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(D renormalization 3.0. renormalization and naturalness

This part is based on A.Zees textbook, Chap. III
& a lecture note by R.Kitano (for HEP spring school, May 2013, Biwako, Japan)

Consider a 2-body scattering in a scalar ¢ * theory.

L= %(5’“(/5)2 — %m2¢2 — % ! p1 /_.xp?’
The tree level amplitude is
M = -+ O\ P2 P4
The differential cross section is
do = 16% ' % ' % "M‘Qv s=(p1+p2)?
A2+ 0O(\3)

By measuring scattering cross section at e.g., s = sy, we can fix A.
4



(D renormalization 3.0. renormalization and naturalness
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(D renormalization 3.0. renormalization and naturalness

Now lets see the next order in perturbation theory.
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The amplitude is b

M= aqaz. L[ &k ! !

2> ) @r W —m?tie (ktpitpa)?—mdtic W)+ s =t u)

Now the in’regral diverges!

M ~ / /w%fvlog( )

But thats OK.
Suppose that the theory is valid only up to a scale A,

. . O A
and cut .oFF jrhe momentum integration. / b — / Al
(regularization)



(D renormalization 3.0. renormalization and naturalness

Then the amplitude becomes (neglecting the mass, for simplicity),

:log <A82) - log <A72) + log <A§” + O(N?)

LHS can be measured (by scattering at s = s, for instance).
RHS depends on the artificial cut-off, A.

Is that OK?

M=-)\+C)

C =1/32n2

Can this theory still make a prediction?

No problem. We can still compare between experiments.

~ N
Theory
L= (06 — 5m?6” — 216"
/ 2+ 2 4! \
\- y
4 ) 4 )
experiment experiment
% S = 51 y S = S$9




(D renormalization 3.0. renormalization and naturalness

Then the amplitude becomes (neglecting the mass, for simplicity),

AQ) + log <A2)} + O(\%)

B 2

log <A ) - log <— —
] S t U

LHS can be measured (by scattering at s = s, for instance).

RHS depends on the artificial cut-off, A.

Is that OK?

M=-)\+C)

C =1/32n2

Can this theory still make a prediction?

No problem. We can still compare between experiments.

I A? A? A%\
exp.l: M(s1,t1,u1) = =X+ CA° |log (—> + log (—) + log (—> + O(\%)
i S1 t1 uy ) |
' A? A? A%\
exp.2: M(sa,ta,uz) = =\ + CA? |log (3_> + log (t_) + log (u_> + O(\%)
2 2 2

In each egs, RHS depends on -

But if we subtract.,...

he artificial cut-off A.



(D renormalization 3.0. renormalization and naturalness

i A? A? A%\’
exp.l: M(s1,t1,u1) = =X+ CA° |log (—) + log (t_> + log (—) + O(\%)

S1 1 Uy
| A? A? A%\
exp.2: M(sa,ta,u2) = =\ + CA* |log (s_) + log (t_> + log (u_) + O(\?)
_ 2 2 2 /) |

In each egs, RHS depends on the artificial cut-off A.

But if we subtract,...

S92 2

M (52, ta,u2) = M(s1,t1,u1) + CA? [log (8—1) + log (z—l) + log (E)] +O(N?)

(V5]

¢
= M(s1,t1,u1) + CM(s1,t1,u1)? llog (8—1) + log (—1) + log (—)] + O(M(s1,t1,u1)”)

S92

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

Though the intermediate calculation involves an artificial cut-off A,

the final relation between exp.l and exp.2 is independent of A.

This is the “renormalization”. 9



(D renormalization 3.0. renormalization and naturalness

M (s, ta,u) = M(s1,t1,u1) + CN° [log (S ) + log (;) + log (u )] + O(\%)

S92 U2
(5

1
:M(Slatlaul)_l_CM(Slatlaul) llog(z ) _|_10g (t ) +10g( )] +O(M(Sl7t17u1)3)
2 2

U2

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

Recall
M (sg,t0, ug) = =X+ CA? [log <A2> + log <A2> + log (A2>] + O\

Thus >< SO

A = —M(sg,tg, ug) + CA? llog (AZ) + log (A2> + log (A—Q)] + O(\?)

S0

A? A? A*
— _M(S())t())u()) + CM(807t07u0) llog ( Nlog (t + 10g ( ] i O(Mg)

S0

Fine. A is now expressed in terms of observable M(so,to,u0) .

But it depends on A! \ — )\(A)

10




(D renormalization 3.0. renormalization and naturalness

But It depends on AL |\ _ AA)

No problem. Physics does not depend on A.

The comblna’rlon determines the observable.

By this requirement we can also obtain a differential equation for A(A).

M50, t0,u0) = —A(A) + CA(A)? llog <A2> + log (?2> + log (A2>] + O

S0 0 Uo
d./\/l(So, t(), UO) dA 2 dA A2 3
0= = — 6C' A\ + 2C' )\ ] — O(A
~ dlog A dlog A i i dlog A o8 S0 i O
d

) = 6CA\° + O(N° . :
dlog A X Renormalization Group Equation.

As far as this is satisfied, observables are independent of A. I



(D renormalization 3.0. renormalization and naturalness

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

There are other regularizations.

Dimensional regularization:

We dont discuss what it is, but the basic idea is the same.

e There is an artificial parameter ( with a mass dimension one.

* The combination (,u, )\(,u)) determines the observable, and the

observables are independent of (1.

e The (-dependence is given by the Renormalization Group Equation.

dA ()
dlog 1

= 6C\° + O(\%)

12



(i) renormalization

3.0. renormalization and naturalness

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

There are other regularizations.

Dimensional regularization:

REMARK: Although the observable is independent of 1,

it is better to use (1 close to the energy scale of your interest

when you calculate by perturbation theory.

) 5 _
Mis, ) = =A) + ONw)? [log () -+ | + O0¥)
When 1~ s, this log factor is small

—> better convergence.

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

13
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3.0. renormalization and naturalness

(i) renormalization Idone

(ii) naturalness |
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(ii) naturalness 3.0. renormalization and naturalness

Now let's discuss the naturalness for the Higgs mass parameter.

V(H) = —m?*|H|” + \g|H|*.

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

A .
82 8 Q
/ \ \\ quadratic dependence
(not logarithmic)

_———eepm——f ke m = - -

Higgs loop
15



(ii) naturalness 3.0. renormalization and naturalness

Now let's discuss the naturalness for the Higgs mass parameter.

V(H) = —m?*|H|” + \g|H|*.

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

3 3
om? = 2 Ay — —g°
82 (yt H 89
Lets consider the largest top contribution. quadratic dependence
The corrected mass parameter is then... (not logarithmic)
2 2 3
m* = m*(A) o3 Vi

16



(ii) naturalness 3.0. renormalization and naturalness

(~100 GeV)? (~100000...... GeV)?
depending on the cut-off

(~100000...... GeV)? + (~100 GeV)?

If m?(A) is a fundamental parameter,

(for instance, if our space-time becomes somehow latticed at very small scale A-Y)

this is unnatural.
naturalness problem
17



3.0. renormalization and naturalness

3

2 A2
- Ui A+ ...
Remark naturalness problem

A? term may be an artifact of cut-off regularization.
For instance, it doesnt exist in dimensional regularization.

(ii) naturalness

, ) , mass
But even if the A“ term is absent, GUT particles
a large correction exists as far as there is right-handed v s
a heavy particles coupled to Higgs.
12
m? = m*(u) + Cxm5 log <—2> + .-+ (for u > mx)
\ mx top
X's coupling s mass Higgs
to Higgs ?

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



3.0. renormalization and naturalness

(ii) naturalness

2 Mmass
m* = m?(n) + Cxm5 log ( ,u2 > oo (for p > mx) GUT particles
Mx
right-handed v s
naturalness problem
top
If we think m(u) at (£ > mx is more Higgs

fundamental than m(u) at weak scale (,
(For instance, in QCD, myq at (>Aqcp seems more fundamental than the pion masses.....)

this is unnatural.

19



(ii) naturalness 3.0. renormalization and naturalness

Mass

2
m* = m?(n) + Cxm5 log ( 'LLQ > oo (for p > mx) GUT particles
™m
< right-handed v s
naturalness problem
solutions
e Dont mind. top
There is no problem in experimental observables. Higas
(Dont listen too much to theorists...... &.) 39

e Landscape + anthropic principle
We live in a fine-tuned vacuum because otherwise we cannot live.

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

e cancellation among loop corrections

53w SUSY

e |ittle HiggS (top correction canceled.)

20



PLAN

3.0. renormalization and naturalness

(i) renormalization

(ii) 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

21
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(i) renormalization

(ii) naturalness

§3. SUSY:
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3.5. SUSY after Hiqqgs discover




3. Supersymmetry

Fermion <-> Boson

Standard Model spin

quark q 1/2 <-> 0 squark a

Ve S d

lepton  / 1/2 <-> 0 slepton ¢
Higgs H 0 <-> 1/2 higgsino /}VL
gauge bosons 1 <->1/2 gaugino

Y, 4, W, g B, W.q
MSSM (minimal SUSY Standard Model) 23



PLAN

3.0. renormalization and 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

24



3. Supersymmetry

& 3.1. motivations

(i) naturalness of Higgs boson mass
(ii) coupling unification

(iii) = -+ -

25



3. Supersymmetry

& 3.1. motivations

(i) naturalness of Higgs boson mass

2 In terms of cut-off reqularization,

/ﬁne-’runing problem — solved by the supersymmeftry !

m3, = mé,o + A2 (A > mpy)

S --O-_

(fine tuning like 1.0000000000000001 - 1)

N

For instance,...

2 2 2 2
2 In terms of dim. reg. + heavy particle X, Yt A - Yt A
O m?(p) ~ (mx [scalar]? - mx [fermions]?) log (it /mx)



3. Supersymmetry

& 3.1. motivation

(ii) coupling unification
2 gauge field kinetic term of GUT (su(s))

1

1
(FWFW — —QFWF’“’ by field redefinition A, — _Au>
g g

1 24
LS e
dour a=1

1 a aur 1 a aur 1 14
— ?GWG HY 4 g_2WWW HY 4 9—23WB”“ + (X,Y gauge bosons)
3 2 1

— ¢1=¢2 = g3 = ggur @ p = unification scale

(= the scale where GUT is broken

2 running gauge coupling
. = ——0; 1-1




3. Supersymmetry

& 3.1. motivation

(ii) coupling unification
2 running gauge coupling

R.G.eq

dlog 1

INPUT o;(my)

~ (.118

28



3. Supersymmetry

& 3.1. motivation

(ii) coupling unification
2 running gauge coupling

d 1
—1
R.G.eq a, = ——1b (1-loop)
dlog 1 2T
Standard Model Standard Model + SUSY
60 ' ] N 1 ' 1 ' 1 N | N ] N ] N | ] 60: ' || N 1 ' 1 ' 1 N | N 1 N ] N |
U)o
50f
40} N
E SU(2) .-
o 30; ’—L“““‘———T.,;'_,_______ B
P—
202— -/“/-'
1();_SU(3)
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

§3. SUSY: [done

3.1. moftivations

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

30



3. Supersymmetry
§ 3.2. SUSY

(i) simplest model (in 4-dim)

O Y

complex 2-component
scalar Weyl fermion

L =0,0"0"¢+iptara,y  free

massless

notataion

Yiahd, g = z/)(‘; (aH)*° O, (sum is taken as 4* and )

=, o= o) o= () 7) ("))

9ur = diag(1,-1,-1,-1)

P = Caﬂ?/)ﬂ, Q/)CT; - edsz/)m, €?=—e'=en=—€2=1, " =¢€;=0

31



(i) simplest model (in 4-dim) & 3.2. SUSY
L=0,0"0"¢+ i a0,
What kind of symmetry does it have ?

example: U(1) symmetry (scalar sector)

¢ — €'
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 "



(i) simplest model (in 4-dim) & 3.2. SUSY
L=0,0"0"¢+ i a0,

What kind of symmetry does it have ?
SUSY transformation

33



(i) simplest model (in 4-dim) & 3.2. SUSY
L=0,0"0"¢+ i a0,

What kind of symmetry does it have ?
SUSY transformation

--------
............
.
.
Py
.
.

b _ oy X ¢ SUSY transformation parameter.
¢ X .Qﬂa e 2-component
0 o — —1 ot T a@ e anti-commuting (fermionic)
X L g
Then,...
0L = 6 (0ud"0"¢) + 6 (915" 8,1))

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

= (

34



(ii) interaction

s
Line = —y - S8t <
¢1 lllllll

V3

§ 3.2. SUSY

35



(ii) interaction & 3.2. SUSY

(0
[/int — Y- ¢1¢2¢3 <
¢1 lllllll

V3

"supersymmetrize”

Lint = — Y - 0190293 — Y : O : O3 ° With all these terms,
o 2 2 2\ it is invariant under
Y- G20sv yI"1os]"lon SUSY transformation.

— Y P3P1P2 — [yI*|o1]%] P2’
V3 \ Dzee, ¥ o5 o P8

Y
P2 .< b3 I U1 .“.y““. all the same
by <¢2 ng““a 0.00% ¢2c:oupllng

36



(ii) interaction & 3.2. SUSY

(0
[/int — Y- ¢1¢2¢3 <
¢1 lllllll

V3

"supersymmetrize”

Lint = — Y - 0190293 — Y : O : O3 : With all these terms,
— Y - othgaly |y 2 b3 2 b1 2 it iIs invariant undgr
, , , SUSY transformation.
— Y - 3119 — Y7 |P1]7 | @2

N _J
/VL‘ W) oW |

— i — |—
0D; 00 ; 0);

superpoi'eni'ial superfield: contains boson-fermion pair 37




(iii) mass term

W = Mo, P,
O2W oW |?
— L = i W
96,00, T | 9,

= —Mip1hg — |M|?|¢1|*> — | M|?|h2|?

)

fermion mass = boson mass

§ 3.2. SUSY

38



(iv) gauge sector & 3.2. SUSY

2,
gauge

interactions
* "supersymmetrize”
//¢
+ fi‘ﬁ + g + /><§z2
A S

v 9
gaugino
(= fermionic partner With all these terms, the Lagrangian is

of gauge boson) invariant under SUSY transformation. 39



¢ (scalar) <——> U (fermion)

A, (gauge) <——> A(fermion)

They have the same masses,
and the same couplings.

§ 3.2. SUSY

40



PLAN

3.0. renormalization and naturalness

§3. SUSY: tdone

3.1. moftivations
3.2. supersymmetr

3.3. MSSM (minimal SUSY Standard Model)

3.4. MSSM Lagrangian
3.5. SUSY after Higgs discovery

41



§ 3.3. MSSM

Standard Model spin

quark  ( 1/2 <-> 0 squark a

Ve S d

lepton  / 1/2 <=> 0 slepton p
Higgs H 0 <-> 1/2 higgsino /}VL
gauge bosons 1 <->1/2 gaugino

v, 4, W, g B, W.q
MSSM (minimal SUSY Standard Model)

42



§ 3.3. MSSM

More precisely...........

Standard Model spin

quark  ( 1/2 <-> 0 squark a

Ve S d

lepton  / 1/2 <-> 0 slepton ¢

Higgs >&< 0 <-> 1/2 higgsino /}VL

gauge bosons 1 <-> 1/2 gaugino

v, 4, W, g B, W.q
MSSM (minimal SUSY Standard Model)

43



§ 3.3. MSSM

More precisely...........

spin
quark  ( 1/2 <-> 0 squark @

Ve S d

lepton  / 1/2 <-> 0 slepton ¢
Higgs /1, H,; 0 <->1/2 higgsino /}VL

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

MSSM (minimal SUSY Standard Model)

44



§ 3.3. MSSM i spin )

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

Higgs ff,. H,; 0 <->1/2 higgsino g

comment 1: Why 2 Higgs ? Wy R

\— MSSM (minimal SUSY Standard Model) —/

reason 1. Yukawa coupling.

LM = —y, H*uQ — yaHdQ

\Conjugate

but in SUSY,
W = yH><+ ya HQd"
W (¢) must be a function of ¢, not , ¢"

W =y, H,Qu" + ysH Qd°

_

2 Higgs 45



§ 3.3. MSSM f spin h

quark (G 1/2 <-> 0 squark E]v
lepton  / 1/2 <-> 0 slepton Z
Higgs ff,. H,; 0 <->1/2 higgsino E

o ? ? gauge bosons 1 <> 1/2 gaugino
comment 1: Why 2 Higgs AT A
\— MSSM (minimal SUSY Standard Model) —/

reason 2. Anomaly

~

1 Higgs: H <= h=(1,2);/2 gauge anomaly

2 Higgs: H, <— iL\; = (1, 2)1/2 anomaly

H; <~ ;l; = (1,2)_1/2 cancellation

46



§ 3.3. MSSM i spin )

quark ¢ 1/2 <-> 0 squark a
lepton  / 1/2 <-> 0 slepton Z
Higgs F/,,, H; 0 <->1/2 higgsino g
gauge bosons 1 <-> 1/2 gaugino

Y, 24, W, g B,W.§
\— MSSM (minimal SUSY Standard Model) —/

comment 2:
mass eigenstates

neutral fermions k9,19, B,W” = X7,54 neutralinos

charged fermions hy, h; , W+ =— X12 charginos

47



§ 3.3. MSSM

spin
quark q 1/2 <-> 0 squark a

Ve S d

lepton  / 1/2 <-> 0 slepton ¢
Higgs /1, H,; 0 <->1/2 higgsino /}VL

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

MSSM (minimal SUSY Standard Model)

48



§ 3.3. MSSM

More precisely,...

(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

§3. SUSY:

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

3.4. MSSM Laqgrangian

3.5. SUSY after Higgs discovery
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& 3.4. MSSM Lagrangian

Lyvssm = LsM—susy + Lsoft SUSY

51



& 3.4. MSSM Lagrangian
Lyvssm = LsM—susy + Lsoft susy

/

(1) Lsm_sUSsY

— »C’from superpotential + Lfrom gauge Interactions

BT e
o A s

no new free parameter

compared to SM. -



& 3.4. MSSM Lagrangian
Lyvssm = LsM—susy + Lsoft susy

/

(1) Lsm_sUSsY

— »Cfrom superpotential + Lfrom gauge Interactions

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

corresponding to SM Yukawa - term

53



& 3.4. MSSM Lagrangian

Wassm = (Yu)ij Hu Qi + (Ya)ij HaQid5 + (ye)ij HaQief + pH Hg
S EEEEE—=——E—————.-ee

corresponding to SM Yukawa “p-term”

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

WRpv = 5){”’“@@-62 + NYPLQ;df, + piLiHy, + 5)\"%“%5‘52
N——— ———
L-violating B-violating

But they mediate a very rapid proton decay!

d =+

_|_
/1% / e 6 exp. bound (super-K)
112 112 + 0 1 1034
p S —— T(p = eTm) > 1.3 x 10°*years
U SR TANEN T,

2
U / 7 —29
—S AT LA < 10 ( )
U '” ‘ 11k 11]€|N 1Te‘7

54



& 3.4. MSSM Lagrangian

Wassm = (Yu)ij Hu Qi + (Ya)ij HaQid5 + (ye)ij HaQief + pH Hg
—————————————————— — N’
corresponding to SM Yukawa “p-term”

/

WRpV — 5 - 11779 o /ZJkLZQ d '
e

L-violating

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

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

rapid proton decay
is forbidden.

55



& 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) ]

—_— MLSP
Me — }( LSP cannot decay!!

56



& 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 : ;E’, xf:, g

gravitino: G

57



& 3.4. MSSM Lagrangian

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

—> Lightest SUSY Particle (LSP) becomes stable.

—> Dark Matter candidate!

~

gauginos and higgssinos : x,, x v/ g

gravitino :

By

neutral and color-singlet

58



& 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

59



& 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):
¢ neutralino
e gravitino

60



& 3.4. MSSM Lagrangian

Lyvssm = LsM—susy + Lsoft SUSY

(11) »Csoft SIRY

Supersymmetry must be
a (spontaneously) broken symmetry

electron se n ar
511 keV <> e
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& 3.4. MSSM Lagrangian

Lyvssm = LsM—susy + Lsoft SUSY

oo /
(ii) SUSY

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

top quark stop-.
Omys~ U
hard &
breaking 7top # Ystop, —> O Mu®~ (Ystop® - Yrop) A =
fit 2 : 2 =
>0 ~ Miop # Mstop, —> 0 my® ~ (ms’fOP - Mtop ) lOgA -
breaking
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& 3.4. MSSM Lagrangian

Lyvssm = LsM—susy + Lsoft SUSY

PP /
(ii) SUSY

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

L .
Lup™ = =5 (Msgg+ MeWW + MiBB + c.c.) 9AUGINO MaAsses

— (ﬁau @Hu — dag @Hd — €ae ZHd C.C. ) éx;ren];mges )
=T 2§T

—QTmQQ L'm?L -uam2% ok gmzd —em3
— mHuH,;Hu — deHde — (bHqu + C.C.) ‘

Higgs soft terms

squark and slepton masses
(3x3 matrices.) 63



& 3.4. MSSM Lagrangian
Lyvssm = LsM—susy + Lsoft susy

PR

MSSM

o0 B B o N
(11) ESOft M Fsolt - 2(M3gg+M2WW+MlBB—I-C.C.)

— (ﬁau @Hu — iad QHd — Cae sz + c.c.)

~ ~ ~ ~ . . ~ ~7 - ~
_QTm%Q_LTm%L_ﬁnﬁﬂf—dm%d —em ET

u

—miy, HyHy, — mi; HiHg — (bH Hg + c.c.).

o|N

This part contains a variety of

interesting SUSY phenomenologies......

)
2 SUSY particle masses, AR -8 ;‘"‘f Aoy
2 Higgs sector (tree level mass, loop corrections...), W B\ e \

2 Flavor Changing Neutral Current (FCNC) and CP-violation, p= — ey

2 SUSY breaking mechanism and its mediations, model-building, _
(Gravity mediation, Gauge mediation, Anomaly mediation,......) various B-decays
2 Collider physics, il i

2 Dark Matter L\
...

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

collider signals--: 64



PLAN

3.0. renormalization and 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
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125 GeV Higgs

V(H) = —m*(H'H) + \g(H"H)?

H

V(l i) 03
02
0.1F
\\\\\\\\\\\ i Il Il Il Il ‘ Il Il Il Il Il Il
-1\0 -0.5 L 0.5 0
0.1
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125 GeV Higgs
V(H) = —m*(H'H) + \g(H"H)?

2 knew--q
_ M We?Z ~ (174 GeV)?
2 )\H 2\/§ GF Fermi constant

Gp~1.17 x 107°GeV 2

(H)?

Now we also know

MPiges = 2% =~ (125 GeV)?

\\ V(H).. /
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125 GeV Higgs

V(H) = —m*(H'H) + \g(H"H)?
2 oW--
(H)? = QW)L\H weiﬂQ\/;GF ~ (174 GeV)?
- Now we also know
Mg = 2m* ~ (125 GeV)?
\ :z / L
WWWWWWWWWW SN
mI%Iiggs
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125 GeV Hiqgs
V(H) = —m*(H'H) + \g(H"H)?
(89 GeV)* 0.13

completely determined !

O.3i 2
\\ / m? = 188 (89 GeV)?
\\\\\\\\\\\ '%
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125 GeV Higgs
V(H) = —m*(H'H) + \g(H"H)?
(89 GeV)? 0.13

r . .
It seems... Higgs sector is

alsodescribed by weakly
coupled, perturbative QFT.

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

Higgs

/
_—

This is compatible with....

2> GUT and coupling unification
in perturbative QFT. « s2

P> heavy right-handed neutrinos
(Seesaw + Leptogenesis) - 2

P> Supersymmetry < §3 ‘
)

R




Supersymmetry

boson < fermion

2> naturalness

—Supersymmetry (SUSY)

quarks q

leptons £

gauge bosons A4, 1

Higgs bosons H 0

o= N

i

spin

Standard Model

0 squarks g

0 sleptons ]

gauginos A

higgsinos h

D= N =

/ﬁne-’runing problem : — solved by the supersymmetry ! A
m3 = my, + A® (A > mpy) m? = mi, + ( A2 — A?)
(fine tuning like 1.0000000000000001 - 1) Fengni}on boson )
® ° ® :E-Uml | without SUSY
2 coupling unification 1.
Grand Unified Theory = - with SUSY
% Dark Matter - Lightest SUSY particle 7



OK, then,....
Whats the implications of

125 GeV Higgs for
Supersymmetry (SUSY) 22
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125 GeV Higgs and SUSY
—m?*(H"H) + \y(H"H)?

V(H) =

n sU SY...

(89 GeV)?

parameters
in Standard Model
(known)

ree loo
= A}i/\ + ON 5P

0.13

~
g? cos? 283

8 cos? Oy

~

~ 0.069 cos?® 28

/j' Y00 sma\\..-j
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V(H)

125 GeV Higgs and SUSY
= —m*(H'H) 4+ \uy(HTH)?

(89 GeV)?

n SUSY...

0.13

ree loo
=\ H, T ON5 P

~
g 2 cos? 20

8 cos? Oy

N
~ 0.069 cos? 2/3

A

3
yt 10
1672 m?

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

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

L\
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125 GeV Higgs and SUSY

V(H) =

—m?*(H"H) + \y(H"H)?

in SUS Yo
155 1 [ ] 1 1 ' I 1 ] L 1 l |
: - = &lo op O(cxl Y, FeynHiggs 2.10.0 -
150 — 3loop ful A,=0,tanf = 10 —

145 |-

125}

115 L | L

0.13

ree loo
=\ H, T ON P

1404.0186 Hahn et.al.

g 2 2 2 ) A
9" 05”25 _ 0,069 cos? 2/3
8 cos? Oy

3
yt 10
1672 m?

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

for large tan 8. (a ~ Ay / Mstop )
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125 GeV Higgs and SUSY
V(H) = —m*(H'H) + \g(H"H)?

(89 GeV)? 0.13
n the other han )\trj\e e 5}\1130p
—mZ e [uf? 4 0 4 2 oo ~

g 2 cos? 283
8 cos? Oy

3
yt 10
1672 m?

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

~ 0.069 cos? 2/3

1
o\ et

Higgsino mass

soft mass for
up-type Higgs

..requires heavy stop
_and/or large A-term
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125 GeV Higgs and SUSY
V(H) = —m*(H'H) + \g(H"H)?

) (89 GeV)? 0.13

an

-n the other )\trj\e + 6 )\BOP
B

g? cos? 283
8 cos? Oy

mt

for large tan 8. (o =~ 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

o




125 GeV Higgs and SUSY

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

What does it imply ??

1. No SUSY ? Y 4 ? 2
2. (Its anyway fine-tuned, then....) ‘ ? ?

Very heavy SUSY ? (10-100 TeV, or even hlgher .)

3. (still..... ? :
°

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

2 What happens to

neufralino Dark Matter after Higgs discovery?

79



125 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 B8 |sign(u) || |ul |sign(Bu)y/|Byl

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

"Stau coannihilation”

Low energy spectrum
- n
A

gluino Loe===-- - A\ A\ -
squark S omg | mg m;, ‘r(zﬁ /mXmef;Kmh ma {th 1“ os1 [pb] A, | Ag

stop - :
\1990 1950 988’,389 NiSﬁ 736 @A 1580 0.103J,2.21 x 10711 |1 1400 | 160
(wifhin 13-14 TeV J --------- *~-’correct

. : ! \fine—‘runing
LHC reach neutralino DM Higgs DM density <01% 80




125 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”

pure Higssino limit Mo | My | Ao | tanp [siga()|| Wl | /B
13927.9 | 5700. | 6837.31 | 51.1892 1 1170.51 | 96009.4
gluino _______ — Low energ spectrurilt_~l
squark {'my | mg | mi’s ms mmxf mm,, Qh2“| os1 [pb] A, |Aq
STOP ‘\11700 16900 11990 10200 kQQOVQQI k128 V3910 {0.0901,‘ 1.45 x 10719 {[ 12000 | 34
utside the J et ’ . ‘ ~—':cor'r'ec’f \fine—’runing
13 TeV LHC reach neutralino DM Higgs DM density <0.01%




125 GeV Higgs and SUSY

2 What happens to

coupling unification after Higgs discovery?

82



2 No problem.

125 GeV Higgs and SUSY

2 What happens to
coupling unification after Higgs discovery?

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

10° 10® 10" 102 10"

Scale (GeV)

e Zoom

A 1
106

Scale (GeV)

High-scale SUSY
Mg = 10* TeV
;\[2 = 3 TeV
Mz /My =9

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

[talk given by N.Nagata at YITP workshop 2013

Hisano,Kuwahara,Nagata’l3, HisanoKobayashi,Kuwahara,Nagata'l3]
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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 ?

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

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

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

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

Very heavy SUSY |- @

_ tree loop
0.07cos? 2B  ~log(m?

stop

Ibe, Matsumoto, L.Hall, Y.Nomura, N.Arkani-Hamed,
Yanagida,'12 S.Shirai ‘12 “I'A.Gupta, D.E.Kaplan,
[ — s [0 Gev] | , i ".,‘.Weiner, T.Zorawski, 12

tan 3
sin 283

Mgysy/TeV

10° 10° 0 0 100 100 @
M..(GoV) 5



125 GeV Higgs and SUSY

(Its anyway fine-tuned, then....) s 10 TeV squaks and sleptons
Very heavy SUSY
e consistent with 125 GeV Higgs ,
: " ~ TeV gauginos
e No cosmological gravitino problem
e Coupling Umﬁ.caflon is OK 195 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,Villadoro12
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....
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125 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

125 GeV

(>> LHC I”QClCh) (Hisano,Matsumoto,Nagai,Saito,Senami‘07)

2 if non-thermal, it can be lighter.

2 indirect DM signal expected '

Annihilation cross section (cm3/s)

24|
gamma ol 7 gamma 10 (rescaled to Burket)
continuum - ST line A 107% |
1023 S -0
5 VIO NFW[13HESS] |
| 10-27}
1024 a A x X A
= 1000 1500 2000 2500 3000
1@CeV | .1.(.}§‘GeV ‘VWno mass wino mass

[Fermi-LAT:1310.0828 ( Translated by K.Ichikawa )]

[Figure by S.Matsumoto]

squaks and sleptons

gauginos

one tuned Hiaas

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

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

> 10 TeV
Very heavy SUSY
~ TeV
o
Flavor Physics
i 125 GeV
can probe it !
Heavy gaugino
e t”[“Aj Vl‘i.‘l
10
Excluded (2-0)
' 1 S § b d d
) | R e
tg AG 12 E\
\\' _)_k “““ X —:;--)—P—
'1 d d 5 S
1000

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

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

> 10 TeV
Very heavy SUSY
. ~ TeV
Flavor Physics
can probe it ! 15 Ge
S
Fory o

j mj ['l'(‘\"]

Moroi, Nagai, ‘13

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

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

> 10 TeV
~ TeV
Flavor Physics
can probe it ! 125 GeV
P .
Heavy gaug
4 i
1¢ Brj Br( R 3 = 50
107" 1011“1“ ) Aj 2= 0.1
1
1079 f
s B AN SN N MEG 013 resul) 1 §>
1079 . .,
S T R A N N MEG (parade) . ____ 1 Bor¥ (S |
T (P! S N N Mu2e _____________ ety
1073 T COMET o o RN
1 2 Y N N, / \
. 1079 \
10 1 / \
) 107" oy LAAAAAAAS
10 S PRISM o NN : ,
10 W x°or X e
! 0 10 1(.)0 1000

m; [TeV]

Moroi, Nagai, ‘13

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

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

> 10 TeV
Very heavy SUSY
~ TeV
([
Flavor Physics
- 125 GeV
can probe it !
Heavy gaug
4 - |
10 Br(}
107" tan 3 .,',1.»)
| e (s ) f
10° o ] g)v
y -4 | For v (S '
[ S e .. Curent Bound (Wih ThO) R
107} 1 // \
1079 / \
107 1 / \
1079 L /\V/\V/\V/\VAV/\V/\V\
X
’ 10" r J \t T x%or X e*
1
1o 100 1000 Moroi, Nagai, ‘13
h mj [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 ?

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...)
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A Who supports low scale (< TeV) SUSY?

> ‘(super—) split SUSY
N ——
A 4 )
——— squarks
PeV SUSY
slep’rons
| C*%LHC D
TeV
Tevatron
100 GeV
' ZNE
coupling

unification g,.-2 WIMP DM  (little) hierarchy 93




one more motivation for TeV scale SUSY...

a,*" —a" =(26.11+8.0)-107"

muon g-2 > 30 deviation !

94



one more motivation for TeV scale SUSY...

LIFE OF A MUON:
THE g-2 EXPERIMENT

by the maomt:‘ﬁdd the eloctron, (plus neutrinos. )

from E821 muon g-2 Home Page
élﬂ’ (e
z 32233 pis
gio %
éms 233-467 s
Z104
I
z 10 NMVMVVM\NWWWWVWW 467-700 s
| o LU
10 (’WWVWWW
0 50 100 150 200
Time [ps]

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

from hep-ph/0102017

Standard Model Prediction

Exp (E821)

116 592 089 (63) [10-"]

QED (a?, Rb)

116 584 718951 (0.080) ’}"M"’IE

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

(leading) | [pHMZ) 6923 (42) 59 : "Q
Hadronic (o higher) -98.4 (0.7) g

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

from Talk by M.Endo
@Hokkaido Winter School 2013
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one more motivation for TeV scale SUSY...

—a;" =(26.1+8.0)-107"

> 30 deviation !

11111 I'TIT]1 TI\]] T‘TIIII T[“lT Txll'l.l'l]
! .
. ' ' ' .
' .

: : , HMNT (06 C——
[Hagiwara, Liao, Martin, Nomura, Teubner, o) E
: ) JN (09) i
arXiv: 1105.3149. See also references therein!] S
Davier et al, T (10) *—ﬂ—*
Davier et al, e'e” (10) '—l—*
JS (11) i
HLMNT (11) j H_‘
= SXDOIENGIL =========r"rsscsssscacsass ceenees - -----
| I
New experiments also planned. BNL (new fromshiftin) | | | | et

TR PRTTY PPETY PYUTY FTUTE PR rewws pewwa o 0
170 180 190 200 210

a, x 10" - 11659000

FermiLab Muon g-2 J-PARC g-2/EDM 96



one more motivation for TeV scale SUSY...

EXP — aﬁM = (26.1 T 8.0) 10710

> 30 deviation !

...can be explained by SUSY.

chargino
) "N neutralino ... if smuon and
e /-x—\@‘y chargino/neutralino
‘ l / \ are O(100 GeV).
IR B m,) 97




125 GeV Higgs + SUSY + g,-2

/ \

heavy stop

light smuon/ inos

difficult to reconcile in typical models
(MSUGRA/GMSB/AMSB/NMSSM (small tanB) ...)

800 F
Example in CMSSM/mSUGRA: 700 |
Higgs mass is maximized by A-term, = w00 |
. N S 600 |
while b -> sy constraint is satisfied. —
(Figure thanks to Motoi Endo.) § 500 }
[ See M.Endo, KH, S.Iwamoto, -
K.Nakayama, N.Yokozaki ‘11 ] 400 |

300 t

R

200 1000 1500

mo |[GeV]

200
98



125 GeV Higgs + SUSY + g,-2

/ \

heavy stop light smuon/ inos
difficult to reconcile in typical models
(MSUGRA/GMSB/AMSB/NMSSM (small tanB) ...)

2 GPPrOaC hes [from here, I'd like to introduce our works...]

(1) model building R

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
exira gauge

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

M.Endo, KH, S.Iwamoto, T.Yoshinaga, arXiv:1303.4256 LHC acuum
V
M.Endo, KH, T.Kitahara, T.Yoshinaga, arXiv:1309.3065 LHC/ILC+flavor+
M.Endo, KH, S.Iwamoto, T.Kitahara, T.Moroi, arXiv:1310.4496 ILC 99



125 GeV Higgs + SUSY + g,-2

"g-2 motivated” MSSM

mq >> mg, m :i:, ijO,
v ~
>> 1 TeV = O(100 GeV)
to explain to explain muon g-2
Higgs mass

Can we test it ??

100



muon g-2 vs LHC in SUSY

o0
S
-

---------------

~J
S
-

D
S
=

slepton mass mw [GeV]

100 - "00
WIno mass M [GeV]

M.Endo, KH, S.Iwamoto, T.Yoshinaga [arXiv:1303.4256]
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slepton mass mw [GeV]

muon g-2 vs LHC in SUSY

o0
S
-

~]
S
-

D
S
=

500

NN
S
=

)
-
-

200

100

'''''''''''''''''

lllllll

100 " " 1 1

600

700
WIno mass M [GeV]

"8 TeV LHC

(Qﬁk“/ ec()\l\
Hm7 06@ o
7 > N o
<O .

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

‘4
-
‘d
4

PR
-
-
-
-
-
- "
-
-
-
PR
-

3-lepton search.

* ATLAS 13fb-'@8TeV

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

M.Endo, KH, S.Iwamoto, T.Yoshinaga [arXiv:1303.4256]
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muon g-2 vs LHC in SUSY

o0
S
-

~J
S
-

D
S
=

500

New signals like

may cover
this region at 13714 TeV !

slepton mass mw [GeV]

100 2 o000
WINno mass M [GeV]

M.Endo, KH, S.Iwamoto, T.Yoshinaga [arXiv:1303.4256]
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muon g-2 vs LHC in SUSY

t—

my, [GeV|

Wy T e g FTT
- T -

™G

| ﬁr LHC started excluc.:\e ‘
9-2 motivated regions -

b3 ~ = 2
S S S S s
T T 3
. 3._..-. -

o0
M, [G

(b)-ll=én'12, mR=.3Tev ° 13-14 Tev LHC W“‘

my, |Ge
my, |GeV|

o 1f discovered af LHC,
__s further test may be

possible at ILC

M; [GeV] Ms [GeV]
(¢) p= My/2, mg = 3TeV

(d) p = 2TeV, mg = 1.5my,

M.Endo, KH, S.Iwamoto, T.Yoshinaga [arXiv:13
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125 GeV Higgs + SUSY + g,-2

/ \

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

(mSUGRA/GMSB/AMSB/NMSSM (small tanp) )
2 dppf’OdCheS [from here, 1'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

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

(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/ ILCJ'HGVOH*
105

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



muon g-2 vs ILC

Can we reconstruct the SUSY
contributions to 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

mz1  Mz2

m

Values

126 200

108 210

chargino

<<

2 sinf; sinf; ay "
90 0.027 0.36 | 2.6 x 107*
neutralino
I.ln/’_x_‘fz.d\\\r\: )
/ \ this one
/ \
MR B HI dom|na.l.es
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muon g-2 vs ILC

neutralino
4 )
R fiL ‘\‘\H\‘\'
-
/ 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 a,(,l
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 my, analyses of the productions of selectrons and smuons are combined.

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

LC)

, and their uncertainties with

X 0X dx a‘(‘n,(:) Process

AT 12% 13% ete” = 717~ (cross section, endpoint)
(sin20;) (9%) - ete = 77 (cross section)

(ms2) (3%) — ete™ = 7 7y (endpoint)

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

m‘i"*’ 100MeV  <0.1% ete” = 't~ /été”  (endpoint)

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

”f"’g) 1 % 0.9 % ete” — éxég (cross section)
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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 m3; ,. For the
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” = 7 7y endpoint

200 MeV
100MeV  <0.1% ete” = ptip—/ete
g1 1 afew+1% a few+1 ete™ — é;ép
9R 1% 0.9 % ete~ — éhér,

endpoint)
endpoint)

cross section)

s, g W — —

cross section)
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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
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.

The uncertainties in g{'jjf’ 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)
(ms2) (3%) — ete™ = 7 7y (endpoint)
mu1, Mz 200MeV  0.3% ete” - ot (endpoint)
Mo 100MeV  <0.1% ete” = 't~ /été”  (endpoint)

y afew+1% a few+1 (cross section)

1 % 0.9% (cross section)
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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 also 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 S'l'rqued
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)
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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)
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m o ILC
l'able 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
The uncertainties in g\

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

are those from the experiment and th

X 0.X Syal " Process

MiLR 12 % 13% ete” = 7T (cross section, enf\writh \/E = 500GeV, L ~ 500{'[)—1
(sin20;) (9%) -~ ete = 77y (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)

g‘f‘” 1% 0.9 % ete~ — €Réx (cross section)
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125 GeV Higgs and sUsY: SUMMARY

2 Higgs mass 125 GeV has a significant impact on SUSY.
2 at least a “little fine-tuning” seems unavoidable.

2 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 tested at 13-14 TeV LHC ! (and ILC 1) 113



