)
E(v/M) <~ 1077

* up quark (C)EDM due to left- and right-handed up quark mixing)
&2 (v/M) <~ 10~ B4

* Neutral Keon mixing (left-handed down quark mixing)
(v/M) <~ 1072



Proton decay in SUSY GUTs with extra matter

Introduction of extra matter makes gauge coupling at GUT scale larger.
X boson proton decay rate is enhanced.

Gauge coupling unification Suppression factors for proton lifetime,
in MSSM with extra matter compared with the case without extra matters,
as functions of mass for extra matters.
(S.Martin)
60_ T [ T I T I T | T T T | T T ] 1 h 1 v 1 v l M 1 v 1 N 1
TN —— MSSM ]
LU ™ | MSSM + 5 +5
S0F \\.:\,\. ———— MSSM + 10 + 10|
40} —Z
:SU 2 \\\ \\'\\ E
o 130T ]
20 :_ \\\\\ ) SN .. :\:::;::E
SU@B) T DRSS
10— NG
O: 1 | 1 | L 1 1 1 1 | 1 | 1 | :
2 4 6 8 10 12 14 16 0.001 , - e
Log,,(Q/GeV) 10 10° 10° 10" 10" 10

Mass (GeV)

(JH, Nagata, Kobayashi (12))
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How to access high—scale SUSY

High-scale SUSY:
Gauginos : O(1) TeV
Sfermions and Higgsino: O(10%)TeV.

larger radiative correction to Higgs mass
dark matter is wino (m< 2.7 TeV)

FCNC and CP problems are solved.
Gauge coupling unification is improved.



Gauge coupling unification in high—scale SUSY

. From gauge coupling unification, we can constrain GUT-particle mass
spectrum, especially colored Higgs mass (MHc) in the minimal SUSY

SU(5) GUT.

2 1 1 112 M M M
s e - () () )
as(mz) «asz(mgz) ai(mz) 27| 5 my my M,
Ms is sfermion and Higgsino masses and M3 and M2 are gluino and
wino masses, respectively. 108 e

Low-energy SUSY predicts
colored Higgs mass around
10%> GeV (blue bands in figs),
while the gauge coupling
unification can be improved in
high-scale SUSY.




Colored Higgs proton decay

Proton decay induced by colored Higgs exchange killed the minimal
SUSY SU(5) GUT with low-scale SUSY. In high-scale SUSY, the proton

decay is suppressed so that the model is revived. In addition, future

experiments may be accessible, depending on parameters.
(JH, Kobayashi, Kuwahara, Nagata (13))
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Higgsino mass is equal
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Wino massis 3 TeV.
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Summary of my talk

Muon g-2, EWBG, dark matter, and naturalness of Higgs mass
motivates us to consider TeV-scale new physics. LHC may give us
answers for them.

Higgs boson properties are constrained from flavor physics.
Constraints on EDMs gives bounds on (CP violating) hyy and hgg.
Constraints on tau LFV coupling of Higgs at LHC would be
competitive to low-energy experiments.

New ideas for TeV scale should be tested from flavor physics. A
realistic extension of MSSM with extra matter has a tension with
flavor physics. It is difficult to access high-scale SUSY models, though
flavor physics may have windows to them, such as proton decay.



