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Introduction

Talk Outline

@ Supersymmetry (SUSY) Basics

o Superfield formalism
@ Constructing SUSY invariant theory
o SUSY breaking

@ Minimal Supersymmetric Standard Model (MSSM)
@ SUSY preserving Lagrangian and soft-breaking terms
@ R-parity
o Superpartner Mixing
@ Implications

o Dark Matter
o 125 GeV Higgs



Supersymmetry Basics
@000
SUSY invariant Theory

Supersymmetry (SUSY)

Symmetry: Fermions < Bosons
Q [®) =|V) QW) =|®)
Q. is a spinorial charge

Reviews: [Wess & Bagger]

SUSY algebra:
{Qa,E)B} :2<7Z§PH
{Qa, Q[g} = {D&,Qﬁ} =0
[PH, Qo] = [P, Q4] =0



Supersymmetry Basics
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SUSY invariant Theory

Superfield

SUSY algebra realized through a Superfield & (XN, 0, g)
0 are fermionic (Grassmann) coordinates that anticommute: 6, , o = {1,2}

{0,03 ={0,0} = {0,0} =0 — =@ =0
Define 66 = 6%, ; 56 = 6,8% ; 0% = cBoy 04 =c ;507 2y =11

@ Chiral Superfield Sedb =260
@ Db, =0 ; Dbr=0 . -
Setp =iV20"EDmep + V2EF
o by = @y) + V20uL(y) + 60F(y) ¢ SIV2T O+ v
8¢ F =ivV2E5" Omp

F : auxiliary field

@ Vector Superfield
o V=t ScAmn =i [(£0"0mA + €6"0mA) — (n <> m)]
o V(x,0,8) = —00,0A"(x) + i069X(x) —
000X (x) + $0000D(x)
D : auxiliary field

Se A =i€D + 0™ EAmn
6eD =E5" O\ — £ OnA
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[e]e] o]
SUSY invariant Theory

Constructing a SUSY theory

Under a SUSY transformation, F and D transform into total derivatives

@ So they can be used for constructing SUSY invariant £
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SUSY invariant Theory

Constructing a SUSY theory

Under a SUSY transformation, F and D transform into total derivatives
@ So they can be used for constructing SUSY invariant £
A SUSY gauge invariant theory
r= ¢:[e2gv¢i‘09§9_ + (W(®)lgg + h.c.) + 5557 WaW®|gg
Superpotential W(®), a Holomorphic function
Gauge Kinetic Function W, = f%DDe*VDaeV



Supersymmetry Basics
[e]e] o]
SUSY invariant Theory

Constructing a SUSY theory

Under a SUSY transformation, F and D transform into total derivatives
@ So they can be used for constructing SUSY invariant £
A SUSY gauge invariant theory
1
L= 0V e 4 (W(®)lgg+hc) + oz WaWlgg
Superpotential W(®), a Holomorphic function
Gauge Kinetic Function W, = —1DDe™VDne"
Eliminating the Auxiliary fields :
£ =|Dugil? = iio, DM i — gv2 (67 T2ix* + 27 i T2
(1 PW(9i) () |
2 009 0o;
1

—2FwF -5 Z \w Ti@! —ix"'5,0%x,

-




Supersymmetry Basics
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SUSY invariant Theory

Consequences

Solution to gauge hierarchy problem

,— iR
+ -0
h _ﬁ; h
A? divergence cancelled [Romesh Kaul's talk]

(Similarly W%, Z divergences cancelled by )



Supersymmetry Basics
[e]e]e] ]
SUSY invariant Theory

Consequences

Solution to gauge hierarchy problem

trotR L=t

A? divergence cancelled [Romesh Kaul's talk]
(Similarly W%, Z divergences cancelled by )

@ Lightest SUSY Particle (LSP) stable dark matter (if R, conserved)

@ Gauge Coupling Unification - SUSY SO(10) GUT
Includes vg = Neutrino mass via seesaw



Supersymmetry Basics
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SUSY breaking

SUSY breaking

@ Exact SUSY = My, =M, ; Ms= M

@ So experiment = SUSY must be broken
@ SUSY broken if and only if (0|H|0) > 0

@ Spontaneous SUSY breaking

@ O'Raifeartaigh F-term breaking
@ Fayet-lliopoulos D-term breaking

° STr(I\/IQ) =0 = cannot break SUSY spontaneously using SM superfield

@ Hidden sector breaking Mediation Communicated to SM
Spectrum depends on Mediation type + RGE
@ In effective low-energy theory

@ Explicit soft-breaking terms, i.e., with dimensionful parameters



The Minimal Supersymmetric Standard Model (MSSM)

Reviews: [Martin] [Drees] [Drees,Godbole,Roy] [Baer, Tata]



Ingredients

MSSM fields

To every SM particle, add a superpartner (with spin differing by 1/2)

Gauge fields

Matter fields (Chiral Superfields)

‘ (SUR), SU@)y() ‘ Components

Q (3,216 (Ge, qu, Fo): aL:( & );qL:( o )
uc G.1)_y3 (og, ug, Fu)
bl (3. D13 (dg, ds, Fp)
L L2 12 (NN AT zL:( o );zL:( o )
E€ (1, 1), (8%, eq, FE)
(V) (1.1 (7r, Vks Fr)

(Vector Superfields)

Higgs fields (Chiral Superfields)

’ ‘ Components H ‘ (SU(3), SUR) y(1y ‘ Components
= ¥ - T
su@ | (g, & Ds) Hu (1,2) 5 (hu, hu, Fr,) hu:< " ); Ru={ %
U u
= = 0 F
su@) | (W, ‘fV, D) Hy (1,2)_1, (hds ha, Fry) s g = ( :i ) by = ;ﬁ
u() (By., B, D) < <




Ingredients

MSSM Superpotential

Write most general W consistent with SU(3)c ® SU(2). ® U(1)y
@ W= Uy QHy — DY4QHq — E yeLHy + pHyHg + (NynLHy)
© Wa, = LH, + LESL + QDL ;  Wag = U°D°D"

@ W, + Whag induce proton decay : 7 ~ 1071%s for i ~ 1 TeV



Ingredients

MSSM Superpotential

Write most general W consistent with SU(3)c ® SU(2). ® U(1)y

@ W= Uy QHy — DY4QHq — E yeLHy + pHyHg + (NynLHy)

© Wa, = LH, + LESL + QDL ;  Wag = U°D°D"

@ W, + Whag induce proton decay : 7 ~ 1071%s for i ~ 1 TeV

So impose Matter Parity Ry = (—1)3(B=1 to forbid AL and AB terms

For components = R-parity R, = (—1)3(B—0+2s

Rp(particle) = +1 ,  Rp(sparticle) = —1
Consequence : The Lightest SUSY Particle (LSP) is stable

@ Cosmologically stable Dark Matter

@ Missing Energy at Colliders



Ingredients

Soft SUSY breaking

Effective parametrization with explicit soft-SUSY-breaking terms

L8y 5 O — QTS Q — ufhmlig — dhmidr — LT}l — e m?er — (DL m?oR)
1o 1 . 1
— M BB - MWW — ZMsgg + h.c.
2 2 2
— CAQH, + deAyQHy + €A LHy — (VAL LH,) + h.c.
— m}, HiH, — m}y, HiHg — (BuHyHg + h.c.)



Ingredients

Soft SUSY breaking

Effective parametrization with explicit soft-SUSY-breaking terms

L8y 5 O — QTS Q — ufhmlig — dhmidr — LT}l — e m?er — (DL m?oR)
1o 1 . 1
— M BB - MWW — ZMsgg + h.c.
2 2 2
— CAQH, + deAyQHy + €A LHy — (VAL LH,) + h.c.
— m}, HiH, — m}y, HiHg — (BuHyHg + h.c.)

UV SUSY breaking and mediation dynamics will set these parameters
@ Eg: Gravity Mediation (MSUGRA, CMSSM)

o Inputs g ,My /5, Ao, tan 3, sign(p) at GUT scale
o TeV scale values determined by RGE



Ingredients

Electroweak symmetry breaking (EWSB)

0 %

Physical Higgses: h0, H°, A°, H*



Ingredients

Electroweak symmetry breaking (EWSB)

=5 (0 ) =5 (%) o wes=
Physical Higgses: h0, H°, A°, H*

V= (Jul? + mi ) hl? + (1l + mf ) hal? = (buhuha + hoc) + §(8% + g7 (Al — [hal*)?
Minimization and EWSB

2b
sin(2B) = ——54——
(2P) mlz_’u+m$_ld+2|u|2

2 _ .2
[my —miy |
and my = —4 4 _m —m? 2
1—sin2(28) u d



Ingredients

Electroweak symmetry breaking (EWSB)

=5 (0 ) =5 (%) o wes=
Physical Higgses: h0, H°, A°, H*

V= (Jul? + mi ) hl? + (1l + mf ) hal? = (buhuha + hoc) + §(8% + g7 (Al — [hal*)?
Minimization and EWSB

2b
sin(2B) = ——54——
(2P) mlz_’u+m$_ld+2|u|2

2 _ .2
[my —miy |
and my = —4 4 _m —m? 2
1—sin2(28) u d

@ So we need p? (SUSY preserving param) ~ m? (SUSY br param)! Why?

@ This is called the p-problem



Consequences

125 GeV Higgs

At 1-loop [Haber, Hempfling, Hoang ,1997] [Debtosh’s thesis]
2 4 M= me 2 2
2 2 2 3g;m, H My Xi Xt
m: & m5 cos*(2 In 1-—
b 7 cos*(28) + Brmd, )T ey ey T2mmg,

where Xy = Ay — pcot 8

@ my = 125 GeV needs sizable loop contribution

2
o Hard! Needs large m; m;,or large X;

3g2m* mg. my X2 X2
o But dm?, ~ =227t |In 12 ) + t 1— t
Hy 82 m\z/v m% 2m;1 my, 6m;1 mg,
So fine-tuning necessary to keep mZZ correct (cf previous EWSB relation)
“Little hierarchy problem”




Consequences

Neutralino mixing

Neutralino: Neutral EW gauginos (B, W3, I:IS, I:IS) : Majorana states

LD -
M1 0 —Cgswmz sgswmz ?3
- - - ~ 0 M, cgewm —sgcwm w
_1 3 0 0 2 BCwmz BCwmz /)
2( B w Hu Hd ) —cgswmz cgewmz 0 - HB
Sgswmz —Sgcwmgz - 0 FIS
B <0
g Xy
. . . w3 %9 .
Diagonalizing this o — )28 : the mass eigenstates
u
0 %



Consequences

Chargino mixing

Chargino: Charged EW gauginos (Wi, AE), wE =iy + i
v ) A= ()
- ; H+ = Lua
Hy <

Form Dirac states W+ = ( =
—_— = i 7%
£5— ( W+ R+ ) (MXPL+ MXPR) g ) the
Mo

where My, = ( V3cos B my

) : the mass eigenstates

> 21

i+
Diagonalizing this ( ‘;:IVJF ) — (

V/2sin B myy, )
I



Consequences

Scalar mixing

Eg. stop sector (%, tr)

Lo — ( F* i ) mzL+m$+AL (VuAt _H* COtﬁmt)* :fL
LR (vuA¢ — p* cot B my) kg + M2 + Ag ir

where A = (T3 — Qs3/) cos(28) m%

. y . [ t .
Diagonalizing this ( %L ) — ( ;l ) : the mass eigenstates
R 2



Consequences

Flavor Issues

Flavor Problem

@ In general Mj; can have arbitrary flavor structure and phases
(MSSM has 9 new phases + 1 CKM phase)
o FCNC & EDM experiments severely constrain these
@ some deeper reason (in SUSY br mediation)?
@ Minimal Flavor Violation (MFV)
@ Only CKM phase



Implications
o
Dark Matter

Dark Matter (DM)

With R, conserved, a superpartner (odd) cannot decay to SM (even)
.. Lightest Supersymmetric Particle (LSP) is stable
LSP is in thermal equilibrium in the early universe, and left over today as Dark Matter
o )2? LSP with ~ 100 GeV mass is a good DM candidate
o Weakly Interacting Massive Particle (WIMP)



Implications
o
Dark Matter

Dark Matter (DM)

With R, conserved, a superpartner (odd) cannot decay to SM (even)
.. Lightest Supersymmetric Particle (LSP) is stable

LSP is in thermal equilibrium in the early universe, and left over today as Dark Matter
o )2? LSP with ~ 100 GeV mass is a good DM candidate
o Weakly Interacting Massive Particle (WIMP)

It's number density can be depleted by annihilating with another sparticle

Self-annihilation Co-annihilation

Could be detected in ongoing experiments

@ Direct detection (on earth) YN — YN
@ Indirect detection (cosmic rays) P — vy, ete ...

Aside: Almost pure vg, if LSP, could be non-thermal DM 1@



Implications
(]

Collider Signatures

SUSY at LHC

o Cascade decays
@ R, conservation == Missing energy signals

q
i L i
P

e/, (D400 GeV)

Mq (GEV)

[ATLAS Physics TDR]

o Can we determine the spin and couplings to show SUSY?

o Angular distributions



Implications
L]
Conclusions

Conclusions

Supersymmetry solves the Heirarchy Problem
@ MSSM is an effective theory at the TeV scale

@ SUSY breaking in hidden sector

o Communicated to SM via mediation mechanism
(which determine the MSSM parameters)

o Gravity mediation, Gauge mediation, Anomaly mediation
@ Rp conservation

o Dark Matter Candidate
o Missing Energy at Colliders

@ 14 TeV LHC run crucial for SUSY
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BACKUP SLIDES



Standard Model (SM) problems

@ Gauge hierarchy problem (Mgyw < Mp;)

Electroweak scale : Mgy = 103 GeV  Gravity scale : Mp; = 1019 Gev
o Higgs sector unstable  (quadratic divergence)
@ Fermion mass hierarchy problem (me < m;)

o Flavor symmetry?

What is the dark matter

Inadequate source of CP violation for observed baryon asymmetry

Cosmological constant problem



Gauge hierarchy problem in detail

Lsy D —%m,% h? + (—%ht_ﬁ)t/_ + h.C.) + ...
Higgs mass is not protected by any symmetry!

h __h 5’"%:_%/\2

2 82 (A is momentum cut-off)

Quadratic divergenﬁ;ﬁ! =T tapgtural Kir)s-milng) 1019 GeV



Gauge hierarchy problem in detail

Lsy D —%m,% h? + (—%ht_[?t[_ + h.C.) + ...
Higgs mass is not protected by any symmetry!

h b dmh 32

e 5 (A is momentum cut-off)
- 2 87

Quadratic divergenﬁ;ﬁ! =T tapgtural Kir_@-milng) 1019 GeV

New physics (BSM) restores naturalness?

Below what scale (A) should it appear?

ITI2

o

fr >0.1 = A<2TeV (form, = 120 Gev)

So expect new physics below 2 TeV scale

Fine-tuning measure: fr =



SM problems cured by Physics Beyond SM (BSM) 7

Some BSM proposals

@ Supersymmetry
@ Strong dynamics (Technicolor, Composite Higgs)
@ Extra dimensions

o Flat extra dims
o Warped (AdS space) extra dim

5-D gravity theory in AdS [, 4-D conformal field theory (CFT)
AdS/CFT correspondence [Maldacena 97]

(]

Little Higgs



LHC Data (SUSY jets + MET)
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