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Cotents
as glven by Michael

@ Review of gl obal SUSY for malism
@ SUSY malels of particle physics
@ experimental signatures of SUSY.

@ Spectr oscopy measurements In
super symmetr .

@ Models of supersymmetr y br eaking and their
experimental implicat ions

o Can we test str ing theory at c olliders?



Plan

Mon: Non-t echnical Over view
what SUSY Is supposed t o give us
Tue: From formalism to the MSSM
Global SUSY for malism, Feynman rules,
soft SUSY breaking, MSSM
Wed: SUSY breaking
how t 0 break SUSY, mediat ion mechanisms
Thu: SUSY & c olliders
basic r eact ions, signatu res, and how do we
know It Is SUSY ?
Hi1. SUSY as at elescope
supersymmetr y br eaking, GUT, str Ing






A Long History

@ Since Fermi and Yukawa t o the (Standard
ModelQit t ook almost 40 y ears to build

@ Since deep inelastic scattering and J/! to
precision measurements, itt ook almost 30
yearsto test

@ See Michael Peskin®lectures forits
beautiful e xperimental t ests

@ Yet n of c ompletely e stablished



Renor malizable Quantu m
Field Theory

o SU(3)xxSU(2)xU(1) gauge theory
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Anomaly Cancellat ion

U1} 3! 2% + 3! % + 3| % +2 % +(+1)3=0
U(1)gravity) 2 3! 2 % +3!|- g +|3! % +2. % +(+1)=0
U(1)BU(2)¥ 31 2 % +2 % - 0

U(:]_)GU((B))2 3! 2.% + 3! g + 3! % =)
(SUER)Y #31 #3 = 21 11 1= 0

(SU2)Y, (SUB)FSU(2), SU(I)BU(2)Y 0

SU(2) #2= 3+ 1= 4= even

Non-tr Ivial connect ion between q & |



Gereral

@ The most g eneral r enor malizable Lagrangian
with the g iIven particle content

1 1 1
| =1 R b e T Ay — G G2
492" A2 W A2

+ FIBDQ + wibBu + HABd + BiBL,+ gibe
+|DH?+ Y@ uH+ Y @dH + Y''EeH
#

| "(H HY2+ "vH H + 64$2°' o Cg




Parameters

@ 3 gauge coupling congants + " oo
@ 2 parameters In the Hig gs potential ( Gs, my)
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Parameters

@ 3x3 complex Y., Yd', Yi!: 54 r eal params
@ reparameterization U(3)oduLe’l U(1pes s=41
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492" 42 W A2
+ FIBDQ + wibBu + HABd + BiBL,+ gibe
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Masses and MixIngs

@ Chaose masses and mixings as obser ved
| _—
} <AL ) 9%0 .22

Vi e Ay 1 Alz QL

I3 i) " ALZ 1 A, & '10(1)

neutrinos




Standard Model Is
extr eeemely successful

@ Take Particle Data Group AReviews of
Particle PhysicsOwith 40 O+ pages

@ With only af ew exceptions, all numbersin
the bo ok are consigent w ith the St andard
Model with suitably chosen 19 parameters

@ Some of themt ested at 10° P10 |evel

@ Many at 10-3 |evel



Standard Model Is
extr eeemely successful

@ baryon and lepton number c onser ved (apart
fr om anomaly <e® %9%) I(t! e'ga)" 10°%Years

@ [Ravor a pproximately conserved (apart fr om
smdl mixing in Vckw)

@ especially 3avor-changing neutr al current
smdl (e.g. s( dvanishes at tr ee-level,
suppressed by me?/ mw? at o ne-l oop)
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m-
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empirically incomplete

@ neutr IN0O mass
o dark matter
@ dark energy

@ nearly scale-invariant a pparentl y acausal
densty 3uc tuation

@ baryon asymmetr y



aesthetically
unacceptable

@ Str ucture Is quite complicat ed
@ many naturalness problems
@ NO quantu m gravity

@ guestions In four c ategories



Big Quest ions
PHalizontalP

> Why are there fermion masses
? de se pe

u-e ce te

% WhaI ph yS|CS (large angle M SW)

"1 . .||2.n3 I_l‘ !‘

deter mines the patter
of masses and mixings:

@ Why do neutr inos have
mass yet so light ?

@ What iIs the o rigin of
CP viohkt ion?

o Why " ocp<%010?

@ What is the o rigin of
mater anti-matter
asymmetr y In
Universe?




Big Quest ions
Pb\erticalb

@ Why are there thr ee Q(3,2,+%), U(3,1,+§), d(3,1,! %),
unrelgted gaugg forces.,’? (1,2, }), 1,11 1)
@ Why is str ong interact ion 2
str ong?
o Charge quantizat |9n ELEMENTARY
# anomaly cancellat ion PARTICLES
@ quarntum numbers

@ Isthere a unibed
description of all f orces?

( )




Big Quest ions
PHFom the Heavenb

@ Whatis Dark Matter?
& What Is ?

@ Why now? (Casmic Riess et al. 2001
coincidence problem)

+ HST meas. of

@ What wa s Big Bang?

@ Why Is Universe so
nig? ([3atn ess problem,
norizon problem)

@ How were galaxies . . . | 08 1.0
and stars created? (Spergel et al 2003)




Big Quest ions
PHom the Hel IP

@ What Is the Hig gs
boson?

@ Why does it ha ve
negat ive mass
squared?

@ Why is the re only one
scalar particle in the gravity
Standard Model?

@ Isit elementary or
com pOSIt e? weak force

@ Isitr eally

electric force




Standard Model Is
fragile

The minute you allow f or a ddit ional Pelds
and/or g auge groups, much of the suc cess Is
destr oyed
@ suppressed [3avor-c hanging neutr al cu rrents
@ No proton decay
@ NO neutr Ino mass etther (good&bad)
@ considency with p recise electr oweak data
@ no excessive CP violat ion (e/n EDM)
@ no charge/color br eaking



Standard Model Is
fragile

@ The minute you allow f or parameters to vary,
it e xhibits very different ph ysics

@ take mg<Imy, all protons decay t o neutr ons
and there are no atoms

o take me>4m,-my, Sun doesnbb urn

@ if my>0, EWSB gill occurs by QCD, but the
world is t oo radioactive to live

@ If m:dn, noJ/! before the en d of c old war

and no high-energy physics fu nding by now



Dark Fleld =
COSmMIC superconduct or



Big Quest ions
PHom the Hel IP

@ What Is the Hig gs
boson?

@ Why does it ha ve
negat ive mass
squared?

@ Why is the re only one
scalar particle in the gravity
Standard Model?

@ Isit elementary or
com pOSIt e? weak force

@ Isitr eally

electric force




Mystery of
the wea kK f orce

@ Gravity pulls tw o masswve
bodies (long-r anged)

@ Electr icforce repels tw o
like charges (long-r anged)

@ Weak force pulls protons
and electr ons (shart-
ranged) acts only over
0.000000001 nanmomet er

[need it f orthe Sunto

burnl!]

@ We know the en ergy
scale:




Mystery deepens

@ Nuclear beta decay isduet o ayet another
force, the wea k f orce

@ Strangely, only | eft-handed particles participate
In the wea k f orce

@ That sounds OK as long as they are moving
@ but w hen they stop???



We are swimming
In Dark Field

o guartu m liquid

o It do esnDdis tu rb g ravity
or el ectr ic f orce

o It do es disturb weak
force and make it short-
ranged

@ It sl ows down all
elementary particles
fr om speed of | ight

e What Is | t?7?

Extr emely bizarre theory!

gravity
E&M

Bose- Elnstem Gundensatnn of Rb 87
Eh IIJ

' 1471

W eak 1200
100

£Lf

i
. -
@ |i Te T

RtL

/M

;
%
:
f




Cosmic Superconduct or

@ In a su perconductor, magnetic Peld g ets r epelled
(MeiSner effect), and penetr ates only over the
Openetr ation lengthO

# <zMagnetic Peld is short-r anged!
Imagine a physicist I iving In a su perconduct or
@ She pnally bgured:

@ magnetic Peld must be | ong-r anged

@ there must be a m ysterious charge-tw o ark FieldO
in her QJniverseO

@ Bu do esnbkn ow what the Da rk Field is, nor w hy it is
there

o Doesnbha ve enough energy (gap) t o break up Cooper
pairs
That@ the stage where we are!



Textbo ok

@ W and Z are massive - T_i
vector bo sons |

@ Only known consigent [ o
(renor malizable) 190 0 S TS I A i
quartum Peld theory |
of massie vectors Is |
gauge theory with | T

Higgs mechanism
@ Therefore, W and Z
DOSONS Mmust be g auge
DosSOoNS, br oken by a

Higgs Now added evidence of
vect or bo son self-c ouplings




unitar ity

@ W-boson scattering
grows with en ergy

A cGFE2 and violates

unitarity at 1.8TeV

@ If y ou allow only one
extr a particle beyond
what we kn ow to restore
unitarity, the o nly
possibility ist o add a
spin zero particle whose
couplings are precisely
those of the SM Hig gs

C H. Llewellyn Smith; D. A. Dicus and V. S. Mathur;
J. M. Cornwall, D. N. Levin and G. Tikt opoulos



ugly

o V=4H|*- #%|H|°

@ Why negat ive mass

sgured?
@ Why only one scalar in

the SM?
@ Hierarchy problem
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Fermi© dream era

@ Fermi f or mulated the
brst theo ry of the
weak f orce (1933)

@ The required energy
scale t o stu dy the
problem known since
then: ~TeV

@ We are Pnally getting
there!




Gap Excitat ion

@ We know the
energy scale of the y
prOblem: — thjrﬁ-l average
G (300 GeV¥* Run-I/I preliminary:::-'

@ the g ap excitation is
called CHiggs bhosonO
@ Curent data
combined with the
Standard Model
theory predict
m_<208GeV(95%CL)




Kick out Dark Field
fr om the v acuum

@ We know the en ergy
scale of the p roblem:

0.3 TeV

pump energy into
empgy space t o kick
out w hat ever makes
Dark Field: CHiggs
bosonO

LHC will Pnd it!!!



Signal significance

ATLAS

Rolust dis covery

H$ %o ILdt=30fb 1

«ttH(HS$ bb
. H $( 27%) $) 4 (no K-factors)
H$ wwOs jge ATLAS
»qqH$ qq'”
Total significance

=
o

120 140 160 180 200
my (GeV/c?)




Post-Higgs Problem

@ We see OvhatOis stuck in our u niverse
o Bu we s till don®kn ow OwyO
@ Two problems

a \Why anyth ing is condensed at a ll

m \Why Is the s cale of Dark Field 0.3TeV
much much smaller than the s cale of
gravity dlLO™TeV

@ Explanation most | ikely t o be at $TeV scale
because this Is the r elevant en ergy scale



Hierarchy Problem

gravity

electric force

weak force




Big
Bang

Dark Field




The Main Obstacle

@ We look for physics beyond
the St andard Model that
answers big questions about

EW scale
SM breaks

early universe | fo et
@ By debnition, thatis physics
at shorter distances

® Then the St andard Model
must survive down to
what ever shorter distance
scale

o IS the
main obstacle t o do so



Once upon at Ime,
there was a hierarchy problem...

@ At the en d of 19th c entury: a OciisisOabout
electr on
@ Like charges repel: hard to keep electr ic
charge in a small pack
@ Electr on is point-| ike
@ Atl east smaller than 10Pitm
® Need alot of en ergy t o keep it small!

e 10 1’cm
' mec? ! r—! GeV ;
e e

» Carection ! me(:2 > meczfor r, < 10Pitm

o Breakdown of theo ry of el ectr omagnet ism
Kz




AntI-Matter Comes t o Rescue
by Doubling of #P articles

@ Electr on creates a
force to repel itself

@ VVacuum bubble of
mater anti-matter
creat ion/annihilat ion

o Electr on annihilates
the p ositr on in the
bubble

<zonly 10% of mass evel

for Planck-sizea«~1033cm ¢

I me ! me@mg(mere)



Higgs repels itself , t oo

o Just | Ike electr on
repelling itself
because of its ¢ harge,
Higgs boson also

repels itself

@ Requires a | ot of LA00GV L B Scae
energy t o contain TeV T o et
tself In its p oint-l ike
size!

@ Breakdown of theo ry
of weak f orce



Higory r epeats I tself?

@ Double #particles
again <z

superpartners

o O/acuum bubblesOof
super partners cancel
the energy r equired
to contain Higgs boson
In itself

@ Standard Model made
consigent w ith
what ever physics at
shorter distances




Opening the do or

@ Once the h ierarchy problem
solved, we can get started to
discuss physics at shorter

distances and earlier u niverse. ~100GeV - EW scale
@ It o pens the doort o the next ~AISVETE SLE
level:
Hope t o answer big que stions physics that
: : 277 T answers
@ The solution to the h ierarchy questions
problem itself , e.g., SUSY, shorter
: distance
provides

at short distances



Big
Bang

Dark Field







Supersymmetr y

@ SUSY
@ Higgs only one of many scalars that
happen to acquire negat ive masssquared
@ SUSY stabilizes the h lerarchy
@ easlly consigent w ith the EW p recision
obser vables because it is @lecouplingOphysics
o fully consigent, renor malizable, calculable
theory
@ can be connected to GUT, str ing, etc



A Broken Symmetr y

Supersymmetr y predicts bo son and
fermion to have the same mass

Clearly not tr uein nature

It ha s to be br oken, partners heavier
than the SM pa rticles

Once broken, itis natural f or partnersto
be heavier as their ma sses allowed by
SU(2)'U(1), while quark, lepton, W, Z
masses forbidden



T Q@ HE R

Soft su persymmetr y
breaking

Purpose of supersymmetr y ist o protect
hierarchy

Arbitr ary t erms In Lagrangian that br eak
supersymmetr y r eintr oduce power di vergences

CBoft su per symmetr y br eakingCclassibed:

e, e 8, A S88 B;$%, GP

gaugino mass, squark/ slepton mass-squared, etc
Dark horse terms (hot a lways allowed):

PP, #%, %%




Radiat ive Symmetr y Breaking

(Inoue et a l; Alvarez-GaumZ & a |; Ib a—ez- Ross)

In the MSSM,

electr oweak symmetr y
does not g et br oken
Only after
supersymmetr y Is
broken, Higgs can obtain

a VEV vdang sy
s==E
==
W=
EW symmetr y and R
hierarchy OpotectedO

by supersymmetr y
50



Origin of Hie rarchy

(Witten)

o V<¥h, because v dng <¥hb.,

@ Why msusy<¥ie?
@ | dea: running coupling congtant
@ SUSY broken by str ong gauge dynamics with
2 CDynamcaI su persymmeztr y br eakingO
| = Mpe &7%% " Mp
@ e.d., SO(10) with o ne 16
# # # (Afl3eck, Dine, Seiberg;, HM)

51



The paradigm

A= ]\Jple—Sﬂ‘“/gabg < ]‘[Pl

m —n 2\ Supersymmetric
u~102-103 GeV SUSY ™ Pl Standard
Model

52



gauge coupling
unipcat ion

60 L L B B B L B L B

] ~_
U(1) i 50 - U(

/// | 40 ~__
: < 3. VO

U2

20

U@
U(3) Standard M odel { b

10016 10 109 107 104 109 100 U0 10 10 16 109 107 10 10 108
M(GeV) M(GeV)




R-parity

@ B L-conservation not automaic

o W=udd+QdL+LLe+LHu

@ Ifthe yexistwith O(1) couplings:

o& ', dn,/ m> dl(P* sec!

2

@ Impose R-parity = (B1)3B*L+2>

@ Forbids B and L number viol at ion

o R-parity Is n on-anomalous, may be g auged

@ Stable Lightest Su persymmetr ic Particle

# # <zCold Dark Matter

o SUSY particles always pair -produced and
decay Into the LSP: missing energy signal

o4




Supersymmetr y

Tevatr on/ LHC will Can do mary
discover measurements at LHC

IL dt=1, 10, 100, 300 fi

§(3000) A=0,tah =35 u>0

one year

one year

@1033

: O 50 100 150 200 250 300 350 400
region M'II(; (GeV)

Fermilab reach: < 500 GeV




Prove Supersymmetr y

@ Discovery at Tevatr on
Run Il an d/or LHC
@ Testthe y are really
superpartners
@ Spins differby 1/2
o Same SU(3) SU(2)
* U(1) quantu m
numbers
@ Supersymmetr ic
couplings

o)
)

[%
§ 100
LL
3+

o)
o




Gaugno and scalars

@ Gaugno masses test ¥# Scalar masses test beta
unibcat ion itself functions at a |l scales,
iIndependent of depend on the particle
Inter mediat e scales and cont ent
extr a complete SU(S) (Kawamura, HM, Yamaguchi)

1/M; [GeV'Y]
0,01
0.009
0.008
0.007
0.006
0.005

M7 [10° GeV?|

0.004
0.003
0.002
0.001

()

102

1011 10141016

Q [GeV]
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Particle Dark Matter

o WIMP ( Weakly In teracting Massive Particle)
str ongly f avored

@ Stable heavy particle produced in early
Universe, left-over fr om near-complete
annihilat ion

~0.756(n + x{*t 3s, - #2(Tev)?

g .- anMpg,  8'Hg | ann

Y

@ TeV the c orrect en ergy scale
@ We hope to produce DM directly at c olliders



——4,8Gev EC
——19. Gev HC




How do we kn ow
what Dark Matter 1S?

@ cosmobgical measurement of dark matter

* 11
@ abundance ) *_

@ detection experiments
@ scattering cross section
@ product ion at
@ mass, couplings
@ can calculate cross sections

LHC

WMAP
ILC

cosmic abundance

@ If the y agree with ea ch other: mass of the Dark Matter
( Will know what Dark Matter is

( Will understand universe back t o t+101°



Big-Bang Nucleosynthe sis

Cosmc Microwave Background

a) *He

Burles & .
Tytler (1998b)

Rood et al. (1998)



Big
Bang

Dark Field




