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3.0. renormalization and naturalness!

(1) renormalization!
cf. the lecture of QCD 5.

(11) naturalness!

3. SUSY: !

3.1. motivations!

3.2. supersymmetry!

3.3. MSSM (minimal SUSY Standard Model)!
3.4. MSSM Lagrangian !

3.5. SUSY after Higgs discovery



(i) renormalization 3.0. renormalization and naturalness

This part is based on A.ZeeGs textbook, Chap. I1I!

& a lecture note by R.Kitano (for HEP spring school, May 2013, Biwako, Japan)

Consider a 2-body scattering in a scalar 4 theory.

L = %(! A2 %mQ" 2 % ‘ CR
The tree level amplitude is!
M= —\+ O\ b2 b
The differential cross section is!
|
dl = % S ?lw_$ s=( p1+ pz)?
12+ O(!3)

By measuring scattering cross section at e.g., s =, g can bx



(i) renormalization 3.0. renormalization and naturalness
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(i) renormalization 3.0. renormalization and naturalness

Now letGs see the next order in perturbation theory.
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The amplitude is! X
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: | 3 T
2 (2")4 ak2! m2+i#a(k+ P + p2)2! m2+i#+o(' )+(S t,U)

Now the integral diverges!

Codtk . T dk
— 1 — | "
! " log(" )

But thatGs OK. !

Suppose that the theory is valid only up to a scale y,!
o o
. S | |
and cut off the momentum integration. ! dk 1 dk

(regularization)

M!



(i) renormalization 3.0. renormalization and naturalness

Then the ampltude becomes (neglecting the mass, for simplicity),!

A? A? A?
M = —\+ C)? {log < - ) - log <7) + log <—>} + O(N°) C = 1/327

u

_HS can be measured (by scattering at s =, fgg instance).!
RHSdepends on the artibcial cut-off, y.!

s that OK? Can this theory still make a prediction?

No problem. We can still compare between experiments.

4 )
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(1) renormalization

3.0. renormalization and naturalness

Then the ampltude becomes (neglecting the mass, for simplicity),!

2
M= -\+CN {log <A ) - log
S

A2

(5

)

_HS can be measured (by scattering at s =, fgg instance).!

RHSdepends on the artibcial cut-off,

y.!

A2

u

s that OK? Can this theory still make a prediction?

No problem. We can still compare between experiments.

exp.1l: ./\/l(sl,tl,ul) = A+ O)\?

exp.2: M(SQ,tQ,UQ) = A+ O)?

But if we subtract E

log (

(

AQ

S1

52

oo
o

In each egs, RHS depends on the artibcial cut-off

A2

1

A2

2

oo
)

y.!

)} + O(\%)

AQ

(V5]

)

C =1/32n2

+ O(N?)

+ O(N?)



(1) renormalization

3.0. renormalization and naturalness

exp.l: M(Sl,tl,ul) = -+ C\?

exp.2: M(SQ,tQ,Ug) = -+ C’)\2

log (

(

A2

S1

52

oo
o

A2

1
A2

2

oo
)

AQ

(V5]

)

+ O(\%)

+ O(\%)

In each eqs, RHS depends on the artibcial cut-off

But if we subtractE

S log +O(N?)

82 I 1

— M(Sl,tl, ul) + CM(Sl,tl, U1)2 lOg

b
t_l + log “

u
2# " t 2#
e +log — +log el
S92 t2 U9

M(SQ,tQ,UQ) = M(S1,t1, ul) —+ % log
#$
+ O(M(Slatlaul)s)

The exp.2 observable is completely determined by the exp.1 observable.!
Dependences on the cut-off y and  disappear!

V4

"hough the intermediate calculation involves an artibcial cut-off y,!

the Pnal relation between exp.1 and exp.2 is independent of vy .!

This is the OrenormalizationO.



(i) renormalization 3.0. renormalization and naturalness

-y

. N .
M (s9,t2,ug) = M(s1,t1,u1) + CA* log A4 log — +log e O(\?)
S9 2 ug
! 1] # 1" # 1] #$
5 S1 i1 U 3
= M(s1,t1,u1) + CM(s1,t1,u1)” log = + log » + log — + O(M(s1,t1,u1)”)
9 2 9

OK, we can now compare experimentally measurable quantities.!
But what Is the coupling then?

Recall! . 2
M(sp, to,Ug) = —! + C!? log — +log

Thus >< s

2 2 2
A = —M(sg,tg, ug) + CA? llog <A—) + log (?—) + log <A—)] + O(\?)

S0 0 78]
2

: A2 A A ;
— _M(S();tO)uO) +CM(807t07u0) 1Og S_ —|—10g 4 _|_1Og y + O(M )
0 0 0

Fine. 1S now expressed in terms of observable M(so, to, Uo)

| 27 | 277

4] S + | 3
R T O %)

But it dependson y! | = !(!)

10



(i) renormalization 3.0. renormalization and naturalness

But it dependson y! | = !(!)

No problem. Physics does not depend on vy .

By this requirement we can also obtain a differential equation for
] | 27 | 27 | 2777

M (so,t0,u0) = ! M)+ CAX() 2 log — +log — +log — + O(\Y)
S0 .o $u0
dM (So,tQ,uO) | d 2 dA . I 2 , s . 3
— = | +6C N +2C\ I — + O(A
0 dlog! dlog! ¢ ¢ dlog! o9 So aaa (X%
dA 5 3
=6CA + O(\°) S :
dlog! Renormalization Group Equation.

As far as this Is satisbed, observables are independent of v. 11



(1)

renormalization 3.0. renormalization and naturalness

We regularized the divergent integral by a momentum cut-off y.!

There are other regularizations.

Dimensional reqularization:!

We

¥ T
¥ T

O

donC discuss what it is, but the basic idea is the same.!

nere Is an artibcial parameter with a mass dimension one.!

he combination L, ! (MHetermines the observable, and the

pservables are independent of !

¥ The -dependence is given by the Renormalization Group Equation.

al ()

p— | 2 | 3
dlogu = 6C! 2+ 01%)

12



(i) renormalization 3.0. renormalization and naturalness

We regularized the divergent integral by a momentum cut-off y.!

There are other regularizations.

Dimensional reqularization:!

REMARK:Although the observable Is independent of |

t IS better to use close to the energy scale of your interest!
when you calculate by perturbation theory.
. 5 -
M (s, aa%= ! | (n)+ C! (w)? log ”? + 444+ O(13)

N\

When ™ s, this log factor is small !
N> better convergence.

e.g., For hard processes at LHC, s( ) with >> 1 GeV is used.

13



PLAN

3.0. renormalization and naturalness!

(1) renormalization! Idone

(ii) naturalness! |

3. SUSY: !

3.1. motivations!

3.2. supersymmetry!

3.3. MSSM (minimal SUSY Standard Model)!
3.4. MSSM Lagrangian !

3.5. SUSY after Higgs discovery

14



(ii) naturalness 3.0. renormalization and naturalness

Now letGs discuss thenaturalness for the Higgs mass parameter .

VH)= ! m?H[|*+ 1 4 |H|*

Consider with the cut-off regularization. !
The correction to the mass parameter is

NOTE:!
o \ guadratic dependence!
, (not logarithmic)

— -y — — — e

Higgs loop

15



(ii) naturalness 3.0. renormalization and naturalness

Now letGs discuss thenaturalness for the Higgs mass parameter .

VH)= ! m?H[|*+ 1 4 |H|*

Consider with the cut-off regularization. !
The correction to the mass parameter is

3 3 3,
Im2=1 — vy2 #4! =g°! g%+ 444!°"
NOTE:!
LetCs consider the largest top contribution.! quadratiC_ dependence!
The corrected mass parameter is thenE (not logarithmic)

mQZmQ(A) 87T2ytA2_|_...

16



(ii) naturalness 3.0. renormalization and naturalness

(™L00 GeVY ( ™LOO000EE GeV)2

depending on the cut-off

( ™LO0000EE GeV)? + ( ™00 GeVY

If m?(A) is a fundamental parameter, !

(for instance, if our space-time becomes somehow latticed at very small scale y !

this 1s unnatural.
naturalness problem
17



3.0. renormalization and naturalness

!
QytAQ T

o
Nnaturainess propiem
Remark ’

(1) naturalness

m* = m*(A)

y 2 term may be an artifact of cut-off reqularization.!
For instance, it doesnQt exist in dimensional regularization.

mMass

But even if the y?term is absent ! GUT particles
a large correction exists as far as there Is righthanded s
a heavy particles coupled to Higgs. M
p2
m? = m2(0) + Cxmilog (B )+ (foru>m )
'\ M top
XCs coupling ! - Higgs

XOs mas:

to Higgs
[See e.g., 1303.7244, 1402.2658] 18



3.0. renormalization and naturalness

(1) naturalness

2 mass
mzznﬁm)+CXm§bg<m2>|-~ (for p>m x) GUT particles
X

righthanded <
naturalness problem v

top
1T we think m( )at > mx IS more ! Higgs

fundamental than m( ) at weak scale !
(For instance, in QCD, myg at >y ocp seems more fundamental than the pion massesE..)!

this 1s unnatural.

19



(ii) naturalness 3.0. renormalization and naturalness

2 mass
m? = m?(Q) + Cxm¥% log ( > -..- (for p>m x) GUT particles

righthanded <
naturalness problem v

There I1s no problem in experimental observables.!
(DonCx listen too much to theoristsEE &)

Higgs

¥ Landscape + anthropic principle!
We live In a bne-tuned vacuum because otherwise we cannot live.

¥ No such heavy particles!
or 4d perturbative QFT breaks down anyway before that

¥ cancellation among loop corrections

¥ |ittle Higgs (top correction canceled.)!
Y e om

20



PLAN

3.0. renormalization and naturalness!

(1) renormalization!

(11) naturalness! done

3. SUSY: !

3.1. motivations!

3.2. supersymmetry!

3.3. MSSM (minimal SUSY Standard Model)!
3.4. MSSM Lagrangian !

3.5. SUSY after Higgs discovery 1



PLAN

3.0. renormalization and naturalness!

(1) renormalization!
(11) naturalness!

3. SUSY: !

3.1. motivations!
3.2. supersymmetry!

3.3. MSSM (minimal SUSY Standard Model)!
3.4. MSSM Lagrangian !
3.5. SUSY after Higgs discover




3. Supersymmetry

Fermion <-> Boson

Standard Model sSpin

s

quark!  ( 12 <-> 0! squark! @
lepton! | 1P <-> 0! slepton !!N
Higgs! H 0 <-> 12! higgsino!;LL
gauge bosons 1<->12 gaugino

,Z,W, g B W g

MSSM (minimal SUSY Standard Model) 23



PLAN

3.0. renormalization and naturalness!

a3, SUSY: !

3.1. motivations!

3.2. supersymmetry!

3.3. MSSM (minimal SUSY Standard Model)!
3.4. MSSM Lagrangian !

3.5. SUSY after Higgs discovery

24



3. Supersymmetry

o 3.1. motivations

(1) naturalness of Higgs boson mass!
(1) coupling unibcation!

(i) ~~~

25



3. Supersymmetry

o 3.1. motivations

(1) naturalness of Higgs boson mass

2 In terms of cut-off regularization,

Kpne-tuning problem a solved by the supersymmetry ! h
mi = my, + A? (A > mpy) m2, = m%, + ( A2 — A% )
L (Pne tuning like  1.0000000000000001 - 1) fermion ﬁoson )
top quark
: z o) uar sSto
For instance,E P /qﬂ P
_______ ? ’__,___
I\, L o
t — Yt
y y Vi2
2\ 2 _ 2 \7 2
2 In terms of dim. reg. + heavy particle X! yioy ytoy

m?( ) ™(myx [scalar]? - m x [fermions]?) log (  /mx)

20



3. Supersymmetry

o 3.1. motivation

(11) coupling unibPcation
2 gauge beld kinetic term of GUT ( SU(5)

1 1% ' Fu F¥ — g—12Fw F* by Peld redebnitionA, — éA“
Fa Fau.
JoUT ooy g
1 a ap! 1 a ap! 1 u!
— EG“! G + ?Wu! W ?Bu! B + (X,Y gauge bosons)
3 2 1

O =0 =03 =0Jcutr @ W = unification scale

(= the scale where GUT is broken

2 running gauge coupling!

R.G.eq a - =1 2—bi (1-loop)




3. Supersymmetry

o 3.1. motivation

(11) coupling unibPcation
2 running gauge coupling!

R.G.eq dlog 1

INPUT o;(my)

28



3. Supersymmetry

o 3.1. motivation

(11) coupling unibPcation
2 running gauge coupling!

d 1
—1
R.G.eq aj ="' =b  (l-loop)
dlog 1 2T
Standard Model Standard Model + SUSY
60: ' || N 1 ' 1 ' 1 N | N 1 N ] N |
U
50F
0}
E SU2) - <
o 1 30 ——“‘—-““———.’________-_\
20?— - =
1050 )
5~ "6 8 10 12 14 16 18 O~ —6 "8 10 12 14 16 18

Log, ,(Q/GeV) Log, ,(Q/GeV)

29



PLAN

3.0. renormalization and naturalness!

a3, SUSY: !

3.1. motivations!

3.2. supersymmetry!

3.3. MSSM (minimal SUSY Standard Model)!

3.4. MSSM Lagrangian !
3.5. SUSY after Higgs discovery

30



3. Supersymmetry
a3.2. SUSY

(1) simplest model (in 4-dim)
I , i1

complex 2-componen
scalar Weyl fermior

_ " " : free!
L=, T+ '$" utt massless

notataion

1/)*5”8,;1/) = wl (5"‘)('m Outo  (sum is taken as % and %)

=), o= oo) o= () (T ()

9y = diag(l,-1,-1,-1)

P = Gaﬁwﬂa T/)I'x - eaﬁ"/)w, €?=—e'=en=—€2=1, " =¢€;=0

31



(1) simplest model (in 4-dim) 0 3.2. SUSY

R AL

What kind of symmetry does it have ?

example: U(1) symmetry (scalar sector)!

6 — e

or !

0 = 1@
Lagrangian is invariant under this U(1) transformation.

5L = 0,(5¢%)0,6 + 0,00, (5¢)

= 0, (—1a¢™)0,¢ + 0,070, (tap) =0 -



(1) simplest model (in 4-dim) 0 3.2. SUSY
R AL

What kind of symmetry does it have ?

SUSY transformation! | Fermion <-> B0SO

33



(1) simplest model (in 4-dim) 0 3.2. SUSY
L=, " 1A+ i T #

What kind of symmetry does it have ?

umEEEEEN
guunnt® Taay

5 _ oy I 1 SUSY transformation parameter.!
¢ X .?’ba ¥2-component!
5¢a — —Z(U“XT)aauqﬁ ¥anti-commuting (fermionic)
Then,E
0L = 6 (0ud"0"¢) + 6 (915" 8,1))

= 0,(6¢")0" ¢ + 0,0*0"(0p) + i(0y)a 0, + i 57D, (5%)
= 0, ("Y1 0" + 00 O (xb) + _ _ |

=0

34



(11) Interaction 0 3.2. SUSY

35



(11) Interaction 0 3.2. SUSY

Lin = !yal1"2"3 Y

1 EEEEEER

OsupersymmetrizeO

2 2 2 .
— Y11 217! 312 With all these terms,!
—y 21041211 4|2 It IS Invariant under!
SUSY transformation.
L 2 | 2 | 2
YITIT 1T 2
! 3% 2 . I 3
- | 0.. y o*
|, ' AR all the same
|, < P RN coupling
| +* *e |
: 2 A )

36



(11) Interaction 0 3.2. SUSY

Lin = !yal1"2"3 Y

1 EEEEEER

OsupersymmetrizeO

2|1 9|%|! 5]* With all these terms,!

2(1 1211 .2 Mtis invariant under!
SUSY transformation.

2! 2! 2
e WO W
) = e v

W = ya(I)l(I)Q(I)B O " (", ) |

sSupe rpOte ntial superfield: contains boson-fermion pair 37




(1) mass term
W =

L

MT 41

| 2W .
I" -|" . #I#J 1 I" .
. |- J . |

" M#1#2 ||| M |2|n 1|2 ||| M |2|n 2|2

)

WAE

fermion mass = boson mass

g 3.2. SUSY

38



(Iv) gauge sector 0 3.2. SUSY

gauge %H\%LL

Interactions
* OsupersymmetrizeC
fi‘&% 4 e

gaugino! | -
(= fermionic partner! With all these terms, the Lagrangian is !

of gauge boson) Invariant under SUSY transformation. 39



~

(scalar) <NNN> | (fermion)!

~

A (gauge) <NNN> (fermion)!

They have the same masses,!
and the same couplings.

a3.2. SUSY

40



PLAN

3.0. renormalization and naturalness!

a3, SUSY: ! tdone

3.1. motivations!
3.2. supersymmetry!

3.3. MSSM (minimal SUSY Standard Model)!

3.4. MSSM Lagrangian !
3.5. SUSY after Higgs discovery

41



0 3.3. MSSM

Standard Model sSpin

Vs

quark!  ( 12 <-> 0! squark! @
lepton! | 1P <-> 0! slepton !!N
Higgs! H 0 <-> 12! higgsino!;LL
gauge bosons 1<->12 gaugino

L, Z,W, g 5. W, g

MSSM (minimal SUSY Standard Model)



0 3.3. MSSM

More preciselyEEE..

Standard Model sSpin

Vs

quark! ( 12 <->0!  squark! ¢
lepton! | 12 <-> 0! slepton !!N

Higgs! X 0 <-> 12! higgsino!;LL

gauge bosons 1<->12 gaugino
,Z,W, g B, W, §

MSSM (minimal SUSY Standard Model)



0 3.3. MSSM

More preciselyEEE..
spin
qguark! {q 12 <-> 0! squark! a
lepton! | 12 <-> 0! slepton !!N
Higgs!' H,,,Hy 0<->12! higgsino!;LL
gauge bosons 1<->12 gaugino

L, Z,W, g 5. W, g

MSSM (minimal SUSY Standard Model)



a 3.3. MSSM i spin )

quark @ 1/2 <-> 0 squark q
lepton  / 1/2 <> 0 slepton Z

Higgs /f,,, H,; 0 <->1/2 higgsino E

. 1 auge bosons <-> 1/2 gaugino
comment 1: Why 2 Higgs ?! naWe

\— MSSM (minimal SUSY Standard Model) —/

reason 1.Yukawa coupling.!

LSM =1 y,H'8Q! ysHEQ

N

W = yuH + ygHQd"

DPOKVHBUF

but In SUSY,

W (! ) must be a function of !, not ,!"

W = y,H,Qu" + ygH4Qd"

_

2 Higgs 45



a 3.3. MSSM i spin )

quark q 1/2 <=> 0 squark a
lepton  / 1/2 <=> 0 slepton Z
Higgs /f,,, H,; 0 <->1/2 higgsino E
. : bosons 1 <=> 1/2 gaugino
comment 1: Why 2 Higgs ?! gauge gaugine.
y gg 732’W’g B,W,g
\— MSSM (minimal SUSY Standard Model) —/

reason 2. Anomaly

1 Higgs: H!" h=(,2)y, gauge anomal

2Higgs: Hy!" hy=(1,2)y>, anomaly

Hq ' hqg=(1,2) 12 cancellation

46



0 3.3. MSSM

comment 2:

neutral fermions h¢,h9, B, WO =!

charged fermions hj; ,n,, W*

f spin h
quark (G 1/2 <-> 0 squark ¢
lepton  / 1/2 <-> 0 slepton Z
Higgs f,. H,; 0 <->1/2 higgsino E
gauge bosons 1 <-> 1/2 gaugino
v, 2, W, g B,W,j

\— MSSM (minimal SUSY Standard Model) —/

mass eigenstates

I'o

'1234 neutralinos

I '
1o  charginos

47



0 3.3. MSSM

spin
qguark! {q 12 <-> 0! squark! a/
lepton! | 12 <-> 0! slepton !!N
Higgs!' H,,,Hy 0<->12! higgsino!;LL
gauge bosons 1<->12 gaugino

L, Z,W, g 5. W, g

MSSM (minimal SUSY Standard Model)



0 3.3. MSSM

More precisely,E

(SU(3), SU(z))

Standard Model spin SUSY partner oo
1
u u u 1 u c t
'i g (_) O ~ —~ -~ 3, 2
. t b { { TaAEta N .
U Up Cr tp Up Cr ER (3,1)-2/3
d; d}z 31;2 b;z R Sk R (3, 1)1/3
T 1 ~e Y, ~'r
e 7 T 2 € 1 T
— 1 L t L i L ~% L ~ L e L
€i °R i R €R KR R (1,1),
. H; 1 hif
Higgs 1O ) 0+— 5 7L2 (1,2) 412
HY R
_ 7 - (la 2)—1/2
gauge v B 1 +— 5 B (1,1)g
A WO wo (1,3),
W W+
g Zf (83 1)0
, . 3 » o
graviton e, 2 > 5 gravitino ¢,

49



PLAN

3.0. renormalization and naturalness!

a3, SUSY: !

3.1. motivations! tdone
3.2. supersymmetry!
3.3. MSSM (minimal SUSY Standard Model)!

3.4. MSSM Lagrangian !

3.5. SUSY after Higgs discovery

50



o 3.4. MSSM Lagrangian

Lmssm = Lsmi susy t Lsoft susy™

51



o 3.4. MSSM Lagrangian
Lmssm = Lsmi susy t Lsoft susy™

/

(1) Lsmi susy

— I—from superpotential T I—from gauge Iinteractions

- A R A
e FLNS Ul

no new free parameter !
compared to SM.

52



o 3.4. MSSM Lagrangian
Lmssm = Lsmi susy t Lsoft susy™

/

(1) Lsmi susy

— I—from superpotential T I—from gauge Iinteractions

M _——
Wnssm = (!yu)ij Hu QiU + (Ya)i .!;#IindJP *(Yei Hine;+ Py A

corresponding to SM Yukawa Qu-termO

53



o 3.4. MSSM Lagrangian

Wyssm = (!YU)ij Hy Qi UjC +(Ya)ij min de +(Ye)i Hine&+ Pﬂ*#li

corresponding to SM Yukawa Qu-termO
NOTE: !
There are other renormalizable terms allowed by gauge invariance.
— 1 K C ljk C 1 Ik ucdcdc
Wrpv = I LiLjef + 10 LiQydg + piLiHy + =1 ufdtdy
!2—"#—$ D
L -violating B -violating

But they mediate a very rapid proton decay!

_|_
d 1 ! e* e exp. bound (super-K)

| I :
- 112 - 112
p > ..... < I (p! e "% > 13" 10**years
SR I m ||2
U I O ! I " o;

| #. #..]1 10 22

54



o 3.4. MSSM Lagrangian

Wyssm = (!Yu)ij Hy Qi UjC +(Ya)ij min de +(Ye)i Hineé+ Pﬂ*#li

corresponding to SM Yukawa Qu-termO

1_ l " .-i
!2_" $

L -violating 5 -

~C

5 CIETS

UL LiQ'd'l' ' H

There Is a parity symmetry |
which forbids Wrpand allows  Wwusswm

s
rapid proton decay!
IS forbidden.

55

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




o 3.4. MSSM Lagrangian

R-parity!
SM particles N> even (+) |
SUSY particles N> odd (-)

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

R-parity 4+ (even) [ R-parity (odd) ]

—_— MLSP
Me — }( LSP cannot decay!!

o6



o 3.4. MSSM Lagrangian

R-parity!
SM particles N> even (+) |
SUSY particles N> odd (-)

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

ur | 7
squarks : ( = ) sleptons : ( oL ) -
dL i i €L q €Ri

—®

N

gauginos and higgssinos : x?, xf:, g

~

gravitino: G

57



o 3.4. MSSM Lagrangian

R-parity!
SM particles N> even (+) |
SUSY particles N> odd (-)

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

~

gauginos and higgssinos : x‘, X; v/ g

gravitino :

By

neutral and color-singlet

58



o 3.4. MSSM Lagrangian

R-parity!
SM particles N> even (+) |
SUSY particles N> odd (-)

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

———

gauginos and higgssinos : x‘, xf‘, [7]

gravitino :

-

neutral and color-singlet

59



o 3.4. MSSM Lagrangian

R-parity!
SM particles N> even (+) |
SUSY particles N> odd (-)

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

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

60



o 3.4. MSSM Lagrangian

Lmssm = Lsmi susy t Lsoft susy™

(1) Lsoft SUSsY

Supersymmetry must be !
a (spontaneously) broken symmetry!

electron selec calar¥
511 keV <N> 5

61



o 3.4. MSSM Lagrangian

Lmssm = Lsmi susy t Lsoft susy™

(1) Lesomysusy

SUSY must broken only by parameters with mass dim. > 0.

top quark stop- .

S SR A ——

hard: " \ ; \ 2 T™ 2 2\ \7 2
breaking Ytop Y stop NNN>  my (Y stop” - Yiop<) Y

PN !

o

SO o " Msop, NNN>  mi? ™ (Msiop? - Miop?) log y HE
breaking
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o 3.4. MSSM Lagrangian

Lmssm = Lsmi susy t Lsoft susy™

(1) Lesomysusy

SUSY must broken only by parameters with mass dim. > 0.
s = L (Mygg + MoWW + My BB +c.0.) 92UGINO Masses

~ — = ~ ~ = - |
— (u ayQH, —dagQH; —eae LH, c.c.) éx(gen:cgr]i?e.s.)

~ ~ o~ ~ o~ ~ ~ ~— N ~
—Q sz Q—-L'm?L - Hm%HT — dm%d — ém%éT
—my, HyHy, —my, HiHg — (bHyHg + c.c.). /

Higgs soft terms

squark and slepton masses!
(3x3 matrices.) 63



o 3.4. MSSM Lagrangian

Lmssm = Lsmi susy t Lsoft susy™

L ft 399 + MoWW + M1 BB + c.c.)
( ) soft SUSY o 2 )

— (ﬂauQHu —dagQHy —gaeLHd—I—cc)

~ ~T ~
—QTmQQ LTmLL—'u,m— o dm d —em

—myy, HyH, — deHde — (bHy H4+ c.c.).

’éT

('DIN

This part contains a variety of !
interesting SUSY phenomenologiesEd

2 SUSY particle masses,! AR @R H"f
2 Higgs sector (tree level mass, loop correctionsE),! p 3

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

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

2 Collider physics,!
2 Dark Matter!

2EE!

But | skip the details here. !
For a review, see,e.q., hep-ph/Q709356 by S.P.Martin.

DPMMJEFS TJHOB@/AT



PLAN

3.0. renormalization and naturalness!

a3, SUSY: !

3.1. motivations!
3.2. supersymmetry!
3.3. MSSM (minimal SUSY Standard Model)!

3.4. MSSM Lagrangian !

3.5. SUSY after Higgs discovery
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125 GeV Higgs

V(H)

= —m*(H'H) + \uy(H"H)?

\ V(H).-

T S B R / L
i 0.5 .0

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

_ | ~ 1 2
e T e ey
ermi constant

Ge ! 1.17" 10 °GeV' ?

(H)?

Now we also know

mI%Iiggs =2 m2 I (125 GeV )2

V(H).:
L e
R I o.si o

6/



125 GeV Higgs

V(H) = —m*(H'H) + \g(H"H)?
(H)? = 2”;1 \’\’e&ﬂe}"gGF " (174 GeVY

Now we also know

mI%Iiggs =2 m2 I (125 GeV )2

2

2
M
/ m? = —88° ~ (89 GeV)?
N

2

mH-
A\ = 555~ 0.13
S 4(H)?
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125 GeV Higgs

V(H)

— —mQ(HTH) 4 )\H(HTH)Q
(89 GeV)? 013

completely determined !

0.3

0.2-

0.1
\\\\\\\\\\ [
-10 0.5 :
-0.11

69



125 GeV Higgs

V(H) = —m*(H'H) + \g(H"H)?
(89 GeV)? 0.13

/
_—

4 . . .
It seemsE HIQQS sector IS

alsodescribed by weakly
coupled, perturbative QFT..

(at least no sign of strong interaction
etc, so far..)

ImI|Cat|OnS fOr BSM (in my opinion..E) I
This is compatible withE.!

2 GUT and coupling unibcation
In perturbative QFT. $ =2

B> heavy righthanded neutrinos!
. 02 ~ 0.8 (Seesaw + Leptogenesis) $ o2!
nggs

B> Supersymmetry $- o3
N Y

R




—Supersymmetry (SUSY)

spin ~
SUPErsymmetry || - oweo i s
leptons £ % <—————» () sleptons ]
boson <{ fermion
gauge bosons A4, 1 |e——pr % gauginos A
Higgs bosons H 0 |— % higgsinos h
4UBOEBSE .PEFM

? naturalness !

4 .
Pne-tuning problem

2 . 2 2
my = My, 4+ A

S _-Q-_

(A>mpy)

a solved by the supersymmetry !

(Pne tuning like  1.0000000000000001 -1) fermion boson )
2 coupling unibcation! I
Grand Unibed Theory = .~ Wi s
? Dark Matter = Lightest SUSY particle 21



OK, then,E.h!l
WhatGs the implications of !
125 GeV Higgs for

Supersymmetry (SUSY) ?7?

12



125 GeV Higgs and SUSY
V(H) = —m*(H'H) + \g(H"H)?
(89 GeV)? 0.13

ree loo
— A}IA + oAy P

~
g° cos 2!

| 0.069 co< 2!

~

parameters!
In Standard Model!
(known)

/800§"W
7 100 smal-

/3



125 GeV Higgs and SUSY

= —m*(H'H) 4+ \u(H"H)?

(89 GeV)? 013
)\tree _|_5)\1I;Op
f 52 ' /\ )
98C(;°§ % | 0.069 c0522'

A

3
yt 10
1672 m?

.requires heavy stop !
_andbr large A-term

for large tan! . ( ! At/m stop )

L\




125 GeV Higgs and SUSY

V(H) =

in SUSY..

150

145}

120 4

15—

—m?*(H"H) + \y(H"H)?
(89 GeV)?

125}

L [ | ' | 1

L — — 3-oop, Ofa, @,’)

—

"~ 3-loop full

[ e LL+NLL
[ =— H3m

L | | 1 | |

[ ] | 1

! I | J ) |

I
FeynHiggs 2.10.0 j

A, =0, tanf =10 —

0.13

ree loo
=\ H, T ON P

-
| 0.069 co¥ 2|

l 1 | |

5000

1404.0186 Hahn etal.

10000
M, [GeV]

A

.requires heavy stop !
_andbr large A-term

L\

for large tan! . ( ! At/m stop )




125 GeV Higgs and SUSY

—m?*(H"H) + \y(H"H)?
| (89 GeV)? 0.13
on the other nan )\tree 4 5}\1130p

~
=
H

n mﬁl l(Jtree)

+ 1 m2 (loop)

2 cog 2! h
J | 0.069 co< 2|
8cog "y

3
yt 10
1672 m?

for large tan! . ( ! At/m stop )

u toO
P tan?!

Higgsino mass

soft mass for!
up-type Higgs

.requires heavy stop !
_andbr large A-term




125 GeV Higgs and SUSY

V(H) = —m*(H'H) + \g(H"H)?
(89 GeV)? 013
)\trj\e _|_5)‘1I§OP

2 cog 2! h
J | 0.069 co< 2|
8cog "y

other hand

{he

2 2 2 (tree)
me< | m 'my,
L ule + H. +

_—

] 2!
2(oop) | 3 me + mfR + |A]* log

om M
H ' )
) @ 2 log
' mt

2 (Ioop)

for large tan! . ( ! At/m stop )

requires LIght stop and !

small A-term !
to avoid a Pne-tuning.

.requires heavy stop !
_andbr large A-term




125 GeV Higgs and SUSY

Fine-tuning worse than 1% seems unavoidable in MSSM

What does it imply ??!

1. No SUSY ?! ’) ? 7

2. (tGs anyway Pne-tuned, thenk.) ! J
Very heavy SUSY ? (10-100 TeV, or even highe.rE)!

3. (StlE.) ! ?

O(O 1'1) TeV SUSY ? (Pne-tuned, but less t:an 2 and 3E)

/8



125 GeV Higgs and SUSY

2 What happens to!

neutralino Dark Matter  after Higgs discovery?

79



125 GeV Higgs and SUSY
2 What happens to!

neutrallino Dark Matter

after Higgs discovery?

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

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

Input parameters

. o My | M| A tan3 |sign(p) | |pl |sign(Byu)/|Byl
OStaucoannihilationO
765.97 | 900. | -2882.83 | 28.3588 1 1736.46 31794.6
: Low energy spectrum
glUan ._,_r‘ ----- i_!t 4 L
Squark S mg | my mg, mﬂ VA ( mp\ ma Qh2 1‘ os1 [pb] A, | Ag
Sto : '
P ‘\1990 1950 988’ 389 \Sﬂ 736 QA 1580 0.103J,'2.21 x 10~ || 1400 | 160
W|th|n 13'14 TeV --------- . ‘e —'Correct \flne-tunlng
LHC reach neutra Ino DM H|ggS DM density <0.1%
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125 GeV Higgs and SUSY

2 What happens to!

neutralino Dark Matter  after Higgs discovery?

2 Still OKE and SUSY particles may be seen at LHC,!
EE or may not be seen.

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

Input parameters

OWelltemperedO

13 TeV LHC reach

neutralino DM

Higgs

DM density

pure Higssino limit My | My | Ao | tanp |signe)|| |ul VB,
13927.9 | 5700. | 6837.31 [ 51.1892 | 1 | 1170.51 | 96009.4
uine L e====- Low energy spectrum _
giuino .= = S ——
sqtjark {'mg | mg | mgs| ma [my \ms [ma |\ ma |f QR Y ost [pb] A, | Aq
sto
P +11700 | 16900 | 11900 10200\990V991 k128V3910 0.0901,] 1.45 x 10719 || 12000 | 34
. .. .- ;' ‘v‘.": . .
utside the - - correct \ fine-tuning

<0.01% 81




125 GeV Higgs and SUSY

2 What happens to!
coupling unibcation after Higgs discovery?

82



125 GeV Higgs and SUSY

2 What happens to!
coupling unibcation after Higgs discovery?

2 No problem.!
O(10-100) TeV SUSY can make it even betterEE

High-scale SUSY
Mg = 10* TeV
My, = 3 TeV
Ty M3z /My =9
Low-scale SUSY
- Mg =1 TeV
T 1P 100 107 0% o0 £OOm T e My = 200 GeV

Scale (GeV) Scale (GeV) 1 [3 / M, = 3.5

[talk given by N.Nagata at YITP workshop 2013!
Hisano,Kuwahara,NagataO13, Hisano,Kobayashi,Kuwahara,Nagataf)lgB



125 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. (1t0s anyway bne-tuned, thenE.) !(

Very heavy SUSY ? (10-100 TeV, or even higherE)!

3. (StlE.) !
O(O 1'1) TeV SUSY ? (Pne-tuned, but less than 2 and 3E)
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125 GeV Higgs and SUSY

(ItGs anyway bne-tuned, thenE.) | 3 )
m2 =41 1H"
Very heavy SUSY L7 o1
— | tee wp loop
| % | $
0.07cos? 2! 1 log(mZ,, )

lbe, Matsumoto, L.Hall, Y.Nomura, N.Arkani-Hamed,
Yanagida©12 S.Shirai 012 "['A.Gupta, D.E.Kaplan,
] | ] ".,._ Weiner, T.Zorawski, 012

[130 GeV |

;=10 TeV

sin 23

tan 3

Mgysy/TeV



125 GeV Higgs and SUSY

(ItGs anyway bne-tuned, thenE.) | > 10 Tev squaks and sleptons
Very heavy SUSY

¥ consistent with 125 GeV Higgs !

¥ No cosmological gravitino problem!
¥ Coupling Unibcation is OK!

¥ Dark Matter Is also OK

T™MTaV/ gauginos

125 GeV one tuned Hiaas

Many many works recently.... (ftoo many to list all...)!

Ibe,YanagidaO11, Ibe,Matsumoto,YanagidaO12,

Bhattacherjee,Feldstein,lbe,Matsumoto, YanagidaO12, !

HallNomuraO11, Hall,Nomura,ShiraiO12, !

Giudice,StrumiaO11, Arvanitaki,Craig,Dimopoulos,VilladoroO12!
Arkani-Hamed,Gupta,Kaplan,Weiner,ZorawskiO12, Ibanez,ValenzuelaO13,!
Jeong,Shimosuka,YamaguchiO11, Hisano,Ishiwata,NagataO12, Sato,Shirai, TobiokaO12,!
Moroi,NagaiO13, McKeen,Pospelov,RitzO13,!

Hisano,Kuwahara,NagataO13, Hisano,Kobayashi,Kuwahara,NagataO13, efc etc....
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125 GeV Higgs and SUSY

(ItGs anyway Pne-tuned, thenE.) !

> 10 TeV
Very heavy SUSY
Typical DM =Wino DM ! .y
(AMSB)
125 GeV

2 if thermal relic,.. 2.7 TeV !

(>> LHC reach) (Hisano,Matsumoto,Nagai,Saito, Senami®d7)
2 if non-thermal, it can be lighter.!
2 indirect DM signal expected !

squaks and sleptons

gauginos

one tuned Hiaas

Annihilation cross section (cm3/s)

-24|
gamma ! 022 e e 7 gammalo (rescaled to Burket)
continuum e line 10-25 .
= Rer——- ’6\ | | Figures from talk by
1023 : -26
z v 107 NFW[13HESS] | M.lbe at KIAS workshop,
| 10-27| October 2014.
1024 | ‘ ‘ ‘ : ’
| 1000 1500 2000 2500 3000
o wino mass

103GeV Wino mass
[Fermi-LAT:1310.0828 ( Translated by K.Ichikawa )]

[Figure by S.Matsumoto]
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125 GeV Higgs and SUSY

(ItGs anyway Pne-tuned, thenE.) ! > 10 Tev squaks and sleptons

Very heavy SUSY

T™MTaV/ gauginos
Flavor Physics!
: 125 GeV one tuned Hiaas
can probe it !
Heavy gaugino
Ae] m[“A.i '[:'l
10 :
Excluded (2-0)
'y \\“\ 1 S g E a d Fi
| R D X m = 3 o g gures from talk by
10" ‘-u.{‘_’f‘f“'&-”"‘""‘” * 1 Eg Adsz Adr13 gg T.Moroi at KIAS workshop,
1072 ' : G Eg a G November 2013.
107 } | K!‘ ?_ . _A_F;,(m_ o ;3
10 “‘-1 d d s s
107 1000

88



125 GeV Higgs and SUSY

(ItGs anyway Pne-tuned, thenE.) !

Very heavy SUSY

> 10 TeV

™TeV
Flavor Physics!

can probe it !

Heavy gaugino

125 GeV

14 ) ' Aj 19=4; 12=0.1

l/\/\/\/\/\/\/\\
\VAL VAL VAL VAL VAL v an v an v

W X0 or * e*

Moroi, Nagai, O13

squaks and sleptons

gauginos

one tuned Hiaas

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

(ItGs anyway Pne-tuned, thenE.) !

> 10 TeV
™MTeV
can probe it ! 1e5 Gev
Heavy gaug
4 |
1¢ Br( Br( R 3 = 50
o™ 1011(1[’ b Aj 2= 802 01
1 :
0] f
10" L S N N MEG (2013 resul) 1
10 3 13 Mu3 has ~ 6..,
104 10 (U AU N MEG (vpgrade) . _ _ .. 1 Ii or '\7 § ‘
T DU R N N M2 . e
107 Y COMET 1 = N
________________________________________ /
1079 1 / \
10.4 10-‘5r 1 I \
107 . LAAAAAAA
10-{ 10 r _______ PRISM NN 1 vV VVVVVVV
107" w x%or X° e*
1 1 700 1000
m; [TeV]

Moroi, Nagai, 013

squaks and sleptons

gauginos

one tuned Hiaas

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

(ItGs anyway Pne-tuned, thenE.) !

>10TeV
™TeV
Flavor Physics!
can probe it ! 1eo GeV
Heavy gaugin L
4
10 Br(} ‘
107" Brg § = 50
) 10 “)j d [(‘ ('m] Aj sl=ld;, yal= 0.1 (Solid line)
109 10~ A, |=0 (dashed line) f
o 10-1:?r 6
|1 1 107 10 1 ~ Y
L | NG For v §
107 i rrent Bound (With ThO) —
107 | 10 ”[,’ T R . T Ty --.c.”-'.’.’.af’.-d.&'fjfg’.# // \\\
10 -1 /
107 10°°H 1075} / \
[ L AVAV/\VAV/\V/\V/\V\
- -
P o | ow x0or X e
410770 )
jﬁﬁm % 0 100 1000 Moroi, Nagai, 013
nj [TeV]

squaks and sleptons

gauginos

one tuned Hiaas

Figures from talk by
T.Moroi at KIAS workshop,
November 2013.
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125 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 7!

2. (1t0s anyway bne-tuned, thenE.) !
Very heavy SUSY ? (10~100 TeV, or even higherE)!

3. (StlE.) !
(O 1'1) TeV SUSY 7 (Pne-tuned, but less than 1 and 2E)
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A ~—
TVQFS
# ‘-.\\‘_ .\‘—’//_
T1F7 4é4f
"
TeV
100 GeV
couplin S
unibcation -2

TQMJU 1464:

4 A
squarks!

sleptons

WIMP DM

LRHC

(Iittle) hierarchy

Who supports low scale (< TeV) SUSY?

C&D

N

Tevatron
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one more motivation for TeV scale SUSYE

2 —ay" = (26.14£8.0) 107

>3 deviation!

94



one more motivation for TeV scale SUSYE

-8.0) - 107

Qviation !

LIFE OF A MUON:
THE g-2 EXPERIMENT

So Standard Model Prediction
o Exp (E821) 116592089  (63) [10-1]
x:m"m ..'.;.‘;"..::'..";z":.’m . QED (a5, Rb) 116 584 718951 (0.080) }r“’\’“ﬂ?l
from E821 muon g-2 Home Page EW (W/Z/Hsy, NLO) 1540  (1.0) 3
ém, - Wik, Hadronic | (HLMNT] 6949.1  (43)* had
gno‘ % (leading) | [pHMZ) 6923  (42) S C %
‘; o 233-467 s Hadronic (o higher) -O8.4 (0.7) g
104
E
; W’NMMWWM"WWWMWWW 467700 s Hadronic | RARV] 105  (26)* had
Ty AR ALY 1 oy 116 (39)
10 1 Vﬁ.%%‘vw
’ oo e ] from Talk by M.Endo !
FIG. 3. Positron time spectrum overlaid with the fitted 10 . ]
parameter function (\’/(llof= 3818/3799). The total event @HOkka|d0W|nter SChOOl 2013

sample of 0.95 x 10° e* with £ > 2.0 GeV is shown.

from hep-ph/0102017 95



one more motivation for TeV scale SUSYE

—a;" =(26.1+8.0)-107"

>3 deviation!

ARAAAI MAARIRAAR RARAN RARLIRAARIRARAIE |
[Hagiwara, Liao, Martin, Nomura, Teubner, ! FVINT (09) RS
arXiv: 1105.3149. See also references therein!] . AR
Davier et al, T (10) ; S e
Davier et al, e'e” (10) '—'—* |
JS (1) el
HLMNT (11) j H+_+
o @XPErMEeNt «----rmrrrrerrreee S B -----
BNL ey
New experiments also planned. BNL (new fromshiftina) | | | |

Alllll‘l.lllelll.ll.lilllleLlelL.Lil_Lx_liLl_LJ
170 180 190 200 210

a, x 10" - 11659000

FermiLab Muon g-2 J-PARC g-2/EDM 06



one more motivation for TeV scale SUSYE

EXP
7

> 3

aﬁM - (26.1 -

-8.0) - 10710

deviation |

..can be explained by SUSY.

chargino

neutralino

.
iR i .\‘\\4\‘\,
Pt N

/

.. If  smuon and!
charginoheutralino!

are O(100 GeV).
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125 GeV Higgs + SUSY +qg -2

/ \

heavy stop light smuon/ inos
difbcult to reconcile in typical models!
(mSUGRA/GMSB/AMSB/NMSSM(smaIItan ))

800 F

Example in CMSSM/MSUGRA:! 700 |

Higgs mass is maximized by A-term, 600 |

mye  [GeV

while b -> s constraint Is satisbed.

(Figure thanks to Motoi Endo.)!
| See M.Endo, KH, S.lwamoto,
K.Nakayama, N.Yokozaki O11 ] 400 |

500 |

R

n00 1000 1500 2000
mgy [GeV] 08

300 t




125 GeV Higgs + SUSY +qg -2

/ \

heavy stop light smuon/ inos
difbcult to reconcile in typical models!

(mSUGRA/GMSB/AMSB/NMSSM(smaIItan ))
2 approaCheS [from here, I like to introduce our worksE]

(1) model building! ! —

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

M.Endo, KH, K.Ishikawa, S.lwamoto, N.Yokozaki , arXiv:1212.3935!
extra gauge

M.Endo, KH, S.lwamoto, K.Nakayama, N.Yokozaki, arXiv:1112.6412
(2) general MSSM l

M.Endo, KH, S.lwamoto, T.Yoshinaga, arXiv:1303.4256 ! LHC m
LHCALC+Ravor+vacul

M.Endo, KH, T.Kitahara, T.Yoshinaga, arXiv:1309.3065 !
M.Endo, KH, S.lwamoto, T.Kitahara, T.Moroi,  arXiv:1310.4496 ILC 09



125 GeV Higgs + SUSY +qg -2
Og-2 motivatedO MSSM

mg 2> Myj, Mg+, Myo0,
4 ~
>> 1 1eV: = O(100 GeV)!
to explain to explain muon g-2
Higgs mass

Can we test it ??

10C



muon g-2vs LHCIn SUSY

S

~J
S
-

TMFQUPO MBEGFV
=

100 ' 700

8JOP N B ¥J[GeV]

M.Endo, KH, S.lwamoto, T.Yoshinaga [arXiv:1303.4256]
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muon g-2vs LHCIn SUSY

o0
S
-

~J
S
-

N
-
<

400

TMFQUPO MNuBCFV

300

200

100

lllllll

100

vvvvvvvvvvvvvvvvvv

600

700

8JOP N B ¥J[GeV]

8TeV LHC

P

L d
-
-
-
-
(4
L d
-
L d
-
-
4
-
-
‘ﬁ
-

‘4
-
4
’4
L d

”
-
-
-
-
- "
-
-
-
PR
-

3-lepton search. !

I ATLAS 13fbl@8TeV

(a little stronger bound !
with 20fb -! data)

M.Endo, KH, S.lwamoto, T.Yoshinaga [arXiv:1303.4256]
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muon g-2vs LHCIn SUSY

E§= B e e S S :

9] . T

13 ™M 4TeW!

s \.:

O 600 /

al

> 500

@

< “o New signals like!

— I, 1 1, +W/Z/h
o may cover!
200 this region at 13~14 TeV !
100 Y 74 . A .

100 500 600 700

8JOP N B ¥[GeV]

M.Endo, KH, S.lwamoto, T.Yoshinaga [arXiv:1303.4256]
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muon g-2vs LHCIn SUSY

3 §
3 3 |
i 7 ‘
\ Ve | HC started exclude: .
) I -2 motivated regions >
. (a) u = My, mgp = 3'TeV”: o (b) p= '2f1'12, n'm = \tiTeV."ll : ¥ 13_

my, |G
my, |GeV|

00 v
|
‘{ |
X b
!

¥ |f discovered at LHG !
__> further test may be

&0 0 00 TN r Ql' T 700 pOSSib\e a-t ‘ L C
M, [GeV] M, [GeV]
(¢) p= My/2, mg = 3TeV (d) p = 2TeV, mg = 1.5my,

M.Endo, KH, S.lwamoto, T.Yoshinaga [arXiv:1
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125 GeV Higgs + SUSY +qg -2

/ \

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

(IT\SUGRA/GMSB/AMSB/NMSSM (small tan!) )
2 apprO aCheS [from here, I like to introduce our worksE]

(1) model building! T

M.Endo, KH, S.lwamoto, N.Yokozaki, arXiv:1108.3071, 1112.5653, 1202.2751
M.Endo, KH, K.Ishikawa, S.lwamoto, N.Yokozaki , arXiv:1212.3935!

. extra gauge
M.Endo, KH, S.lwamoto, K.Nakayama, N.Yokozaki, arXiv:1112.6412

(2) general MSSM
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muon g-2vs |LC

Can we reconstruct the SUSY |
contributions to the muon g-2!

by using |LC data ?

Assume one specibc (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

mz1  Mz2

m

X3

0

sin 0

sin 0=

agLC)

Values

126 200

108 210

90

0.027 0.36

2.6 x 107°

chargino

neutralino

M

R

R L ‘4\\4\\\'
-~ >~ ~ L

4 N\

/

/ \

~N

this one !
~ | dominates

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

Table 2: Observables necessary for the reconstruction of a,(,lL
Vs = 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 m3; ,. For the
determination of myo, analyses of the productions of selectrons and smuons are combined.

The uncertainties in gﬁ‘j}f’ are those from the experiment and theory, respectively.

C . . . .
, and their uncertainties with

X 0X dx a,(,“‘c) Process

AT 12% 13% ete” = 77~ (cross section, endpoint)
sin 26- 9% - ete” = 77, cross section

( 1 Ty

Mo 3% - ete” = 7 7y endpoint

(ms2) ( 2 Ta

mu1, Mz 200 MeV 0.3 % ete” - ot~ (endpoint)

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

97 afew+1% afew+1% ete” — éjép (cross section)

“f"’g) 1% 0.9 % ete~ — €Réx (cross section)

Y M.Endo, KH, S.lwamoto, T.Kitahara, T.Moroi

arxXiv:1310.4496



muon g-2vs |LC

neutralino

Can we reconstruct the!

[ N
»%4\\4\‘\'; contribution of this loop-
/ \ diagram by using ILC
measurements?
\ J

Table 2: Observables necessary for the reconstruction of a,(,"‘C), and their uncertainties with partIC Ie !

Vs = 500 GeV and £ ~ 500-1000 fb™. Processes relevant to determine each observable are
. . . . 2

also shown. The second and third rows are the information to determine mg;,. For the m aS Se S

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

The uncertainties in gf’j}f’ are those from the experiment and theory, respectively.

X 0X dx a‘(‘n,(‘:) Process
AT 12% 13% ete” = 717~ (cross section, endpoint)
(sin20;) (9%) - ete = 77 (cross section)

3 %

ete” > T endpoint

200 MeV (endpoint)
100MeV  <0.1% ete” = 't~ /été”  (endpoint)
g1 1 afew+1% afew+l1l% e'e” — €jép (cross section)
§§fg) 1 % 0.9 % ete” — éxég (cross section)

Y M.Endo, KH, S.lwamoto, T.Kitahara, T.Moroi  arXiv:1310.4496 10€



muon g-2vs |LC

neutralino

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

Table 2: Observables necessary for the reconstructio

IL
n of a,(,

The uncertainties in g{‘jﬁ’ are those from the experiment and theory, respectively.

¢ ., and their uncertainties with
Vs = 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 m3; ,. For the
determination of myo, analyses of the productions of selectrons and smuons are combined.

couplings

+
X 0X o xa‘(,“‘c) Process K e
AT 12% 13 % ete” = 7T cross section, endpoint) \
(sin20;) (9%) - ete™ = 77, cross section)
(ms2) (3%) — ete™ = 7 7y endpoint)
M1, Mz 200 MeV 0.3 % ete” > o ji endpoint)
Mo 100MeV < 0.1% ete” = gt /éte

endpoint)

Y M.Endo, KH, S.lwamoto, T.Kitahara, T.Moroi

arxXiv:1310.4496
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muon g-2vs |LC

neutralino

Can we reconstruct the!

(" )
ﬁn,lgLAﬂy contribution of this loop-
// \\ diagram by using ILC
/ \ measurements?
IR B ML
\ / mixing can !

Table 2: Observables necessary for the reconstruction of a,(,"‘C), and their uncertainties with
V3 =500 GeV and £ ~ 500-1000 fb™*. Processes relevant to determine each observable are aISO be
also shown. The second and third rows are the information to determine m3; ,. For the

determination of my, analyses of the productions of selectrons and smuons are combined. re CO n Str u Cte d
The uncertainties in gf’j}f’ are those from the experiment and theory, respectively.

(cross section, endpoint

(cross section)

(endpoint)
o 0, + - 4= 5t 5 . 2
m‘ié’ 100 MeV <01% ete” = gt~ /été”  (endpoint)
9&) afew+1% afew+1% e*e” — éjép (cross section)
§§f,ﬂ;) 1% 0.9% ete~ — €Réx (cross section)

Y M.Endo, KH, S.lwamoto, T.Kitahara, T.Moroi  arXiv:1310.4496 11.(



muon g-2vs |LC

neutralino
- N Can we reconstruct the!

contribution of this loop-
diagram by using ILC

measurements?

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

Vs = 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 m?;,. For the
determination of my, analyses of the productions of selectrons and smuons are combined.

The uncertainties in gfj’}f’ are those from the experiment and theory, respectively.

X 0.X Sxal ) Process
12% ete” = 717~ (cross section, end
(9%) ete = 77, (cross section) \(\
(3%) ete” = 77, (endpoint)
200MeV  0.3% ete” - ot (endpoint)

100MeV <0.1% ete” = 't~ /été”  (endpoint)
afew+1% afew+1% ete” — éjép (cross section)
1 % 0.9% ete~ — éxég (cross section)

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

11!



muong-2vs |LC

neutralino

N Can we reconstruct the!

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

P . ~(eff
The uncertainties in gf“L)

Table 2: Observables necessary for the reconstruction of a, ", ¢
V3 =500 GeV and £ ~ 500-1000 fb~*. Processes relevant to det
also shown. The second and third rows are the information to
determination of myo, analyses of the productions of selectrons

are those from the experiment and th

(ILC)

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

5 vq 0

X 0 X Process

MiLR 12 % 13 % ete” = 77~ (cross section, enf\with \/E = 500 GeV, L ~ 500ﬂ)—1
(sin20;) (9%) -~ ete = 7' 7 (cross section)

(ms2) (3%) - ete” = 7 7y (endpoint)

M1, Mz 200 MeV 0.3% ete” > ot~ (endpoint)

mi&» 100MeV  <0.1% ete” = p*p~/été  (endpoint)

0L afew+1% afew+1% e*e — éjép (cross section)

gﬁf,‘? 1% 0.9 % ete~ — €Réx (cross section)

Y M.Endo, KH, S.lwamoto, T.Kitahara, T.Moroi

arXiv:1310.4496 112



125 GeV Higgs and susy: SUMMARY

2 Higgs mass 125 GeV has a signibcant impact on SUSY. !
2 at least a Olittle Pne-tuningO seems unavoidable.!

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

2 Many other possibilities which | didnQt discuss: !
NMSSM and other modibcations, RpV, light stop, compressed SUSY, etc etcE

2 muon g-2 may be a BSM signal.!

In SUSY, It can be explained |f smuon and chargino/
neutralino are O(100 GeV)'!

N> may be tested at 13-14 TeV LHC ! (and IL.C 1) 11



