Introduction to Supersymmetry
(Supersymmetry Breaking, Mediation, etc...)

Masahiro Ibe (ICRR&IPMU)

EEEBMX RN FimY )L —7 178 =: 05/24/2013




Introduction

Higgs(-like particle) has been discovered!
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H — yy peak at 125(127?)GeV (60)
H — ZZ(4lepton) peak at 125(123?)GeV (40)
H— WW 2.80 excess

H — bb has not been confirmed. (too many background)

H — 1T has been found (o/osu=1.1+ 0.4 @ CMS)

Basic properties look consistent with the SM Higgs boson!



Introduction

What do we learn from the discovery?
1. Higgsless models are almost excluded!

2. Higgs is more like an elementary scalar!

The simplest implementation

AV
V: - mhiggsz/z hTh +)\/4 (hf-h)2
Mhiggs = A2 v [v=174.1GeV]
Mhpiggs ~ 125GeV/  —» A ~0.5 R\g/ £
1ggs . h
(We knew v=174.1GeV before the discovery of Higgs!) M

The quartic coupling is small and this simple elementary
scalar Higgs description works consistently!



Introduction

The size of A provides us hints on the Physics behind the SM!

H ‘. 'HT
“Q:' A A is the coefficient of the quartic coupling...
H  H

If the Higgs is a composite state bounded by dynamics at
around O(700)GeV scale,

H \/ H1 A is expected to be very large (= 4m)
> (Exceptional models : NGB Higgs
/\ — Top Yukawa coupling is difficult...)
H1 H

mp=126GeV (A = 0.5) suggests that the observed Higgs is
more like an elementary scalar!
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Furthermore, the elementary scalar Higgs description can be
consistent even up to the Planck scale for mp= 126GeV'!

RGE of the quartic coupling...

dA
dlnE/Eo 16Tt

(12X +12A yi|-12y{ +...)

‘--~

(y:=0.95 Top Yukawa coupling)

makes A large at the high energy — Landau pole

draws A at the high energy scale = Vacuum instability




Introduction

Furthermore, the elementary scalar Higgs description can be
consistent even up to the Planck scale for mp= 126GeV'!

['09, Ellis,Espinoza,Giudice,Hoecker, Riotto]
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No positive Hints on New Physics?
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We have a lot of motivation

. Quantum
for new physics beyond! Grand Gravity?
Unification? 10'8GeV
Inflation? 10'417GeV/ g
Neutrino? 10~16GeV ~ g
102~15GeV g
>
N > logE
Dark Matter Dar.k Mf ter
Standard (WIMP)7 (ax:on).
Model 1025GeV/ (7 07-12GeV )
~102GeV < >

4

There should be a lot of unknown possibilities!
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Among them, the grand unification is the most attractive!

The matter content of the SM looks complicated...

SU(3) SuR) u(1)
u1,2,3
g’ =( 223) 3 2 1/6
U;?,Z,.? 3* _ _2/3
DL 3" - 1/3
l, = (VL) - 2 -1/2
el
Er ) ) 7




Introduction

Once we embed SU(3) x SU(2) x U(1) into SU(5)...

Matter multiplets are embedded into only two multiplets!

b (o T -0; u oD
A U3 o0 U, U D
Y(57) = |DR w(1io)=| Ui -Ur 0 Ul DI
L} Ul -U} -U} 0 E
\Lf / \—DZ -D! -Di -Ex 0

It seems more than a coincidence!

[ In addition, in the Grand Unified Theory, the neutrality of
the atom (i.e. the charge quantization of U(1) can be easily
understood ]
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The Grand Unification is also suggested by the fact that the three
gauge coupling constants tend to unify at the very high energy
scale at 10~74-17GeV
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It seems more than a coincidence too!
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Once we consider at 10~4-7GeV, we encounters the so-called
Hierarchy problem :

Why (weak scale) << ( GUT scale) ?

In the simplest model|,

V: - mhiggsz/z h-/-h + )\/4 (h'/'h)2

Mhiggs? IS NOt protected by any symmetries
(i.,e. no symmetry is enhanced in the limit of mpjggs? = 0)

The hierarchy problem must give us a hint on new physics
which is not so above the O(7100)GeV scale!
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Supersymmetric Standard Model

Standard Model Superparticles

0000
gggg supersymmetry @636

<€ >
O®OO® rcroeics QOO
‘G“ except for spins! @@@@

In the supersymmetric extension of the SM, we simply
introduce superpartners of the SM particles.

We also extend the interactions so that the theory
respects supersymmetry.
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Supersymmetric Standard Model

Standard Model Superparticles

0000
zzzg supersymmetry 6636

<€ >
O®OO® oo QOO
““ except for spins! @@@@

Higgs mass term is protected!

Higgs mass term = Higgsino mass term

Higgs mass term can be protected by the chiral symmetry!
Hierarchy problem is solved if SUSY breaking is around TeV.
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Bonus!

Just by introducing the superpartners at around TeV, the
three gauge coupling constants become more precise!
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It seems much more than a coincidence!




Why Supersymmetry?

No observation of superparticles so far....
gluino mass >/-1.5TeV

Is SUSY still motivated?

« SUSY is an extension of the spacetime symmetry.
It is exciting if there is SUSY in nature!
(although it's not convincing at all...)

« SUSY models are consistent with the elementary Higgs.
It is now supported by the discovery of the Higgs.

' Inthe MSSM, the Higgs boson mass is interrelated to the mass
scale of not yet observed sparticle masses!

tis interesting to ask which SUSY breaking scale the observed
Higgs boson mass implies.

In the SM, the Higgs boson mass is a free parameter]



Coleman-Mandula Theorem

Symmetry

Unitary operator U on Hilbert space is a symmetry
transformation if :

1) U maps one-particle states = one-particle state

2) Many particle states = tensor products

A : infinitesimal generator of U
A(lpl1>|p2>)= Alpl1>)|p2>+|pl >A|lp2>)

3) U (or A) commutes with the S-matrix

ex.) Spacetime symmetry : Lorentz symmetry + Translation
(Poincare symmetry)

Internal symmetries : SU(3)xSU(2)xU(1) gauge symmetry,
Baryon, Lepton symmetries, etc...



Coleman-Mandula Theorem

Can we extend spacetime symmetry larger than the
Poincare symmetry?

Coleman-Mandula Theorem (No-Go theorem in d>2)

1) For any M, there are only a finite number of particle types with mass
less than M.

2) Scattering occurs at almost all energies

3) The amplitudes for elastic two-body scattering are analytic functions
of the scattering angle at almost all energies and angles.

Symmetry of S-matrix consists of the direct product
of the Poincare symmetry and the internal symmetry!

Only exception = Supersymmetry!



Coleman-Mandula Theorem

1)[B/P[J]:Ol [Ba,Bb]:iCachc

consider two particle state

Blpim,pan) =Y b(p1,p2)mie [p1m’, pan’)
[m,n: indices of spins and internal symmetries]

Let us consider a scattering : (p7,p2) = (g1, g2)

5(917(]2)%” (Q1 q2; P1, pQ)mn — S(Q1 q2; P1, p2) (plapz)rln]ﬁn

Trb(q1,q2) = Trb(p1, p2)

trb(q1) + trb(gs) = trb(p1) + trb(p2)

for any p’s and g’s with p;+p> = g1+qz
[ cf. Blp>|p’>= (B|p>)|p’>+ |p>(B|p">) ]



Coleman-Mandula Theorem

1)B/P[J]:Ol [Ba,Bb]:iCachc

trB=a#P, (a*:p and spin independent )

— B=qag“P, ® B* (B*traceless)

[ B#a, B#b] — | Cabc B#c (‘_ NOt true in SUSYI )

Let me skip the proof...

B# : commutes with J,vand momentum independent!
— B# are internal symmetries!

 cf. semi-simple Bfcase : [ Juv, B*a] # 0, Bfsgoes to D(/\)v? B¥; under the
_orentz transformation A. We can show that D(A)»? consists finite
dimensional unitary representation of A which should not exist!
Thus, =1, [Jw,B*a]1=0.]




Coleman-Mandula Theorem

2) [A P,]#0:Achanges the momentum of the state:

Alp) = /d4p’A(p’,p)\p’> (p, p": on-shell)
Let us consider

Af _ /d4ZC 6ia;PA€—inf(x)

Then  (p'|AT|p) = frr(p' —p) x A(Y',p)

We may choose f(x) so that fer(p) is non-zero in a tiny region.

. P-space off-shell! ’
frr(p) = O Alpr) 70

_/‘ & P’ Allps) =0




Coleman-Mandula Theorem

Let us consider a scattering : (p7,p2) = (g1, g2)

In particular, we choose

P ~ d Allpry #0  Al|ga) =0
/‘<>/ Allpyy =0 Al|q1) =0
o), ™~ g2 so that

Alp1,p2) = frr AW, p1) Py, p2)
Af‘leQ2> =0

Then, [ S, Al =0leads to
(q1,92]S|p1, p2) = 0
Af forbids scattering process where ( p’1,p2) goes into “any”

(g1, g2) states! = contradicts with the 3rd condition!




Coleman-Mandula Theorem

[ A, Py ]1# 0 generators are at most,

A = iv:A(n)(p)m._.u 4 J 7
n=>0 | 7716p/«51 ﬁp,uan

with finite N.

Note : [p, [p, .... ,/Allncommutes with P!

[pm» [puz T A] o ] — A/(L]Y)/LN (p)

— AN (D) = @iy D+ by

[Lemma:for[B, P,]=0,B=a,P++ B

( au:constant 4 vector x 1, b: traceless Hermitian matrix ) ]



Coleman-Mandula Theorem

[ A, Py ] #0 generators are at most,

ol 9, 9,
A (p -
7;) ( ),U AREY 24 ¢) ap,ul apun

)

with finite N.

Note : A commutes with P+P, !

N A
“1A,(L1)MN = xpypgun P PP F0u gyt =10

N>0 =b=0
a)\uv au)\v —’G=O fOrN>1 .

(a)\uv... =~ Audv... =~ dpvA...= Auui... =0vap.. = -~ ... = - a)\,uv...)

0
A = aw,p“ 8]) - b Quy — —Qpy

\ absorbed by spacetime Lorentz transf.



Coleman-Mandula Theorem

[ A, Py ] #0 generators are at most,

ol 0 0
A™ (p),, ..
7;) ( ),U " Hn ap,ul apun

)

with finite N.

Note : A commutes with P+P, !

N A
MlAl(Ll ) UN T CL)‘,UJLUT“HNp p'ul + leMQ“'MNplqu =0

N>0 =b=0
a)\uv au)\v —’G=O fOrN>1 .

(a)\uv... =~ Audv... =~ dpvA...= Auui... =0vap.. = -~ ... = - a)\,uv...)

A = Lorentz transformation @ B, ([ B, P,] =0)




Coleman-Mandula Theorem

Coleman-Mandula Theorem (No-Go theorem in d>2)
1) For any M, there are only a finite number of particle types with mass
less than M.
2) Scattering occurs at almost all energies

3) The amplitudes for elastic two-body scattering are analytic functions
of the scattering angle at almost all energies and angles.

Symmetry of S-matrix consists of the direct product
of the Poincare symmetry and the internal symmetry!

A:.juv @PIJ @® B#

Only exception = Supersymmetry!




Supersymmetry

Supersymmetry :

Boson — Fermion
Fermion — Boson

Symmetry = Bosonic symmetry B

Bosonic symmetry : changes spins of states by integers.
Fermionic symmetry : changes spins of states by half integers.

[ Here, spin-statistic relation is assumed. ]

Poincare, internal symmetries = Bosonic symmetry

+ Fermionic symmetry F

Supersymmetry = Fermionic symmetry




Supersymmetry

The generators of B and F can be given by:

B=Db"Kpb b + fT K¢ f
F=1Ki b + bt Kps f
b and f are annihilating operators of bosons and fermions.

[ bit,bj ] = &y, {fif, fj} = O,

(anti)-commutators of B, F are bi-linear!
[B,B]=Db"Kpn' b+ ftKpp' f
[FT,B]=1f"Kan'b + bTKpf f
(F, F} = btKop" b + ft K" f

They are also generators of symmetry!

[ [FF], {B,B}, {B,F} are not bi-linear! So don't care! ]




Supersymmetry

The generators of B and F can be given by:

B=Db"Kpb b + fT K¢ f
F=1Ki b + bt Kps f
b and f are annihilating operators of bosons and fermions.

[ bit,bj ] = &y, {fif, fj} = O,

In the presence of Fermionic symmetry, generators of
symmetry forms “graded” algebra!

[B,B]=B, [F®,B]=F®, {F® F}=B <« New!

Coleman-Mandula theorem is not fully applicable!




Supersymmetry

Symmetry : Graded symmetry algebra
[B,B]=B, [F® B]=F®, {F® F}=B
+ Bis closed by themselves and constrained by the CM theorem
B=Jy ® P, ® B
+ F changes spin 1/2 by the CM theorem
F=Q4" (a:spin,n=1,...N)

If F changes spinn/2 (n>1), {F', F} =B has spin n.

The CM theorem does not allow B with spin n>1.
— {Ff,F}=0for spinn/2 (n>1)

On the positive definite Hilbert space: {FT,F}=0—F=0

<state| { Ft, F } |state> = | F|state>|2 + | Ft|state>]|2> 0




Supersymmetry

Explicit N=1 Supersymmetry Algebra :

{Qavéﬁ} — ZJZBPua
{QOMQ,@} — 07
Q. P, =0.

Qs has a spin 1/2, and hence not commutes with J,,

(N >1 does not allow chiral representation of the gauge
interactions... Phenomenologically less motivated as is. )

% Supersymmetry commutes with Py

SUSY predicts degenerated boson and fermion spectrum!



Supersymmetry

SUSY multiplet (N=1)

massive case : let us take P = (M,0,0,0)

d. = Q./(2M)172 satisfies {ag, (ap)’} = O4°

Irreducible one-particle state of SUSY consists of

(spin j)
(spin jx£1/2)

|j >
(ap)t|j >

gab (ag)t (ap)t|j > (spinj)

spin\ j 0 1/2 3/2
0 2 1
1/2 1 2
1 1 1
3/2 2
2 1
/" )
quark  massive
Iepton gauge
HIg9s  posons




Supersymmetry

SUSY multiplet (N=1)

massless case : let us take P = (E,0,0,E)

a; =Q;/2(E)'2 satisfies {a;, (a;)T}=1

Q,, Q>T=0 for this choice of momentum

Irreducible one-particle state of SUSY consists of

[\ > (helicity A)
(ap)t| N> (helicity A+1/2)

massless particles form shorter multiplets!



Supersymmetry

SUSY multiplet (N=1)

massless case : let us take P = (E,0,0,E)

a; =Q;/2(E)'2 satisfies {a;, (a;)T}=1
Q,, Q>T=0 for this choice of momentum

Irreducible one-particle state of SUSY consists of

helicity\ A | -2 -3/2 -1 172 0 1/2 1 3/2

2 1

3/2 1 1

1 1 1

1/2 1 1

0 1 1

-1/2 1 1

-1 1 1

-3/2 1 1

-2 1

CPT invariance requires A and -A...



Supersymmetry

SUSY multiplet (N=1)

massless case : let us take P = (E,0,0,E)

a; =Q;/2(E)'2 satisfies {a;, (a;)T}=1
Q,, Q>T=0 for this choice of momentum

In relativistic field theory, pairing of +A is automatic!

helicity\ A

-2

-3/2

-1

-1/2

0

1/2

1

3/2

2

1

3/2

1

1

1

1

1

1

1/2

0

1+1

1+1

-1/2

-1

1

1

-3/2

1

1

1

1

-2

1

1

\\\W//equivalent




Supersymmetric Field Theory

Spin (or helicity) 0O multiplet : spin 0 x 2, spin 1/2 x 1

complex scalar ¢ : 2 boson
Weyl Fermion ¢ : 2 fermion

On off-shell

complex scalar @ : 2 boson
Weyl Fermion ¢ : 4 fermion

We want to have symmetries at off-shell!

Spin (or helicity) 0 multiplet : spin 0 x 2, spin 1/2 x 1

complex scalar ¢ : 2 boson
auxiliary scalar F : 2 boson
Weyl Fermion ¢ : 4 fermion




Supersymmetric Field Theory

Free-Lagrangean

Lfree — _8M¢*i ,u¢i — WTZ?”@M% -+ FHFZ;

Supersymmetry transformation

0p; = €y,
5(¢i)a — i(O-MET)a a,u¢z + eq Fi,
0F; = Z'E]Lﬁ'ua/ﬂpi,

0 Livee = —0p (0”0 0,0" + etp 00" + eyl 06).

action is invariant!

X — ¢7 ¢*7¢7 ¢T7F7 F*

(0er0e; — 0¢,06,) X = i(ela“e; — 620”“61) 0, X




Supersymmetric Field Theory

SUSY invariant interactions ?
1 .. . g
Lint = (—§sz¢i¢j +W*'E: + ZIZ‘Z]FZ'F]) + c.c. — U,

W's, x, and U are functions of ¢ and ¢.

SUSY requires

. OW oW y Y
Wi= - =0 W= 1%
0¢; Jon 00,
andx=0,U=0.

Thus, the interactions are determined by a holomorphic
function W (=superpotential )

. 1 .. 1 ..
W= L'gi + 5 MY it + 2y $idj b




Supersymmetric Field Theory

eX) W = yo1a¢s3

Lint = yP1¢293 + yP21p113 + y@31po1P1 [Yukawa-interaction]
+yF1¢a03 + yFag1ds + ylsgi¢,  [scalarinteractions]

(05 @2
¢1 ----- < I =<
V3 3

¢3 - T REOE ¢z < s
Non-propagating




Supersymmetric Field Theory

Quark, Lepton, Higgs, Gauge boson are embedded into

supermultiplets.
ex) quark squark squark || quark | | F-term
~ /
q «—>s Ny
| q Q=(q, q, F)
fermion boson
gauge . gauge
boson gatging gaugino || POSON | pterm
Fuv D ey o )\a W x}\ F¢ D/
boson fermion a _( G Ty )
»Cfree — _a'u¢*i ,u¢z' — iwﬁﬁﬂa,uwi - F*iFia
L _ _Lpa pwa _jyztagup ey Lpape
gauge — _Z 7% — 1 o ! -+ 5 )
(F, D components are auxiliary field)




Quick review of superspace formalism

Spacetime = coset space of [Poincare group]/[Lorentz group]

Coordinate x,: parametrize the coset space

Poincare symmetry : g =explia“P, +iwH J,y] = explia“Py, 1h

Quantum field : @(x) = L(x) ¢(0) L-1(x)
L(x) = explix“P, ]

= L(x’) h @(0) h-' L-(x')
h ¢(0) h-1=expli w219 (0)

X'=X+ a+2wx




Quick review of superspace formalism

Superpacetime
= coset space of [Super Poincare group]/[Lorentz group]

Coordinate xy, 6, 67: parametrize the coset space

Super Poincare : symmetry:
g =expliatP,+&Q + QT+ i wr ),
= expliat Py + ¢Q + ¢TQTlh
Quantum superfield : ¢(x,6,07) = L(x,6,67) ¢(0) L-'(x, 6,67)
L(x,6,07) = expli x# P, +6Q +01QT]

Superpoincare transformation : @’(x;6,6'") = g ¢(x,6,07) g
= L(x;6,6'") h ¢(0) h-1 L-1(x}6,0")
For h =1,
X'=X+ a + iéor07 - i[BoHET 0=0+¢ OV=0t+ ¢t




Quick review of superspace formalism

Superpoincare transformation : ¢’(x;6,6") = g ¢©(x,6,67) g~
= L(x;6,6'") h ¢(0) h-1 L-1(x},6,07)
For h =1,
X'=x+ a + iéoHO7 - iOorét 0=06+¢ Or'=014 ¢t

SUSY transformation can be expressed as derivative operators!

. 0 0
p— ) H T « — g T—,LL (87
Qa i 00 (0"0")00,, Q Zaea + (0'0")%0,,
At 0 G A 0
Q% = i~ (70)%0,, Ql = —ings +(00")a0,
{Qa, Q;} — 2@025(% — —2055}3“
: _ A
(Gu0) =0 (@l -




Quick review of superspace formalism

Relation between superfield and component field (¢,y,F) ?

Taylor expansion:
S(z,0,0") = a+ 06 + 0" + 00b+ 010Tc + 015+ 0v, + 076701 + 000TCT + 0001014,
a, b, ¢, d: complex scalar fields ( 8 real degrees)

¢, X, N, C: Wely fermions ( 16 real degrees)

vy : complex vector ( 8 real degrees)

too many components compared with (¢,y,F)

— We need constraints to reduce the extra components.



Quick review of superspace formalism

SUSY covariant derivatives:

0 0

_ 9 mpt o _ _0 _ otope

D, 505 i(070")0,, D 26, +2(0'0")?0,,
pte — L _izmp)a Df = 2 4 igom),0
(9(9T Ho Q aHT M-

(Qur D3} = (L D2} = {00 D1} = {0 D} 0

SUSY covariant derivatives commute with SUSY transformation!

Chiral Supermultiplet
DI® = o

O = ¢(y) +V20¢(y) + 00F (y), y" =" +i0'5"0,

This is what we want, i.e. (¢,y,F)!




Quick review of superspace formalism

SUSY Invariant action

The SUSY transformation of the highest components of the
general supermultiplets (64-term) and the chiral multiplet (02-
term) are given by total derivative!

6 S|e* =6 D =i Etordun + i o0, (T
5 Dle? =6 F =i Etordy

(in Q’s, increment of 6 is accompanied by d,)

SUSY Invariant action

Jd*x [ general multiplet 1|64
+ [d*x [ chiral multiplet ]|¢? + h.c.




Quick review of superspace formalism

+ Holomorphic Function of chiral superfields are also chiral
superfields!

W(D) =m2Oi + m O; O;+ y O; O; Ok
(chiral)x(chiral)=(chiral)

' (chiral)tx(chiral)=(general)

OP; = ¢Mp; + V200" + V20T ¢ + 000  F; + 0107, F
+0'T0 6™ 0405 — i;0,0" — V1T,

2 — *7 *7 )
+ﬁeemaﬂ(¢jam — 0, + V200011 F;

+ﬁeweau(w 0up; — 0,01 d;) + V2010109, F

+000%" | F Fj = 50"670,0) + 567 0" 0,65 + 76;0" 00

51T 0 + Sot 9t




Quick review of superspace formalism

SUSY Invariant action

Jd*x L = [d* [ OitDi]|e* + [d**x W(D) |e2 + h.c.
= [d4x d40 O;TD;+ [d4x d26 W(D)+ h.c.

/ d*0d°0T *® = —0"¢*0,¢ + iy T O+ F*F + ...

1 . .
/ POW (@) = —SW gy + W'F,

eX) W = yq)lq)gq)g

o P2
OFIEREEE < 1 =<
V3 @3



Quick review of superspace formalism

Scalar potential

/dzedQHT O*P = —0M¢*0,¢ + i) T+ F*F + ...
/ d2OW () = —%W@'jwmj + W'F,

- V=-FF+ WF;+ h.c.

By solving the equation of motion of “F": Fi=- W/

V=-FF+WF+hc=FF=WW,;=0

ex) W=m/2 02+ y/3 Q3
Fo=-m®+y®?

V=|m®+y 02 —

V=0 @ minima




Quick review of superspace formalism

Gauge theory

Theory is invariant under “local” symmetry :
qf(x) — eiG(X)T(P(X)
How about in the superspace?

D'(x,0,0T) = eiaT P(x,0,07) ?

a(x) is not superfield — the left hand side is no
more superfield...

“local” symmetry should be “local”in superspace!
D'(x,0,07) = eMxBOT P(x,0,07) !

A(x,0,07) : chiral superfield (minimal construction)




Quick review of superspace formalism

In SUSY, the kinetic term is given by,
[d4x d46 Ot
This is “not” invariant under the gauge transformation @' = eA\TQ
[d4x d*0 O/tDy'= [d4x d*0 Dife-iNTeiNT @y

— We need connection (gauge) fields!

Real superfields (VT=V) provide connection fields if they shift :

eV — @iNT gV @-iAT

Then, [d4x d40 ®iteV ®;is invariant !

U(1) = Vis one real superfield
Non-Abelian — V : real superfields in adjoint representation




Quick review of superspace formalism

Real superfields Vi=V:
V(z,0,0") = a+0¢+ 0%t +00b+6%0T0" + 015404, + 67070\ — %a“@MST)

' 1 1
+000T(AT — %—“fhﬁ) + 0007 (5D + 50,0"a).

We have gauge boson and gaugino!

Fields other than Ay, A, D can be gauged away!

ex) U(1) gauge theory a — a+i(d" — ),
V' =V —iA + A ba = Ca =iV,
b — b—1F
A(y,0) = d(y) + 6v(y) + 6 F(y) |
A, — A +0,(¢+ 0,
Ao —  Aa,
D — D.




Quick review of superspace formalism

Real superfields Vi=V:
V(z,0,0") = a+0¢+ 0%t +00b+6%0T0" + 015404, + 67070\ — %a“@MST)

' 1 1
+000T(AT — %—%5) + 0007 (5D + 50,0"a).

We have gauge boson and gaugino!

Fields other than Ay, A, D can be gauged away!
— Wess-Zumino gauge

1
VAWZ gauge = 070 0A, + 010TOX + 000TAT + 5999*@*1}.




Quick review of superspace formalism

In the Wess-Zumino gauge

1
VAWZ gauge = OTGH0A, + 010TON + 000TAT + 5999*9*1}.

Matter kinetic functions are gauge symmetric!
Liin = (Dugi) (D ¢4) + ¢lioDyiys + F F,

—iV2pI i + iV20I Ny — ¢ Do,

The kinetic term also leads to new interactions

D

A, A A A,
//é\\ /j‘ 'é\ ,/vé\ ,,V’H‘\
Y Y g

¢ @ Y @ ¢ ¢ P




Quick review of superspace formalism

Field Strength chiral superfield

Wa = —iDTDT (7 Dae"),

DIW, =0
W, = e Wye ™

a a a Z —U a . a
Wa) w7 cauge = Ao+ 0, D — 5(0“0 0)aly, + Z@H(O”LLVM)\T )as

Gauge Kinetic Function

L = Re[—7 tr[W, W]
06

1 a auv 09 Vpo 17a a 1 Ta: W a 1 a Ma
— _4—92FWF“ +647T2€“P FWFPJJF?A i(0Z)Dy A +2—g2D D
A
1 v

g*  8m* Auxiliary field!



Quick review of superspace formalism

Scalar potential

V=-FF +(WF;+ h.c.)- DD/2g? + ¢"D¢

By solving the equation of motion of Fand D
Fi=-W"
D=g?2¢¢

V=FF +DD/2 =W;Wi+g?(Z@ ¢p)?/2z0

The positive definiteness of the energy is an important
feature of the global supersymmetry!




Supersymmetric Standard Model

The minimal Supersymmetric Standard Model (The MSSM)

SU3)|SU2)| U(1)| Rp
Q| 3 2 | 1/6 -
Ugp| 3| 1 |23 ] -
Dp| 3| 1 | 1/3] -
Ly 1 2 |12 | -
Erl 1 1 | 1 -
H,| 1 2 |12 | +
H, 1 2

Two Higgs doublets are required!

U(1)-SU(2) anomaly cancelation

Interactions are given by an analytic
function (superpotential)

-1/2‘/7

W =9, H,QLUg + ygHqQDR + ye HyL1 ER

All the SM interactions are easily extended!
In particular, the SM top Yukawa can appear as in the SM!




Supersymmetric Standard Model

Unacceptable B, L breaking interactions .

Wrpv = aQrLrDr + 3L L Egr +DrDRrUR + 1/ L H,
x >

_ AL =1
ANV .
P | | M»-ceeaa--- These lead to too rapid proton decay...

u
\u} U p— em, v, eK,VK,...

These operators are forbidden by introducing R-parity
( ~ a discrete subgroup of L and B symmetry )

R[SM particles] = +1

_ (_\3(B=L)+F
Ry = (=) R[Superparticles] = -1




Supersymmetric Standard Model

Under the R-parity, the SM particles are even while the
superpartners are odd.
(R-parity is not commute with SUSY)

LSP : the Lightest supersymmetric particle (R, =-1)

The LSP is stable and a candidate of dark matter!

Who is the LSP?

It depends on the SUSY breaking, mediations, etc.

Gravitino (superpartner of the gravition)

{ The lightest neutralino  (Zino, Bino, 2 neutral Higgsino)




Higgs mass in Supersymmetric Standard Model

The most important prediction of the MSSM
= Higgs quartic coupling is given by the gauge couplings

[cf. in the SM, A is a free parameter]

H HT H . Hf
. D .-
[ > o A= (g12+92%)/2 cos?2f3

H-i— o T - H H-i-' L H
Auxiliary field

(tanfB = vu/Vd)

In the MSSM, the Higgs mass (at the tree-level) is a prediction!

mhiggs — )\7/2 V ~ mZCOSZﬁ

— |s it too light? SUSY breaking effects play important roles!



Supersymmetry Breaking

To be a realistic model we need SUSY breaking!

We have not seen any superparticles with mass spectrums
degenerated with the SM counterparts....

We need to make the SUSY particles heavy.
— Spontaneous Supersymmetry Breaking!




Supersymmetry Breaking

SUSY algebra : {Qq, QTa} = 2 OFaa Py
[supersymmetry is an extension of the spacetime symmetry!]

H=(Q;Q:"+ Q:7Q; + Q2Q>" +Q>7Q2)/4

<vac|H |vac>=(|Qi|vac >|? +|Q:| vac >|2)/2

SUSY preserving vacuum :vacuumenergy=0 ( Q:1|0>=0)

SUSY breaking vacuum : vacuum energy > 0 (Qi110>#0)

unbroken SUSY broken SUSY
> >
0 0, 0 0,

We need a model with non-vanishing vacuum energy !



Supersymmetry Breaking

« Simplest example : single field perturbative model

F(D =-Wtp #0

The order parameter of SUSY = vacuum energy: V=3 | Fo |2
«—> SU

V 4

N4

W=A2Q
Energy is non-vanishing
for any field value.

V(D)

0

> @

SUSY is spontaneously broken!

SUSY is spontaneously broken!
Fo=-Wop'=-/N?

cf. OsusyY =ExF #0




Supersymmetry Breaking

Flat universe?

SUSY breaking vacuum V>0 ?

In supergravity

V = ek (FF-3Mp2|W|?)

The flat universe is possible even if SUSY is broken for:

W =F/\/3 x Mp,

cf. Gravitino Mass
ms2 = W/Mpi2 = F/v/3 Mp

Gravitino Mass < SUSY breaking scale




Supersymmetry Breaking

« Simplest example : single field perturbative model

F(D =-Wtp #0

The order parameter of SUSY = vacuum energy: V=3 | Fo |2
«—> SU

W=A>Q

for any field value.

A

V(D)
N4

Energy is non-vanishing

0

> @

SUSY is spontaneously broken!

W =A2Q + m®? + AQ3

V not only depends on ©
but has zero energy state.

rV

0 0,
SUSY is not broken!




Supersymmetry Breaking

What is the difference in these models?

W=A2Q W =/A20 + mD? + AQ3
A AV
V(D)
N4
0 > 0 @
SUSY is spontaneously broken! SUSY is not broken!

R-symmetry (U(1) symmetry which is not commute with SUSY)!
[R,Q]=-Q f — €9, ot 5 eiagl

G):(QD, LPIF) WG:()\G/FHV/D)
7N 7N
Qkr Qr-1 Qr-2 T 0 0

Superpotential W should have R-charge 2!



Supersymmetry Breaking

What is the difference in these models?

W=A20 W =AN20 + m®2 + AQ3
A AV
V(D)
/\4
0 > (D 0 @
SUSY is spontaneously broken! SUSY is not broken!
This model has R-symmetry! No R-symmetry!

R-charge of @ = 2.

R-symmetry is a necessary condition for spontaneous SUSY
breaking when the model has generic superpotential under
symmetries (Nelson&Seiberg "93)



Supersymmetry Breaking

Nelson&Seiberg 93

1) Assume that superpotential is generic under symmetries.

SUSY vacuum condition

-Fi* =0 W(Dy, ..., ©n)/00; =0

For generic superpotential, n-conditions for n-variables

In general, there is solutions!
= SUSY is not broken!




Supersymmetry Breaking

Nelson&Seiberg 93

1) Assume that superpotential is generic under symmetries.
2) Assume that the model possesses R-symmetry

3) Assume that R-symmetry is broken by the finite VEV of Og
W(Dy, ..., On, Or) = Or¥aRW(Xq, ..., Xn, 1)

SUSY vacuum condition n variables, n+1 conditions !
oW(X1, X2, ..,1)/0Xi=0
W(X1, X2, ..,1) =0

There is not always solutions! SUSY could be broken!

— R-symmetry is a necessary condition!

cf. non-R U(1) symmetry : nvariables, n conditions.

W((D1, cony (Dn, (Dn+1) — W(X1, ...,Xn,1)
generically solvable!



Supersymmetry Breaking

O’Reifeartaigh model

W=AD-yOX+mXY

This model has R-symmetry : ©(2), X(0), Y(2)
Z> symmetry : @(even), X(odd), Y(odd)

Under these symmetries the model has a generic potential

SUSY vacuum conditions : W;=0
Wo =A2-y X2, Wx=-2yOX+ mY, Wy=mX

SUSY breaking (m2 >y A?2)
<X>=<Y>=0 Fo=AN2 O=flat potential

generic feature of F-term SUSY breaking!



Supersymmetry Breaking

O’Reifeartaigh model

Tree-level scalar potential = Flat!

N4

A

V(D)

> O

% Superpotential is not renormalized
perturbatively!

Wrenormalized = N\° @ - y DXe+mXY
[SUSY wouldn't be restored radiatively ]

% Kahler potential (= kinetic term) is renormalized!

K~ Q0 - y2/(16m2m?) | 01O + .. V(D) 1

@ gets a maass from the second term.
<Q>=0%Fp: me2=y2/16m2x Fo?/m? \m

0 > O




Supersymmetry Breaking

Strong gauge dynamics

Supersymmetric QCD
SU(N.) gauge theory with N¢flavors ( gi, gi)

Beta function of the gauge coupling constant
dg/dt = - (3Nc- Ny) g3/16m2

Asymptotically free for 3N > Nr
— Non-trivial thing could happen at IR?

A

g Dynamical scale
k Ndyn ~ exp(-8m2/qo?(3Nc -N¢)) M+

. , _
Adyn /\/I*)lnu Dimensional Transmutation!




Supersymmetry Breaking

Strong gauge dynamics

ex) Gaugino condensation for Nr=0
(non-rigorous effective potential approach)

R-symmetry : N\a'=gia )a

R-symmetry is anomalous against SU(N.) : 65 — 64 + 2N.a

— Still invariant under a fictitious R-symmetry
AN =eia fa  T'=T1+|aN/4m?

Effective superpotential should have charge 2!

: 1 v,

L = Re|—7 tr|W W — —___[9 AV J_Hvpo pa pa
raWaW Y| = = FLE o LI,
16,

T = — ) 5
g ST




Supersymmetry Breaking

Strong gauge dynamics

ex) Gaugino condensation for Nr= 0

Holomorphic Dynamical Scale

Adyn ~ exp(-812/go? (3N.)) M+
— Ndyn ~ exp(-81210 /(3Nc)) M+

Under the fictitious R-symmetry, A2’ =ei@ Ad, T/ =1+ i aN /412
the dynamical scale rotates
/\dynl :/\dyn e-i2a/3

Assuming no massless particle exists below Agyn,
only allowed effective potential is...

Werr=a Nayn® (fictitious R-charge 2)




Supersymmetry Breaking

Strong gauge dynamics

ex) Gaugino condensation for Nr= 0

Gauge kinetic function : W = -t WaW/,
Wa:)\aa + O(G)

— OW/Ot [0 =AAa/ 4 |

< AN > = 4i OWerr /0T |60
— - 32772/Nc da /\dyn3
Gaugino condensation occurs!

Discrete Zone R symmetry is spontanesously broken
to Z2 R symmetry! We have N distinct vacua!



Supersymmetry Breaking

Strong gauge dynamics

ex) Gaugino condensation for Nr= 0

|s SU

SY broken?

We have N distinct vacua!
Witten index : Tr(-)Ff = N.

Witten index is non-zero only when there are E = 0 states!
(Q | boson > =EV2| fermion >, Q| fermion >=E"2| boson >

SQCD with Nf= 0 theory does not break SUSY even by
non-perturbative effects!

(Model does not possess continuous R-symmetry...
and hence, no surprise!)




Supersymmetry Breaking

Strong gauge dynamics

ex) Gaugino condensation for Nr= 0

a = 0?7 (more reliable path to show a=0)
1) add Nc- 1 flavors (gi, gi),

2) At large vevs of g’s, non-perturbative effective superpotential
is generated by instanton effects (weak coupling!)

I/} n

3) Add small mass “m” to N.- 1 flavors

— gaugino condensates via Konishi anomaly
(a =0 atweak coupling)

4) Using “exact” holomorphic equation, <AA> = 2mo<AA>/om,
we find <A\> = 0for m—



Supersymmetry Breaking

Dynamical SUSY Breaking model
(Izawa-Yanagida-Intriligator-Thomas model)

SU(2) gauge theory:
4-fundamental representations: qi(i=1,2,3,4)
6-gauge singlets : Si=-5;i(i=1,23,4)
W=5iqiq
Model has anomaly free R-symmetry : 5(2), q(0)

Let us consider Sjj =S € >> Aayn

all the s get heavy and model looks pure SU(2) theory!

Gaugino condensation should occur!



Supersymmetry Breaking

Dynamical SUSY Breaking model

(Izawa-Yanagida-Intriligator-Thomas model)

Gaugino condensation should occur!

The effective dynamical scale depends on“S"!

A

g

B-6

/\dyn Netf S

> scale

NePF =3 /\dynz

Wefr = a Netf
=d /\dynZS

Thus, SUSY is broken by the F-component of S!
Fs = OWef/05= a Ny’ # 0

At S << Agyn, the Gaugino condensation picture is no more
valid, but it is known that similar potential is generated!




Supersymmetry Breaking

Dynamical SUSY Breaking model
(Izawa-Yanagida-Intriligator-Thomas model)

If the kinetic function of S is flat, i.e. minimal [STS]p,
scalar potential of S is flat.

The kinetic function receives incalculable corrections
from the SU(2) interactions...

[STS + (S5TS)/Adyn? +... I

A

V(S)

N4
0

Such a lift of potential is important in cosmology!




Supersymmetry Breaking and SUSY spectrum

Now the time for model building....

We need SUSY breaking sector!

4 N\ Interaction N
Supersymmetry

Breaking Sector VAVAVAVA M55M

\_ J \_ J

The superparticles in the MSSM obtain masses via the
interactions to the SUSY breaking sector.

The MSSM spectrum depends more on how supersymmetry
breaking is mediated than on how it is broken!



Supersymmetry Breaking and SUSY spectrum

Useful model independent parametrization = soft parameters

1, . .
Lsoft — _5 (MSQQ -+ MQWW —+ MlBB)

— (auHuQLﬁR + ade@Lf?R + aeHdzLER> + c.c.
—m3|QL|> — mg|Ur|? — m%|Dg|? — mi|Lp|> — m%|ER|

—m3; |Hy|? — m3 |Ha|? — (BugHyHq + c.c.)

2—3
M172737 au7d7€7 mQaUaD7EaLaHuaHd7 B — 0(10 ) Gev

Each mediation model gives these soft parameters in terms of
more fundamental parameters...




Supersymmetry Breaking and SUSY spectrum

In terms of superspace formalism

Let us assume that SUSY breaking is provided by a
F-term of the chiral field in a hidden sector :

Z(x,0) =F 62
Gaugino mass term:
Jd20 Z/M= W Wa = F/M=A A,
.e. M=F/M-

Soft scalar squared mass:

Jd*6 Z1Z gtq/M=+2 = FtF/M=2qgtq,
i.e. mzsquark — FTF/M*Z

Explicit mediation models determine these interactions.



Supersymmetry Breaking and SUSY spectrum

Although we have no experimental evidence of supersymmetry,
there are already good clues to restrict the model parameters.

SUSY FCNC contributions
—— Flavor-violating soft masses must be suppressed!

KO-KO mixing
o ¢t
S .l d 2
- M3a —(2—3) [ Msoft
W <> <>w 2 ~/ 10
; S S m2 . 500 GeV
u C t
u—ety y
2
5 //x\\‘frr mé[b 10—(2—3)( TN soft )2
Mo \ 5 2 ™~
w / B \© e mSOft ].OO Gev

Models with flavor-blind soft parameters are preferred!




Supersymmetry Breaking and SUSY spectrum

Exapmple 1 : mSUGRA

Physics
4 N .
Supersymmetry | @Cravity scale ( e \
Breaking Sector \/\/\/\/\
\_ y . )

Universal scalar mass (almost by hand)

Jd*0 ZtZ pTp/3Mp 2 = FtF/3Mp 2 @7,
MZstermions = Mo? = FTF/3Mp.?

Universal gaugino mass (GUT)

fd29 cZ /Mp WaWe = cF/Mpi 2 AA,
l.e. mgaugino =M= CF/MPL




Supersymmetry Breaking and SUSY spectrum

Exapmple 1 : mSUGRA

Physics
4 ) : 4 )
Supersymmetry @Gravity Scale o
Breaking Sector \/\/\/\/\
. J \§ J

In the simplest case:

2 2 _ B
scalar — Mg, MMgaugino = M1/2, Gu.de = Yy,d,e X Ap

m
at the Planck scale.

All the soft masses are expected to be around the gravitino
mass ms,= 0O(1)TeV.

The LSP is usually thought to be the lightest neutralino.




Supersymmetry Breaking and SUSY spectrum

Example 2 : Gauge Mediation

MSSM gauge
4 ) interactions 4 )
Supersymmetry MSSM
Breaking Sector \/\/\/\/\
g J \__ J

Messenger particles : usually SU(5)cur multiplet
Wn(3',1,1/3), ¥o<(3,1,-1/3), W1(2,1,-1/2), ¥1¢(2,1,1/2),

W= (Mmess + Z)LIJD"IJDC T (Mmess T Z) (iuL"IJLC

Messenger fermions : Mmess

Messenger scalars : Mmess? = F

Messengers Masses are split due to the SUSY breaking effect!



Supersymmetry Breaking and SUSY spectrum

Example 2 : Gauge Mediation

MSSM gauge
4 ) interactions 4 )
Supersymmetry MSSM
Breaking Sector \/\/\/\/\
g J \__ J

Gaugino mass @ 1-loop scalar mass @ 1-loop

PP PR
V4 N\
/ \\
/ 7N
\/ \\I
____________________________________ Mo . ___ .



Supersymmetry Breaking and SUSY spectrum

Example 2 : Gauge Mediation

MSSM gauge
4 ) interactions 4 )
Supersymmetry MSSM
Breaking Sector \/\/\/\/\
g J \__ J

The SUSY breaking is mediated via the MSSM charged “messenger
fields” which couples to the Hidden sector.

2
0% 2 (g 2
Mgaugino = EASUSY Mgcalar = 2 (47‘(‘) CGASUSY

Agusy = % ' : SUSY parameter M : Messenger scale

at the Messenger scale.

For a given SUSY breaking “F,
(Gauge Mediaiton) » (Gravity Mediaiton)

For a fixed SUSY spectrum — gravitino is much lighter and the LSP!




Supersymmetry Breaking and SUSY spectrum

Example 3 : Anomaly Mediation

4 ~ - N
Supersymmetr
Brepakirzlg Secto); SUGRA Effects MSSM

- J . J

In SUGRA, all the dimensionful supersymmetric parameters are
accompanied by soft parameters even in the absence of direct
couplings to the SUSY breaking sector!

Ex) Masstermin W=uH,Hqy4
— SUSY breaking bi-linear term :V=ums;» HuHqg

" _n”n

For a supersymmetric coupling with the mass dimension “n’,
it is accompanied by a soft parameter n x ms,2.




Supersymmetry Breaking and SUSY spectrum

Example 3 : Anomaly Mediation

4 ~ - N
Supersymmetr
Brepakirzlg Secto); SUGRA Effects MSSM

- J . J

Gauge coupling : mass dimension 0 at the tree-level
— gaugino mass is zero at the tree-level!

Gauge coupling has anomalous mass dimension at the loop-level!
— gaugino mass is non-zero at the loop-level!

Ma = Ba/ga X m3,2( Ba : B function of gauge coupling)

SU(2) gauge coupling is less scale dependent = the wino is the LSP!

Anomaly Mediation effects are subdominant if there are direct
interactions to the SUSY breaking sector.



Supersymmetry Breaking and SUSY spectrum

The above soft parameters are given at the high energy scale.

—— We need to evolve the mass parameters down to
around TeV scale to know the spectrum.

SUSY effects

Physical Spectrum ~re mediated

RGE

<

Renormalization
> scale

Weak scale Planck scale
~TeV Messenger scale




Supersymmetry Breaking and SUSY spectrum

Gaugino Masses Running

The RG equation of gaugino masses
d 1

— M, = —b,q°M, be = 33/5,1, —3

=M, = —bag; (ba = 33/5,1,-3)
d _, ba

(e =—37)

M My %23 at any RG scale

2 2
g1 g5 g3
v

My :My:M;=0.5:1:3.5 attheTeVrange
vUou\uD

This ratio is the prediction of the universal gaugino mass!

[Realized in both the mSUGRA and gauge mediation but
not in the AMSB]

Checking the gaugino mass universality provides us very
important hints on the origin of SUSY breaking.




Supersymmetry Breaking and SUSY spectrum

squark/slepton Masses

(first 2 generations)

16m°—m3 = — Y 8¢.CP|M,|?
a=1,2,3
Gaugino mass effects raise the scalar
masses at the low energy!

. universal b.c
- (“mSUGRA”)

(a)

] =T

. ] : R YR

a0l h
: gauge-
[ mediation

+00 — ) —
C ]
= .___* -

) -

- o

fof .IIII!I .“:'. .1-:"" 'lulu. .mlﬂl .m!‘

[borrowed from M.Peskin’s lecture]

Typically, squar
Typically, squar

ks are much heavier than sleptons.
Ks are degenerated compared with

leptons due to

arge gluino contributions




Supersymmetry Breaking and SUSY spectrum

Typical Spectrum...
$

Hi Gluino T

sfermions
O(1)TeV Wino Heavy Higgs bosons

Higgsino
T Bino Gravitino mass (SUGRA)

100GeV + l
Higgs boson

Gravitino mass (Gauge Mediation) : O(1)eV - O(1) GeV
Gravitino mass (Anomaly Mediation) : O(10-1000) TeV



SUSY at the LHC

Opro ()

Opro (fD)

Production cross section of the SUSY particles @ LHC

1055
E.. LHC7 - m. = m, Olotal
10% == "+, ! S o@qq)
NGNS ——- 0@
of N —  — 0@ gluino and squark are mainly produced
10 f— h =~ ~ \\
S~ ST oy
= S~ ~ e 99 — 499, 4i4;,
- ~ LN~ ~~
_ ~ )
'E \\\ gq9 — 44,
ol TS _ e~y
e qq9 — 449, Qqua
- LHC7 - m_ = 2m, Otota 1: () :
10* ; A 0@’(1‘1) qq — qz q] )
ENS ——- 0@
TR NG —  — o@®
b \,\ N If they are within TeV
= , ~ i
ol R T~ — they should have beed discovered...
= S~
- ' S
= . \\
= N ~—
ol T Ny
400 600 800 1000 1200 1400



SUSY at the LHC

How do we look for the SUSY events ?
It depends on the LSP...

In the models with neutralino LSP (e.g. mSUGRA), the decays of
the produced superparticles result in final state with two LSPs
which escape the detector.

SUSY events: njets + mleptons + missing ET  (n=0,m=0)

ex)

0 /
The LSP escapes the detector and
@ results in the missing ET.



SUSY at the LHC

In the models with gravitino LSP (e.g. gauge mediation), the NLSP
can have a long lifetime.

[NLSP : The lightest SUSY particle in the MSSM]

Decay length of the NLSP (decaying into gravitino)

T+ 0 —9 m3/2 2
A/ Fase ~ 6mx (oo ) ()
[Brwese ~ 6mox (75570 1 keV

Prompt decaying NLSP
SUSY events : n jets + m leptons + missing ET  (n=>0,m=0)

(+ photons)

Escaping neutralino NLSP
SUSY events:: n jets + m leptons + missing Er (n=0,m=0)

Escaping charged NLSP
SUSY events : n jets + m leptons + new charged tracks




SUSY at the LHC

SM backgrounds

SUSY events: n jets + m leptons + missing ET

QCD multi-jets (ET>100GeV) ~1ub
Suppressed by large missing ET.
W/Z + jets ~ 10nb W=y, lv, Z—2vV]
Top pair + jets ~ 800pb

SUSY events can win with larger ET, more jets

SUSY events: n jets + m leptons + new charged tracks

Collect slow tracks to distinguish the charged tracks from the
muon tracks.




SUSY at the LHC

ATLAS 2012

MSUGRA/CMSSM: tang = 10, A = 0, u>0

3000 I T T | T T T | T T I | I.:. ! ‘I .l ! ! ! ! ! ! | ! ! ! | ! ! !

tttttt O-lepton + jets + missing Er

- - - Expected limit (+10,,,)

ATLAS

Preliminary D Theoretically excluded

95% exclusion limit

Stau LSP

squark mass [GeV]
o
o
o

f Ldt=581", (=8 TeV ™,

gluino mass > 950GeV
[mgluino « msquark]

0-lepton combined

e
L

“,
e,
.........
........

gluino mass > 1.6TeV
[mgluino = msquark]

DO, Run Il, tanf = 3, u<0

| | | | | | | | | | | | | | | | | | | | | | | | | | | | | |
200 400 600 800 1000 1200 1400 1600 1800

gluino mass [GeV]

Large portion of the parameter space expected from the
conventional naturalness has been excluded...

We were too serious about the naturalness?
The light SUSY but more intricate spectrum?




SUSY at the LHC

Prospects:

Squark-gluino grid, m _ =0. \'s=14TeV

; 4000 — | | T ; 3(I)00 1|‘b‘1 cliiscclwerly re:achI —-_ l-gl_
8 B | % 300 fb' discovery reach | ] —
e - % = 1 3000 fo! exclusion 95% CL | _20
£ 3500 % - - - 300" exclusion 95% CL _| = 10
3000 4 510°
2500 i 5107
20001~ - =10°
- ATLAS Preliminary (simulation) 1 =
B I 1 1 1 1 | | | | | | | | | | | | | | | | B __ -6
1500000 2500 3000 3500 4000 10
m, [GeV]

[borrowed from a talk by K.Terasi]

@14TeV run : gluino ~2TeV, squark ~2.3TeV with 300fb’



Higgs mass in the MSSM

What does 126GeV Higgs boson mean in SUSY models?

In the MSSM, the tree-level Higgs boson mass is given by the gauge
coupling constants.

V: = mhigg52/2 hTh + )\/4 (hf-h)2

/ T

A combination of the A= (g7+g7)/2 cos?2(3

SUSY breaking masses related to gauge couplings
and the Higgsino mass [tang = vu/va]

The predicted Higgs boson mass is around Z-boson mass,

mhiggs — )\7/2 V ~ mzCOSZ,B

at the tree-level.

It looks inconsistent with the observed Higgs mass...



Higgs mass in the MSSM

The radiative corrections to the Higgs boson mass logarithmically
depends on the stop masses!

3 ms  A? A
myo < my cos” 203 2 yim: sin® 3 <log = L : 4>
t

A

Tree-level quartic term:

1 . ' ¥ ‘

_ 2 | 2 2 sLetTe - { R
A= =(g7 + g5) cos” 23 %% 5 p
2 ? Sam” ) h

. ‘

['91 Haber, Hempfling, ‘91 Ellis, Ridolfi, Zwirner, '91 Okada, Yamaguchi, Yanagida]

The heavier Higgs boson mass than mz can be obtained with large
SUSY breaking effects!



Higgs mass in the MSSM

In the simplest case, mniggs ~ 126 GeV suggests the sfermion (stop)
masses above O(10-100)TeV'!

+ SUSY-FCNC/CP constraints are relaxed!

d 2 d 2
Mys r, "2 RR
Im — —
\ mrr, ™MRgRr

['96 Gabbiani, Gabrielli, Masiero, Silvestrini]

|
|
|
|
|
|
|
|

Viromer > 4000 TeV x

Y

+ Consistent with negative results at the
LHC experiments.

L L 1Ll \\)\ Ll L1l gIUinO maSS >1 Teror Msusy >>Tev
10 102 10°

10*
Mgysy/TeV

['12, MI, Matsumoto,Yanagida (un=0(Msysy))]



Higgs mass in the MSSM

How about the naturalness arguments?

——> msysy=0(10-100)TeV requires fine-tuning of O(104-10).

+/ This is not satisfactory at all, but is much better than the SM which
requires fine-tuning of O(10-28-10-32),

The naturalness arguments are still motivation for the “low scale” SUSY.

What fills the gap between O(10-100)TeV and O(100)GeV?
" At this point, | do not know the answetr...

The measure of the naturalness should be defined on multidimensional
parameter space with, for example, cosmological parameters...



Higgs mass in the MSSM

This is a good news in cosmology!

« The gravitino problem is solved for mz;; = O(10-100)TeV.

05 Kohri, Moroi, Yotsuyanagil - The gravitinos are produced by particle

T II| [ . . . .
1010 / f - scattering in thermal bath in the early universe
0. - (abundance proportional to Tr ). ['82 Weinberg]
109 o
% .
o 10% E E Y320=n3/s~10"2x(Tp/10° GeV)
. . .
=107 - E [Tk : Reheating temperature after inflation]
N -
6 L D/H (Low) |
10 = SLi -
oo Dol vl vl 1 M32=0(1)TeV = BBN constrains thermal
102 103 104 10° history of cosmology...

msg,, (GeV)

+ The model with Msfermion = M3/2 = O(10-100)TeV can be consistent with
simple baryogenesis such as leptogenesis!

[Leptogenesis requires Tr > 10°GeV, ‘86 Fukugita,Yanagida]



Higgs mass in the MSSM

This is a good news in cosmology!

« The gravitino problem is solved for mz;; = O(10-100)TeV.

['05 Kohri, Moroi, Yotsuyanagi]

/II[HI| I

The gravitino decay rate is suppressed by
the Planck scale (32 = m3/23/Mp;2)

1010

o

—
w
3

109 -
= .
8 108 = T30~ 0.01sec x (100TeV /m3/ )3
« i [ Teenv=O(1)sec ]
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+ The model with Msfermion = M3/2 = O(10-100)TeV can be consistent with
simple baryogenesis such as leptogenesis!

[Leptogenesis requires Tr > 10°GeV, ‘86 Fukugita,Yanagida]



Dark Matter

Who is Dark Matter?

The thermal relics of Weakly Interacting Massive Particles (WIMPs)
are the most motivated candidate.

* DM is in thermal equilibrium for T > M.

e For M <T, DM is no more created

DM% o * DM is still annihilating for M <T for a while...
oM 25 5M * DM s also diluted by the cosmic expansion

>
_|
>
1
3
=2
D
o)
=
§_.
E.
3
A (X X
<

DM number in comoving volume

DM 5 5M * DM cannot find each other and stop
I\ reasng (o) Freeze out annihilating at some point
' > M/T * DM number in comoving volume is frozen
1079 GeV ™~
QD]wh2 ~ (.1 X ( )
(ov)

The WIMPs with the annihilation cross section (54) ~ 107 2GeV 2

at the early universe are very good candidates of Dark Matter.




Dark Matter direct detection
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Dark Matter direct detection
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Spin independent/dependent constraints are comparable
in strength...

(LUX~2013, Xenon1T ~2015...)



Dark Matter indirect detection

The WIMPS are annihilating even now!

|x\~: .

N
-

% Pamella

A )

v Fermi-LAT

DM can be probed as a source of cosmic ray!

Cosmic Ray charged particle (proton, electron, etc...)

They change their direction during the propagation.

Gamma ray, neutrino fluxes : coming straight from the source.
primary source : DM decay, annihilation

— many independent targets (Galactic Center, Cluster, etc...)
secondary source : charged particles from DM decay, annihilation




Dark Matter indirect detection

Cosmic Ray charged particle (proton, electron, etc...)
Flux : l/)(E) ~ Q(E) x Min[ taitf, tioss |

tqhirr= (time scale of diffusion)
~ 10"sec x (E/GeV)°
tioss= Energy loss rate ~ E

Background (Super Nova) : Q(E)~E~

For primary proton, tyir < tioss
Wp(E) ~ Q(E) taifr ~ E2-0 ~ E27

For electron, tuifr < tiossfor low enerqy, tioss < tqirr for high energy

High energy Primary electron :  @prime(E) ~ Q(E) tioss ~ E3

High energy secondary electron, positron
from the proton flux: Wsecond e(E) ~ Qp(E) tioss ~ E30

Rat|0 Ofthe POSItrOH/E|eCtr0n ﬂUX ~ (l)seconde(E)/ (l)prim e(E) ~ E_(S
— Good probe for the DM contribution!



Dark Matter indirect detection

The deviation from E-¢ in the positron fraction has been observed
by the Pamella, Fermi and AMS-02!

a

|

Positron fraction

5

—
<

o AMS

A FERMI

o PAMELA
AMS-01 ]

HEAT
CAPRICE98

CAPRICES4
TS93 =
I L 1 Al 1l " ' 1 Ll Jl Ll 1 L 1
10°
positron, electron energy [GeV]

Rough BG-Expectation

— Important Hints on the DM?



Dark Matter indirect detection

The gamma ray flux from the dwarf Spheroidal galaxies puts
rather severe constraints on the DM annihilation!

Upper limits, bb channel

10" ————
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WIMP cross section [cm? /s]

http://astronomy.nmsu.edu/tharriso/ast110/class24.html
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J-factor : DM profile
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Dark Matter indirect detection

The gamma ray flux from the dwarf Spheroidal galaxies puts
rather severe constraints on the DM annihilation!

classical o | Uppe'r Ii'm'its', 'b?') Ichannel
R [ e 3.107% - - Draco - - Sextans
dSph long. lat. d IOglg[J(O-5 )] i — Bootes | - - Fornax - - Ursa Major Il
_ 20 L - - Carina — Sculptor  — Ursa Minor
[deg] [deg] [kpC] [Gev2cm 5] 10 — Coma Berenices — SegL?el
Ursa Minor | 105.0 | +44.8 66 18.5 £+ 0.18 w i
- 107 Fermi-Lat:1108.3546 (two year data)
Sculptor 287.5 | -83.2 79 18.4+0.13 g
Draco 86.4 | +34.7 | 82 18.8 +0.13 g 102
Sextans 243.5 | +42.3 | 86 17.8 £0.23 s
Carina 260.1 | -22.2 | 101 | 18.040.13 2107
0
Fornax 237.1 | -65.7 138 17.74+0.23 O
O 102
S
Faint =
dSph long. lat. d log[(0.5° )]
[deg] [deg] | [kpc] | [GeVZem™9] 10726
Bootes I 358.08 | 4+69.62 60 17.74+0.34 1(')1 ' — 1(')2 ' — e "103
Coma Berenices | 241.9 | +83.6 44 19.0 £ 0.37 WIMP mass [GeV]
Segue 1 220.48 | +50.42 23 19.6 £0.53
Ursa Major I1 | 152.46 | +37.44 | 32 | 19.6+0.40 Constraint from faint dSg has a large ambiguities...

de, 1 (ov
E., AQ (1,2)dlds2
dE ( b ) 47 2mx2 dE [/AQ /lo S IODM ) j

J-factor : DM profile




Dark Matter indirect detection

All sky survey of the gamma ray flux also puts constraints
on the DM properties.

ex) annihilating DM decaying DM
” DM DM— W+W—, NFW profile ” DM— W*W~—, NFW profile
102} 1027 11
/51()_24; e \’ ! ! _ .‘81024.
5 — ;
\/10_25% _ 1023é
e e e T e e o
DM mass (GeV) DM mass (GeV)

[Fermi-Lat 1205.2739, two year data]

Further constraints or hints on the DM properties will be provided
with more data taking!

(More precise estimation of the J-factors are also important)




Summary

V' Supersymmetric Standard Model is now more motivated by the
discovery of the Higgs boson.

v In the MSSM, the Higgs boson is an elementary scalar particles
whose mass parameters are controlled by a“chiral” symmetry!

+ The MSSM gives us an calculable model all the way up to the GUT
scale!

« So far, no SUSY events were observed at the LHC...

SUSY particles could be a little heavier than the naive expectations.

About 126GeV Higgs boson mass also suggests heavy SUSY particles.

+ DM detection experiments may give us hints on SUSY before
collider experiments...?



