20225-03-01 SUSY informal lecture, Koichi Hamaguchi
@The 4th International lwate Collider School (ICS2025)
lwate, Feb.24-Mar.1, 2025.

Puzzles in the Standard Model

= Hints of Physics beyond the Standard Model Grand
° Unified
Various __ —> aX!OnK — \
search ( \ : : \/‘ heory
. Cosmology: Particle Physics R proton
, strong CP _ 7 ',/ T decay?!
'k Energy | complicated
2704 quark/lepton properties.
initial . e LHC
condition of ‘\‘ Higgs - targets
Universe Dark naturalness  —— -
SUSY
Matter > ' u
Anti-matter .-~ 1 tiny neutrino mass ‘J WIMP

A 3

Various

A
A

. search
/ E
Inflation Le , |
ptogene5|s )
/ \baryog ——_, (heavy) Right

Snests \ handed neutrino

N

OvB decay?!

CMB anisotropy,

i — 21
gravitational wave CPVin v-osc ?!
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(i) renormalization G.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 ¢ 4 theory.

Ay

L = %(@L@z — %m2¢2 ~ 1 pl\\\\ //,/p3
The tree level amplitude is
M =X+ 0O(\?) P2 P4
The differential cross section is
do = 16%%% .|_/\/l|2’ s=(p1+p2)2
A2+ 0O(A\3)

By measuring scattering cross section at e.g., s = sy, we can fix A.
3



(i) renormalization G.0. renormalization and naturalness

4 ) r N
Theory experiment

S = 851 y
L= %(@Lﬁb)z N %mz(f - %¢4 /
arameter g . )
P ’ —— experiment

\/ —
4 ) )
experiment experiment
S = S0 S — S3




(i) renormalization G.0. renormalization and naturalness

Now lets see the next order in perturbation theory.

H“\ // _H\\ //
~ ~ Sy >
N s N s
. P3 . P4
A A
1 3 2 N
Y, \ / \
! \ \
/
N - >

> o
W
Ve o // x
7 i -7 N
P2, Lol D4

. . s P
The amplitude is

M= apaz. 2[4k ! !

2 (27T)4 k2—m2—|—i€ (k+p1—|—p2)2—m2—|—ze+ ( )+(S% ,’U,)

Now the integral diverges!

M ~ /ood4 / —~10g( )

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

. . 0 A
and cut .oFF jrhe momentum integration. / RV / Ik
(regularization)



(i) renormalization G.0. renormalization and naturalness

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

M= —-\+C)\° {log <A2> + log (A;) + log (A—Q)} + O(N?)

S u

C =1/32n2

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

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

No problem. We can still compare between experiments.
)

Theory
1 1 A
L= 5(%@2 - §m2€b2 - E¢4

/\ _

.

-

experiment
S — 51

~N

J

-

experiment
S — S§9

~N




(i) renormalization

G.0. renormalization and naturalness

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

A2

S

M= —-\+CN {log<

oo

A2

)

A2

u

)} + O(X°)

C =1/32n2

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

Is that OK?

No problem. We can still compare between experiments.

log (
log (

exp.1: M(Sl,tl,ul) = A+ CN

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

A2

S1

A2

S92

oo
o

A2

1

A2

2

oo
oo

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

But if we subtract....

Can this theory still make a prediction?

A2

(V5]

A2

(05

)

)

+ O(\%)

+ O(\%)



(i) renormalization G.0. renormalization and naturalness

[ A2 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(N?)
_ 2 2 2 /) |

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

But if we subtract,...

S92 2 U2

M(s2,t2,u2) = M(s1,t1,ur) + CN? llog (8—1) + log (z—l) + log (ﬂ)] + O(N?)

= M(s1,t1,u1) + CM(s1,t1,u1)? [log <3—1> + log (t—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”. 3



(i) renormalization G.0. renormalization and naturalness

M (s, b2, u) = M(s1,t1,u1) + CA? llog (S ) + log (;) + log (ul)] + O

S92 U2

— Mo t1,) + CM(on, tr ) [log (22) 1o (14) + log (22 + O(M (s, 12,00
2

52

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

Recall
M (50,0, ug) = =\ + CA? [log <A2> + log (122) + log <A2>] + O\

This > o

2 2 2
A = —M(sg,to, ug) + CA? llog <A—) + log (/t\ > + log (A )] + O(N?)

S0 0 Uuo

A? A? A?
— _M(807t07u0) + CM(S()athuO) llog ( Nlog (?kk 1Og (U ] + O(M3>
S0 0 0

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

But it depends on ALy _ AMA)




(i) renormalization G.0. renormalization and naturalness

But it depends on A! )\ — )\(A)

No problem. Physics does not depend on A.

The combma’rlon determines the observable.

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

o) = 380 + 0302 o () o (22 4108 ()] 03

S0 0 uo
A2
dM(so,to,u0) —  dA + 6C A2 + 2C )\ 4\ llog (—) + - ] +O(N\?)

0= = —
~ dlog A dlog A dlog A S0

d\
> = 6C\° + O(\?) L, :
dlog A Renormalization Group Equation.

As far as this is satisfied, observables are independent of A. 0



(i) renormalization G.0. renormalization and naturalness

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

There are other regularizations.

Dimensional regularization:

We don't discuss what it is, but the basic idea is the same.

 There is an artificial parameter ¢ with a mass dimension one.
* The combination (1, A(1t)) determines the observable, and the

observables are independent of (.

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

dA ()
dlog u

= 6C\* + O()\%)

11



(i) renormalization G.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 ,

it is better fo use t close to the energy scale of your interest

when you calculate by perturbation theory.

) 5 _
M(s, ) = =A) + ONw)? [log () 4o+ | + O0N)
When 1~ s, this log factor is small

—> better convergence.

e.g., For hard processes at LHC, as (i) with ¢ >> 1 GeV is used.
12
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naturalness

Now lets discuss the naturalness for the Higgs mass paramefter.

V(H) = —m?|H|* + \g|H|*.

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

/ \ quadratic dependence
Q (not logarithmic)

Higgs loop

14



naturalness

Now lets discuss the naturalness for the Higgs mass paramefter.

V(H) = —m?|H|* + \g|H|*.

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

3 3, 3

om? = 2 Ny — — 2 0 ) A2
32 (yt g7 Y
NOTE:
Lets consider the largest top contribution. quadratic dependence

The corrected mass parameter is then... (not logarithmic)

2 2
m-—=1n (A) 87T2yt

15



naturalness

2 A2
/ Q72 Jt A\ i
(~100 GeV)? (~100000...... GeV)?
depending on the cut-off

(~100000...... GeV)2 + (~100 GeV)?

If m*(A) is a fundamental parameter,

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

this is unnatural.
naturalness problem
16



naturalness
3
m* = m*(A) 2ytAQJr x
ST tural bl
narurainess prooiem
Remark P

A2 term may be an artifact of cut-off reqularization.
For instance, it doesnt exist in dimensional regularization.

Mass

But even if the A2 term is absent, GUT particles
a large correction exists as far as there is right-handed ¥ s
a heavy particles coupled to Higgs.

12
m? =m ()—I—C’Xleog< )+ (for > mx)

mx top

\

Xs coupling s mass Higgs

to Higgs
[See e.q., 1303.7244, 1402.2658] 17



naturalness

2 Mass
m? = m?*(u) + Cxm3 log ( ,u2 ) oo (for p>mx) GUT particles
Mx
right-handed v s
naturalness problem
top
If we think m(t) at 1 > mx is more Higgs

fundamental than m(u) at weak scale (,

(For instance, in QCD, myqd at (>Aqcp Sseems more fundamental than the pion masses.....)

this is unnatural.

18



naturalness

2 Mass
m* = m*(p) + Cxm5 log (:LQ ) oo (for p > my) GUT particles
a right-handed V s
naturalness problem
solutions
e Dont mind. top

There is no problem in experimental observables.

nor . | Higgs
(Dont listen too much to theorists...... . )

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
P SUSY
e |ittle HiggS (top correction canceled.)

19
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reference: hep-ph/9709356 by S.P.Martin. 20



G. Supersymmetry

Fermion <-> Boson

Standard Model spin

quark q 1/2 <-> 0 squark a

s

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.3q
MSSM (minimal SUSY Standard Model) 21



PLAN

G.0. naturalness

&§G. SUSY:

G.l. motivations

G.2. supersymmetry

G.3. MSSM (minimal SUSY Standard Model)
G.4. MSSM Lagrangian

G.5. SUSY after Higgs discovery

reference: hep-ph/9709356 by S.P.Martin.

22



G. Supersymmetry

& G.1. motivations

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

(iii) « - -

23



G. Supersymmetry

& G.1. motivations

(i) naturalness of Higgs boson mass

2 In terms of cut-off regularization,

[ﬁne-funing problem — solved by the supersymmetry ! A

m%{ — m%[,o + A2 (A > mpy)

- __Q__

(fine tuning like 1.0000000000000001 - 1) fermion oson
L Y,
e £
. o) uar stob-.
FOI" If'lS'l'ClI"ICG,... PqQ QP
Yt A g,‘;z “““

2 /\ 2 - 2 /\ 2
2 In terms of dim. reg. + heavy particle X, Yt A Yt A
O m2( ) ~ (mx [scalar]2 - mx [fermions]2) log (it /mx)



G. Supersymmetry

& G.1. motivation

(ii) coupling unification

2 gauge field kinetic term of GUT (su(5))

1 1
24 uwv uv o .
1 (FWF — —QFWF by field redefinition A, — Au)
a auv g g
5 g FW/F H
gGUT a=1
1 a apuy 1 a auv 1 UV
= g_ZG,LWG + ?WWW + g_zBWB + (X, Y gauge bosons)
3 2 1

— ¢1 =¢2 = ¢g3 = gour @ u = unification scale

(= the scale where GUT is broken

2 running gauge coupling

R.G.eq a; = —5-b;  (1-loop)




G. Supersymmetry

& G.1. motivation

(ii) coupling unification
2 running gauge coupling

R.G.eq

INPUT o;(my)

~ (0.118

1/128

26



G. Supersymmetry

& G.1. motivation

(ii) coupling unification
2 running gauge coupling

R.G.eq

Standard Model

60 ' I | 1 | | | I ! |

4 6 8 10 12 14 16 18 0
Log, ,(Q/GeV)

dlog,uw

Stan

1
1 _ ——bi
27

(2

(1-loop)

60¢

50}

' I | | | | | |

-
4444

L | 1 | N 1

dard Model + SUSY

= -

4 6 8
Log, ,(Q/GeV)

30 12 14 16 18

27
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G.0. naturalness

§G. SUSY: |done

G.1. motivations

G.2. supersymmeftry
G.3. MSSM (minimal SUSY Standard Model)

G.4. MSSM Lagrangian
G.5. SUSY after Higgs discovery

reference: hep-ph/9709356 by S.P.Martin.

28



G. Supersymmetry
§ G.2. SUSY

(i) simplest model (in 4-dim)

O Y

complex 2-component
scalar Weyl fermion

L=0,0"0"p+ipiaro,y e

massless

notataion

Yioho,p = wl (GH)* O, (sum is taken as 4* and *,)

e N U )

Juv = dl&g(]., _17 _17 _]')
0 = eBg, Yl = e 501, €= —P —e = —en=1, € =€y =0

29



(i) simplest model (in 4-dim) & G.2. SUSY
L =0,6"0"¢+ i 58,1
What kind of symmetry does it have ?

example: U(1) symmetry (scalar sector)

¢ — €'
00 = 1@

Lagrangian is invariant under this U(1) transformation.
0L =0,(007)0,¢0+ 0,070, (09)

= 0, (—1a¢™)0,¢0 + 0,070, (tcp) =0 20



(i) simplest model (in 4-dim) & G.2. SUSY
L =0,¢"0" ¢+ iy 5r0,0

What kind of symmetry does it have ?
SUSY transformation

31



(i) simplest model (in 4-dim) & G.2. SUSY
L =0,¢"0" ¢+ iy 5r0,0

What kind of symmetry does it have ?
SUSY transformation

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

5 ooy X ¢ SUSY transformation parameter.
¢ X .% e 2-component
0 o — —1 ot T aé) e anti-commuting (fermionic)
X L g
Then,...
0L = 6 (0,60 9) + 6 (915" 01))

= 0,(60*)0" ¢ + 0,0* 0" (6¢) + i(dY"GHO,1h +ipTaHD),(59)
=0, (xX"YT)O P + D" (X)) + . |

= (

32



(ii) interaction

s
Line = —y - S19b0s <
¢1 lllllll

V3

§ G.2. SUSY

33



(ii) interaction & G.2. SUSY

(0
[/int — Y- ¢1¢2¢3 <
¢1 lllllll

V3

"supersymmetrize”

Lint = — Y - 919293 — lyl®|d2l?|0d3]? With all these terms,
o a2 2 2\ it is invariant under
Y- G20sv yI"lesl"lon SUSY transformation.

— Y P3P12 — [y*|o1]*] 2’
V3 \ D300, ¥ 5 o ?s

Y
P2 .< b3 Y Y1 0.}1‘..' all the same
¢1 ....< o* ’0.. coupling

2
() @2 o "t @2

34



(ii) interaction & G.2. SUSY

(0
[/int — Y- ¢1¢2¢3 <
¢1 lllllll

V3

"supersymmetrize”

Lint = — Yy - 919293 — Y ’ O2 : ®3 : With all these terms,
— Y - by — |y 2 b3 2 b1 2 it is invariant undgr
, , , SUSY transformation.
— Y - P3P192 — Y|7| 91| | P2

N __J
/VL. W) oW |

— Vi) — |—
0p; 00 0o;

Supel“pO'l‘en'l'ial superfield: contains boson-fermion pair 35




(iii) mass term

W = Mo, P,
O2W oW |
— L = i Wi
9606,V T | 94,

= —Mip11hg — |M|?|¢1|* — | M|? |2’

)

fermion mass = boson mass

§ G.2. SUSY

36



(iv) gauge sector & G.2. SUSY

2,
gauge

Interactions
* "supersymmetrize”
//¢
+ ﬁﬁ + iq + /><:92
A S

/) 0
gaugino

(= fermionic partner W|1'h Cl“ 'I'hese fermS, "'he Lagr‘angian IS
of gauge boson) invariant under SUSY transformation. 37



¢ (scalar) <——> U (fermion)

A, (gauge) <—> A (fermion)

They have the same masses,
and the same couplings.

§ G.2. SUSY

38
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G.0. naturalness

&G. SUSY:

G.1. motivations

tdone

G.2. supersymmetr .
G.3. MSSM (minimal SUSY Standard Model)

G.4. MSSM Lagrangian
G.5. SUSY after Higgs discovery

reference: hep-ph/9709356 by S.P.Martin.
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& G.3. MSSM

Standard Model spin

quark q 1/2 <-> 0 squark a

s

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

V.24, W, g B, W.gq
MSSM (minimal SUSY Standard Model)

40



& G.3. MSSM

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

Standard Model spin

quark q 1/2 <-> 0 squark a

s

lepton  / 1/2 <-> 0 slepton p

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

gauge bosons 1 <-> 1/2 gaugino

V.24, W, g B, W.gq
MSSM (minimal SUSY Standard Model)

41



& G.3. MSSM

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

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

s

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

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

MSSM (minimal SUSY Standard Model)

42



§ 6.3. MSSM : spin A

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

Higgs FH,, H,; O <->1/2 higgsino F,

comment 1: Why 2 Higgs ? Szwe R

\— MSSM (minimal SUSY Standard Model) —/

reason 1. Yukawa coupling.

LM = —y  H*uQ — y,HdQ

\Conjugate

but in SUSY,
W = yuH><+ yaHQde
W (¢) must be a function of ¢, not , ¢*

W =y, H,,Qu° + ys HaQQd"

_

2 Higgs 43



§ 6.3. MSSM : spin A

quark @ 1/2 <-> 0 squark q
lepton  / 1/2 <=> 0 slepton Z
Higgs H,, H,; 0 <> 1/2 higgsino

.|. 1, 2 e ? gauge bosons 1 <->1/2 gaugino
comment 1: Why 2 Higgs * T g S
\— MSSM (minimal SUSY Standard Model) —/

reason 2. Anomaly

~

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

2 Higgs: H, <— h = (1,2)1/2 anomaly

Hy < hg = (1,2)_1/2 cancellation

44



§ 6.3. MSSM s spin A

quark @ 1/2 <-> 0 squark q
lepton  / 1/2 <=> 0 slepton Z
Higgs FH,, H,; O <->1/2 higgsino F,
gauge bosons 1 <-> 1/2 gaugino

7, Z,W,g B,W,5
\— MSSM (minimal SUSY Standard Model) —/

comment 2:
o mass eigenstates
neutral fermions hg,hg,B,WO — 5(/(1),2,3,4 neutralinos

charged fermions hi, h;, W+ — X12 charginos

45



& G.3. MSSM

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

s

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

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

MSSM (minimal SUSY Standard Model)

46



& G.3. MSSM

More precisely,...

Standard Model spin SUSY partner (SU (3),SU (2))
u u u 1 u [ t
; - ~ ~ ~ 3,2
) /L /L L /L /L /L B
’lfz' Up Cr tRr TiR Cr ER ( 71)—2/3
d; dTR STR b}% dp SR bR (3, 1)1/3
N ~ ~ =
e L T 2 e 1 T
_ T L T L T L ~% L ~% L % L
€i €Rr KR R °R KR R (1,1)
. Hf 1 hif
Higgs (HS) ) 0<+— 5 (52) (1,2)41/2
HY RO
(Hg ) (%) (1,2)-17
d) : d
gauge 0% B 1 <+— 5 B (1,1)
Z WO wo (1,3)o
W W+
g 5 (81 1)0
graviton ez 2 > g gravitino ng

47



PLAN

G.0. naturalness

&§G. SUSY:

G.1. motivations tdone

G.2. supersymmetry
G.3. MSSM (minimal SUSY Standard Mcaodel)

G.4. MSSM Lagrangian

G.5. SUSY after Higgs discovery

reference: hep-ph/9709356 by S.P.Martin.
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& G.4. MSSM Lagrangian

Lavissm = Lsm—susy + Lsoft SUSY

49



& G.4. MSSM Lagrangian
Lavissm = Lsm—susy + Lsoft SUSY

/

(1) Lsm_sUSY

— »Cfrom superpotential + »Cfrom gauge interactions

- R e Rk
e PRI O

no new free parameter
compared to SM.

50



& G.4. MSSM Lagrangian
Lavissm = Lsm—susy + Lsoft SUSY

/

(1) Lsm_sUSY

— L:from superpotential + L:from gauge interactions

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

corresponding to SM Yukawa - term

51



& G.4. MSSM Lagrangian

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

corresponding to SM Yukawa “p-term”

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

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

But they mediate a very rapid proton decay!

q +

/1/;<2 /112 et & exp. bound (super-K)
p > - < (p — eT %) > 1.3 x 10°*years
(v} SR U O mg.

2
T XXl 1072 ( )
U U ‘ 11k 11k‘ ~ 1 TeV

52



& G.4. MSSM Lagrangian

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

/

WRpV — 5 ™ v 179 = /ijkLiQ d, _
- ———

L-violating

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

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

rapid proton decay
is forbidden.

53



& G.4. MSSM Lagrangian

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

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

R-parity + [even” R-parity — (odd)

e 1TV, S P
Me oo % LSP cannot decay!!

54



& G.4. MSSM Lagrangian

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

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

dy, €L

ur UR; 7
squarks : ( = ) > sleptons : ( = ) -
3 dR‘i

;i CERi

gauginos and higgssinos : E’, xii, g

gravitino: G

55



& G.4. MSSM Lagrangian

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

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

squarks : ( : sleptons :
: i

———

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

neutral and color-singlet

gravitino :

56



& G.4. MSSM Lagrangian

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

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

ur ) UR;:

— — sleptons :
dL 3 dR‘i

squarks : (

S —

gauginos and higgssinos : E’, x;t, g

neutral and color-singlet

gravitino :

57



& G.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

58



& G.4. MSSM Lagrangian

Lavissm = Lsm—susy + Lsoft SUSY

/
(11) »Csoft SJJ’S'?

Supersymmetry must be
a (spontaneously) broken symmetry

electron se n ar
511 keV <—> e
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& G.4. MSSM Lagrangian

Lavissm = Lsm—susy + Lsoft SUSY

oo /
(ii) SUSY

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

top quark stop-..

hard
breaking Ytop F VYstop ,

soft
breaking

Miop # Mstop ,
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& G.4. MSSM Lagrangian

Lavissm = Lsm—susy + Lsoft SUSY

oo /
(ii) SUSY

SUSY must broken only by parameters with mass dim. > O.
1 o L .
Lot = 5 (M3§§—I- MZWW+MlBB+C.C.) gaugino masses

— (i Ay éHu — Ead @Hd — Aéae sz C.C.) é;;i‘;mges )

~ ~ ~ - -~ ~ ~f - ~
—Q'm%Q—L'mi L —Tm2T — dm2d —Zm2% 4-—/

—my, HyHy — mi; HjHq — (bHyHy + c.c.) .

Higgs soft ferms squark and slepton masses

(3x3 matrices.) 61



& G.4. MSSM Lagrangian

Lavissm = Lsm—susy + Lsoft SUSY

/v

( ii ) { : £t ? L™ = -3 (Mgg'g' + MoWW + MiBB + c.c.)
SO — (ﬁau QH —iad QHd—gae ZHd—I—C.C.>
=t ~
—QTmQQ LTmLL—umEu —dm d —emie g
This part contains a variety of ¥, HiH, — miy, HHy — (bHuHy +c.c.).
intferesting SUSY phenomenologies...... : N ,
. i u, ¢, t v
> SUSY particle masses, AR @R r\fﬁ s o
2 Higgs sector (tree level mass, loop corrections...), B N e §

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

2> SUSY breaking mechanism and its mediations, model-building,
(Graw’ry mediation, Gauge mediation, Anomaly mediation,......)

> Collider physics,
Dark Matter

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

62

collider signals---



PLAN

G.0. naturalness

&§G. SUSY:

G.1. motivations

G.2. supersymmetry

G.3. MSSM (minimal SUSY Standard Model)
G.4. MSSM Lagrangian

G.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
0.1
\\\\\\\\\\\ i L L L L ‘ L L L L L L
-1\0 -0.5 - 0.5 0
0.1
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125 GeV Higgs
V(H) = —m*(H'H) + \g(H"H)?

2 Kknew--q
_ T WeZ ~ (174 GeV)?
2 >\H 2\/§ GF Fermi constant

Gr~1.17x107°GeV 2

(H)?

Now we also know

Miies = 2m° ~ (125 GeV)?

\ V(H). /
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125 GeV Higgs

V(H) = —m*(H'H) + \g(H"H)?
2 - knew-
(H)? = 2”;H W iﬂz\/;GF ~ (174 GeV)?
% Now we also know
Miies = 2m° ~ (125 GeV)?
\ ::z / e = " (59 Gov)?
WWWWWWWWWW L
mI%Iiggs
M= gy 013
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125 GeV Hiqgs
V(H) = —m*(H'H) + \u(H"H)?
(89 GeV)?  0.13

completely determined !

0.35 2

5 MYiges
\ / m2 = —ggs (89 GreV)2
\\\\\\\\\\\ IR
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125 GeV Higgs
V(H) = —m*(H'H) + \g(H"H)?
(89 GeV)? _0.13

(

It seems... Higgs sector is

alsodescribed by weakly
coupled, perturbative QFT.

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

Higgs

/
—

? GUT and couplil’lg UNiﬁcafion
in perturbative QFT.

2 heavy right-handed neutrinos
(Seesaw + Leptogenesis)

2> Supersymmetry h

T — =



Supersymmetry

boson < fermion

b naturalness

p
fine-tuning problem

mi = mioe + A° (A > mp)

R __O.__

(fine tuning like 1.0000000000000001 - 1)

9 coup lin g un ification
Grand Unified Theory -

—Supersymmetry (SUSY)

quarks q

leptons £

gauge bosons A4,

Higgs bosons H

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

Standard Model

B = B =

squarks @

sleptons £

gauginos A

higgsinos h

— solved by the supersymmetry !

boson

N

60—

u
50F

H

0

30

n

OF

10p35

0.

''''''''''

5::’_'—’—: Wﬂ'hOU"' SU SY

>4 6

8 10 12 14 16 18
Log, (Q/GeV)

b Dark Matter - Lightest SUSY particle

| with SUSY
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OK, then,....
Whats the implications of

125 GeV Higgs for
Supersymmetry (SUSY) ??
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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}IA + AP

0.13

~
g? cos? 213

8 cos? Oy

~

~ 0.069 cos® 20

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

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

n SUSY...

(89 GeV)?

0.13

ree loo
=\ H, T OGP

~
g 2 cos? 20

8 cos? Oy

N
~ 0.069 cos? 2/3

A

Syt 1
og
1672 m?

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

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

L\
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125 GeV Higgs and SUSY

V(H)

(89 GeV)?
in SUSY---
155 B S B B B B B B B
Z — — &loo PO( o) FeynHiggs 2.10.0
150 [~ loop ful A,=0,tanp =10 —

[ = LL+NLL
| =— H3m

145_—

atest 3-100P resu\t

.~ 5 TeV

(for small A-term) ]
j

| I | | | | I 1

5000 10000

M, [GeV]
1404.0186 Hahn et.al.

15000 20000

—m*(H"H) + \y(H"H)?

0.13
)\trj\e ‘|‘5>\Eop

f 5 25 ) A
g° cos 5
~ 0.069 2
8 cos? Oy o8 6
3?/t

mt

for large tan . (a ~ A, / Mstop)

..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)?

i (89 GeV)? 0.13

an

n the other )\trj\e 45 )\EOP
)

~ 0.069 cos? 2/3

Syt 1
og
1672 m?

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

Higgsino mass

soft mass for
up-type Higgs

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

i (89 GeV)? 0.13

an

n the other )\trj\e 45 )\EOP
)

g? cos? 213
8 cos? Oy

mt

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

~ 0.069 cos? 2/3

requires ngh"' S'|'OP and

small A-term
to avoid a fine-tuning.

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

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

3. (still.....) ? :
°

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

Ibe, Matsumoto,

Yanagida,'12

tan 3

L Lt

103
Msysy/TeV

10?

L.Hall, Y.Nomura,

m3; = 4y (H)?

— )\H ~
tree
AH
——
0.07 cos2 273

loo
+ Aloep
v

Nlog (mgtop

S.Shirai ‘12

130 GeV |

=10 TeV

sin 23

N.Arkani-Hamed,

A.Gupta, D.E.Kaplan,
",‘ Weiner, T.Zorawski, 12

169 10‘10 ?‘8

1. A . M.
10° 10° 107 10°
M.(GeV)



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

~ auginos
e No cosmological gravitino problem TeV 99
e Coupling Unification is OK 195 GV one tuned Hiaas
e Dark Matter is also OK
Many many works..... (too many to list all...)

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

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

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

HisanoKuwahara,Nagata'l3,  HisanoKobayashi,Kuwahara,Nagata’l3, etc etc....
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125 GeV Higgs and SUSY

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

Very heavy SUSY

Typical DM = Wino DM ~ Tev
(AMSB)

> 10 TeV

125 GeV

2 if thermal relic,... 2.7 TeV

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

vvvvvvvvvvvvvvvvvvvvv

Annihilation cross section (cm3/s)

. 24|
gamma 10'22 4 rcmiir:;(.is'c:::)&cluaiontlmh( % C.L.) ) gamma 10 (rescaIEd to Burket)
Confinuum : /1 :lli::v‘;x(;uss:::)i;::u::l..)‘ ; line /\ 10—25 L ) .
: [ Thermal Relic Density Bou nd | : B ,
1023 ; -26 _— N
: VIO NFW['13H.ESS]
10-27 |
1024 - . . —
: ‘ 1000 1500 2000 2500 3000
102GeV 103GeV  Wino mass WINoG mass

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

squaks and sleptons

gauginos

one tuned Hiaas

Figures from falk by
M.Ibe at KIAS workshop,
October 2014.
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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....)
(O.l-l) TeV SUSY ? (fine-tuned, but less than 1 and 2...)
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20225-03-01 SUSY informal lecture, Koichi Hamaguchi
@The 4th International lwate Collider School (ICS2025)
lwate, Feb.24-Mar.1, 2025.

Puzzles in the Standard Model
= Hints of Physics beyond the Standard Model Grand

Various __——% aX|on Unified
search (~ N Theory \
! \ Particle Physics / proton

™ \ strong CP : ~1 .~ 1 decay?
' complicated o
P70

quark/lepton properties/‘

initial . . '/' LHC
condition of ‘\‘ Higgs b /targets
Universe ~ Dark: , haturalness™——_ /
.’ Y‘

— SUsY

Matter
Matter > -
Anti-matter ,.-© % tiny neutrino mass ; WlMP

<
&

Various
j \ . search
inflation Leptogenesis “——_, (heavy) Right-

~\\\\\\*
/ baryogenesis \ handed neutrino
CMB anisotropy

] - 2?1
gravitational wave CPVinv-ose = \

OvPp decay?!

That’s all--- Thank youl!



