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 Status of the Standard Model
* Open 1ssues beyond the Standard Model

ki

* Origin of particle masses

* Search for the Higgs boson
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_ * Supersymmetry
Searches for supersymmetry

Possible other new physics at colliders
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Summary of the Standard Model

R e
| » Particles and SU(3) X SU(2) X U(1) quantum numbers:

|

(3,2,+1/3)

(3,1,+4/3)
(3.1-2/3)

|| » Lagrangian: g

{
1

[N cauge interactions

ps

L
- tter f ]
i D + hec. martter rermions

i1yi; 050 + h.c. Yukawa interactions
|JD# f;'3|2 — Vi(g)

A
4
iz

+ o+ +




Perfect agreement with all accelerator
data

i

Consistency with precision electroweak data (LEP j

ct al)
Agreement seems to require
welghing

Raises many unanswered questions:
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Precision Tests of the Standard Model
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en 'uestions beyond the
Standard Model

What is the origin of particle masses?

due to a Higgs boson? + other physics?

Why so many types of matter particles?

Unification of the fundamental forces?
at very high energy ~ 101 GeV?

Quantum theory of gravity?
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At what Energy 1s the New Physics?

GEAVITATION
QUANTIQUE o ]

R,

| = ST e |
Origin of mass | = EXTRA DIMENSIONS 7 : r'

/& ¥ Dark matter

LHC-=

..... 7

A lot accessible v i "% Some accessible
To the LHC, ILC Rk Gl ) A7 v 0 only indirectly
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Some partlcles have mass, some do not

o SR
Where do the masses
come from ?
Newton:

Weight proportional to Mass i

fl Einstein:
| Energy related to Mass

Nelther explamed orlgln of Mass

* Are masses due to Higgs boson?

(yet another particle) BT
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Electroweak observables sensitive via quantum
loop corrections:

My Sin” By = m3 cos” By sin” Oy = o7e (1+ Ar)
v 2l F

Preferred Higgs mass:

Compare with lower limit from direct searches:
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Sample observable
W mass @ LEP

Nlassof the W Boson -

Experiment
ALEPH
DELPHI

L3

Indications on the Higgs Mass

L™

Sensitivities of

many observables
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on Higgs mass
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Higgs Detection at the LHC

The Higgs may be found quite quickly ... ... 1In several different channels

_ 1 H - vy
la=300m ® ttH(H — bb)

(no K-factors) A H — 7277 - 41
[ -1 (*)
* |[Ldt=101b ATLAS H - ww” S v
ATLAS 10 2 | " qqH — gqWw"
I A qqH - qq1t

'—l.
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Signal significance

= [Ldt=30m" (no K-factors)

Total significance

Signal significance

here discovery easier
my> 146V | ith H - 4 Leptons

Iy / I L1 | PRI NN TR M T |
100 120 140 160 180 200
my, (GeV)
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Loop Corrections to Higgs Mass?
T
@ ° Consider generic fermion and boson loops:

‘@ « Each is

(! I-" 1 “p {
! T Ay = — ”2 ['1 + fm'“ In(A/my) +.

Fignd

J_h

by ] 1‘1. & iy . Ly} - ¥ " 95
Amy = ——[A° — 2m5In(A/mg) + ...
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Elementary Higgs or Composite?

Higgs ﬁeId:
<OH|0>#0

Quantum loop problems
S Cutoff

top aauge

Fermion-antifermion
condensate

Just like QCD, BCS
superconductivity

Top-antitop condensate?
needed m, > 200 GeV

e New force?

inconsistent with

precision electroweak data?
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Heretical Interpretation of EW Data !
R

& Do all the data
= i e Either _ . .
" tell the same story? £l Anomaly | TWO 30 Anomalies | suisical

Genuine CL(Fit A) =0.02 Fluctuation
What most

Ay Anomaly
Cienuine

vIN Sysigmatic error

) of us think
CL(Fit B)=0.17
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CL(Fit B") =0.067 Fluctuation
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AN — S | Statistical
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Higgs + Higher-Order Operators

Corridor to
heavy Higgs?

W B
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Dimension six operator : i . L
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Owp = (H o IHW2 B, | 9.0 13 |8 N -

we =10 0w By | Byt conspiracies Fj&

Oy =|H"D, H)|? 4.2 7.0 : -

— _ | are possible: m; e

(_/)J{JJ{J — E[ JllrJﬁ.-a-”“Tfe J|'IIJ_:|_ P“\"_) \'2\'2 i ld b 1 v éb

W On =it D)0 ]| 1 | COUd e latge,
] ¥ e e s g cven 1f beheve ‘I

EW data I 3 10 30 100

T L TR S 7 L — Scale of new physics in TeV
Do not dlscard pOSSlblhty of heavy nggs o e

. :

\‘.|

WAf " ":'.'."'_ A A 1 [ SEER N D



Little Higgs Models

Embed SM 1n larger gauge group
Higgs as pseudo-Goldstone boson
Cancel top loop

M; <2 TeV (m;, /200 GeV)?

* Higgs light, other new My, <6 TeV (m, /200 GeV)?
M., < 10 TeV

~ Not as complete as susy: more physics > 10 TeV
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UV completion

. . 10 TeV j_ sigma model cut-off
Generic Little “

Higgs Spectrum e sz hosons elated 10 SU)

1 TeV —+ new gauge bosons related o SU2)

new scalars related to Higes

R . 200 Ge V- 1 or 2 Higgs doublets,

i3 possibly more scalars
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Break EW symmetry by boundary conditions in extra
dimension:

~» Warped extra dimension + brane kinetic terms?

s Lightest KK mode @ 300 GeV, strong WW @ 6-7 TeV
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1 1,000,000,000 collisions/second = | Primary targets: N\

*Origin of mass

* 1" AL

ETEs LT eNature of Dark Matter
4 Total energy over 14 OOO proton Masses @Qﬁ 7 *Primordial Plasma
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LHC Progress Dashboard
AR

Cryogenic line

Main dipoles

LHC Prog ress Accelerator LHC Prog ress Accelerator
A Technology A Technology
Dashboard & 9 ocporimen H Dashboard & W ocpormen
Cryodipole overview . Cryogenic distribution line
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CMS Experiment

TRIGGE
ACQUIS

Kustria, CI

Eredcap 1
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Overall
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 hina
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CMS Under
Construction
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) ATLAS Experiment

Muon Detectors Electromagnetic Calorimeters

. \\ Forward Calorimeters
Solenoid \\ /
\ A J

End Cap Toroid

Barrel Toroid Inner Detector ) )
Hadronic Calorimeters

= Diameter 25m

# Barrel toroid length 26 m
& End-cap end-wall chamber span 46 m A
¥4 Overall weight 7000 Tons [SE S
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Huge Statistics thanks to High Energy and Luminosity
e
| Event rates in ATLAS or CMS atL =103 ¢cm™? s!

an W 15
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(MD:3 TeV, n:4)

. LHC 1s a factory for anything: top, W/Z, Higgs, SUSY, etc..
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Process Events/s Events per year Total statistics collected
at grevious machines by 2007
W— ev 15 108 104 LEP / 107 Tevatron
L— ee 15 107 107 LEP
it 1 107 104 Tevatron

bb. 106 1012 - 1013 10° Belle/BaBar ?

H 1h=130 GeV 0.02 10° >

5o )m=1TeV 0.001 104

Black holes 0.0001 103 ---

m>3 TeV

TN o

< mass reach for dlscovery of new partlcles up to m ~ 5 TeV
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The LHC Physics Haystack(s)

ETRE

Interesting cross sections

* Cross sections for heavy particles

- ~1/(1 TeV)?

— 4| * Most have small couplings ~ o
|« Compare with total cross section
~ 1/(100 MeV)?

|« Fraction ~ 1/1,000,000,000,000
e Need ~ 1,000 events for signal

f - Compare needle

~ 1/100,000,000 m3

e Haystack ~ 100 m3

Must look n ~ 100 OOO haystacks
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Higgs perdu ... 24
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Ala recherch du _ g . .
Higgs Production at the

e
=
alpp —=-H+X)
Vs =14 TeV

m, = 175 GeV
CTEQ4M

! M. Spira et al.
0.25 MLO QCD

0 [ 1 1 1
0 100 200 300 400 500 o600

Indirect information *

K

44"
— - 7 '

events for 10% pb™!
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Higgs Detection at the LHC

The Higgs may be found quite quickly ... ... 1In several different channels

_ 1 H - vy
la=300m ® ttH(H — bb)

(no K-factors) A H — 7277 - 41
[ -1 (*)
* |[Ldt=101b ATLAS H - ww” S v
ATLAS 10 2 | " qqH — gqWw"
I A qqH - qq1t

'—l.

=

[}
Signal significance

= [Ldt=30m" (no K-factors)

Total significance

Signal significance

here discovery easier
my> 146V | ith H - 4 Leptons

Iy / I L1 | PRI NN TR M T |
100 120 140 160 180 200
my, (GeV)




e*e” collisions
uptoE_ =1TeV
Preferred choice
for next collider

Now subject of
Global Design Effort
Hope for decision
2010 — 2012

To be constructed by
2015 —2020?
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Tasks for the TeV 11.C

Eall Y S TERRE N

Measure m, to <+ 100 MeV

If there is a light Higgs of any kind, pin it
down:

Does it have standard model
couplings?
What is its precise mass?

If there are extra light particles:
Measure mass and properties

If LHC sees nothing new below ~ 500
GeV:

Look for indirect signatures

z 3
= 35
T
+'a 30
L)
° 25
20
15
10
E
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L,
B =
5
n
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40 an 120
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Measuring Properties of Light Higgs

R

| C calities

Some new studies ...

LU bb, 11, gg, cc, WW, yy (SRR [ V' c2suring top-Higes

coupling

k=] 5
E E E“‘} N T I T T T I T T T I T T T I T T T I T T T I T |
= B =l N ~ - . ]
I 225 E LHC 300 b at 14 TeV + LC 500 b at 500 GeV 3
E i § E {stat. error only} E
w10 S 02 | ]
3 FTT 2 - ]
T C T _F 3
= [ & E0I5 | F
T WW 1 B -
1w C ]
& nos 3
r - LC 1000 b at 800 GeV ]
L “ 1 | 1 1 1 | 1 1 1 | 1 1 1 | 1 1 1 | 1 1 1 | L
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Sensitivity to Strong WW scattering

[ .
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Measuring a WW Resonance

Form factor measurements Resonance parameters
@ 500 GeV LC s a NOIIHIE
yI 2150
U: _|| 1 | LI | L | | L | 1 ||_ 2“:.:' ._
E LET M -25TeV 1.6 TeV 12TeV E 2050 1
01— — 2000 |-
- : — 1850 i
g oo — . ] ’:—Ii._ml:-:l _—
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I 1 1800 |-
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) et i 1750
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0 ! '] 2 -3 14 1650, 568 67 08 68 T A T2 T3 T s
- 5 06 07 08 O a1 AR

n * _
J:f‘ 0 o

DK e *; s
R *"._’ Resonance parameters @ 500 GeV LC "*‘

,..-



‘ NN T4 T
S prd ! L

After LHC @ CERN - CLIC?

Electron-Positron
1@ collisions up to 3 TeV
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Advntaes of Higher
Energy LC

Oyt (D)

Larger cross section @ 3 TeV
8 can measure rare decay modes
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 Status of the Standard Model
* Open 1ssues beyond the Standard Model

ki

* Origin of particle masses
* Search for the Higgs boson
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8 ° Unifies matter and force particles?
& ¢ Links fermions and bosons

Exclusion principle vs laser coherence

@ » Relates particles of different spins
0 - T )




Supersymmetry (Susy)?

\
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(mp ~ 101 GeV is scale of gravity)
* Alternatively, why 1s
Gp =1/ my? >> Gy = 1/mp? ?

.

e
3w

"-'&1‘!

& V coutomb == Vewton ¢ €% >> G m? = m? / mp?
'+ Set by hand? What about loop corrections?
' 5imyy % = O(a/m) A2

e Need |mp?>—my? <1 TeV?
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Loop Corrections to Higgs Mass?
T
@ ° Consider generic fermion and boson loops:

‘@ « Each is

(! I-" 1 “p {
! T Ay = — ”2 ['1 + fm'“ In(A/my) +.
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Amy = ——[A° — 2m5In(A/mg) + ...
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Other Reasons to like Susy
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It enables the gauge couplings to unity |§
0 SM
It predicts my; < 150 GeV S = i~
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Dark Matter 1 In the Un1verse '
Astronomers tell us | T ST A
that most of the ph (. e
matter in the
universe 1s
invisible

e, |

We will look for 1t

with the LHC

R matter in the
We shall look for S Universe is

them with the [ invisible
LHC Dark Matter




()| Boson > = | Fermion >
'|: J| _Fg lII‘ || I| J"”f." :::::. |B!-.| ."ﬁlll'.i.lrll :::::.

particles of different spins

Supermultlplets chlral (0, 1/2) vector (1/2 1)
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Simplest Supersymmetric Field Theory

* Free scalar boson and free spin-1/2 fermion:
% — .Ir'“Pllf ‘{* calair: *'f-’ fermion

‘{: sealaire — _'lrj'b!fj'f} f’}

K
i

' i}"‘.'llf rion — —3 l',-" i aH 1‘_,}'“ .'T.-
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lizs * Transform boson to fermion:
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\§ ° Ferm10n O DOSON. Sy =i(0*e) D et S = —i(e d™)* D, 0"

» Lagrangian changes by total derivative: action 4
= [d*x L(x) invariant
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Supersymmetry with Interactions

N
# ° General form: [P RS VA P Ve

\ .-

‘& » Variation includes:
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| g Cancel variation 1n potentlal
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* Gauge bosons + adjoint spin-1/2 fermions =
supersymmetric gauge theory

APes

» Effective potential fixed by Yukawa, gauge
couplings:
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* Graviton minimally coupled to spin-3/2 fermion =
supergravity
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inmal Supersymmetric Extension of
Standard Model (MSSM)

"¢ (lepton) (g (quark) \ (1Y C~ (photon) \ (g (gluon)
{(iepton) | ( a (auark) Y (1Y ) o |

g ' — L g P S L ' LA pel I |
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Higgs doublets, coupling |1, ratio of v.e.v.’s =

nknown supersymmetry-breaking parameters:
Scalar masses m,,, gaugino masses
trilinear soft couplings A, bilinear soft coupling

* Often assume universality:
Single m,,, single , single : not string?
, * Called constrained MSSM =
! ' * Gravitino mass? Minimal supergravity: not string?
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Stable 1n many models because of conservation
of R parity:

 Particles have R = +1, sparticles R = -1:
(HShe Sparticles produced in pairs
Heavier sparticles = lighter sparticles
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,\! y o
__” B a B B it KN
( \ Ay '| ol i DL AR S LT S
4 N £ "’ L N
i AURA e R R Sy T




Possible Nature of LSP

Y » No strong or electromagnetic interactions

' * Possible weakly-interacting scandidates

(Excluded by LEP, direct searches)

(nightmare for detection)

T
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Constraints on Supersymmetry

¢ Indirect constraints

» Density of dark matter

.....
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= Exclude: m@/g) < 292/333 GeV

Gluino and Squark mass limits:

General RS
" M(q)>M(g):'u,d,s,c,b mass equal

Squarks

TR LR

" M(g)<M(q): u.d,s,c mass equal
Improves Run I limits:

" Tnclude more data

& gluinos

._.-_ _Q\A :

S N . SCn parameter space
SRR = pR(g.>bb)~100% assumed

Spectacular signature:
" 4 b-quarks +

Require b-jets and ﬁ{T>80 GeV
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e Specific
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Largest contributions, errors from low energies
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Updated Results for g -2
PRt n AT, W _
g [ete] = (693.4 +5.3 +3.5)x 1010
a,SM[e*e'] = (11659 182.8 % 6.3, + 3.5, * 0.3qg0.ew) x 10 10

Weak contribution La, ek =+ (154 £0.3)x 1019
' -'\ Hadronic contribution from higher order :a ! [(a/7)’] =~ (10.0+0.6) x 10 17
Hadronlc contrlbutlon from LBL scattering: a, had [LBL] =+ (12.0£3.5) x 10 1Y
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Current Constraints on CMSSM

i W

Assuming the
lightest sparticle
1s a neutralino
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Current
Constraints

on CMSSM

= Impact of
" Higgs
constraint
reduced

1f larger m,
Focus-point =
region far up &,

”t;. .
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Sparticles may not be very light
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How ‘Likely’ are Heavy Sparticles? |
R

Fme—tunmg of EW scale

W tﬂnB_l{},p>{} tan =10, u>0
SI}D:----.----.----.----.----.l.u TITTII[T I TITTTT T T TT T T Ir[T TTT . .
] L] 1 o ]

E i B ]

Tmé E mh =114 ey ‘| 3

; L/ : :

600 i ' A =300 ;

L

=
=

=

o=
|

PR e

.———

-
-
-

-:=Q"

100 200 300 400 500 o000 700

m”a {Ge‘s}

900 1000 SEMENS 800

100 200 300 400 500 o000 T00 8OO

m”, {Ge‘s}

900 1000

W 21

I . AL e Y0 U Sl b ' " ¢
i w of ek Ll sy -h N L BT | "’K..ﬂ‘ '""1’ [ {

Larger masses requlre more ﬁne—tunmg but how much 1S too much‘?

i |



T
s 2% oh
PRI
\' 'I
"

&4

"Typical’

supersymmetric
Event at the LHC
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Supersymmetry Searches at LHC
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Lines in
| susy space
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.| WMAP data
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Supersymmetric Benchmark Studies
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Summary of LHC
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Scapabilities

and Other

Accelerators

e
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ey

' iﬁ LHC almost

‘guaranteed’

"8 to discover

supersymmetry
if 1t 1s relevant

to the mass problem
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able Particles

we= gluino

Nb. of Observ

s squarks

mmm=  sleptons

Post-WMAP Benchmarks
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Sparticle
Signatures
along

| Average numbers
), of pa?tlcles per
sparticle event
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40— m (4/) spectrum Reconstmctlon Of ‘Typlcal’ m(ffj).min spectrum
end-point : 109 GeV . : end-point: 552 GeV
Cam precision ~ 0.3% Spartl(_‘,le Decay Chaln precision ~1 %
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iVt Spectrum of
‘4 Benchmark SPSla

Wl ~ Point B of
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. Several sparticles
"% at 500 GeV LC,
: more at 1000 GeV,
some need higher E




Examples of Sparticle Measurements
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Can one estimate the scale of supersymmetry?

Sensitivity to m, ,

in CMSSM

along WMARP lines |

for different A z

! Present & possible ..
' future errors
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~ As functions of m1 /2 in CMSSM for tan = 10, 50
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Global Fits to Present Data
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Sparticles at LC along WMAP Line

% Complementary to LHC: weakly-interacting sparticles

LCVs=1.0TeV tan 3 =10
BN gluino MM squarks Ml sleptons I X H
. 35

B’ C
| v

LCVs=0.5TeV tanf =10
BN gluino M squarks Ml sleptons H X H
35

B’ C
wy oV

Nb. i:;f Oi)ser\'ablé P-tcs.

PRI NN T ST T (NS T [ | |
300 400 500 600 700

800 900 1000
m,, (GeV)

300 400 500 600 700 800 900 1000 £5
m,, (GeV)

AT d W

=

", _ - Battaglia, De Roeck, Gianotti, JE, Olive, Pape



SPS1a

LHC+LC

TNSpPSia

LHC

0.05
1.5

399.6
407.1

0.05
4.0
0.55

182.9
370.3

370.6

6.5

2.0
5.7

550.4

16.0
160

StartFit [LHC

Lar )

570.8

LC

100
250
10
-100

500 | 100.03
500 | 249,95
50 9.87

100.03
250.02

9.98
-98.26

LHC+LC

1.5
1.5

0.08
2.3

3.0

5

O
)
J

C

THCIIC  Ars

100.04
250.01
9.98

0] -99.29

-98.25




§

al &3] (a) ” |(.'-L‘\.'r I'| K ID_MI_,‘ Cev1
T T T T T T T T L | T T T T T 1] T T .01 E 0.403 -
60 - LHC & 0.000 E i MM,
B LC/GigaZ ' 0.0DB E D.402 |
S0 - 0.007 E M -
- ’ E o401 |
40 L 0,006 E f
L § 0005 E M. 0.4
| 30 5 0.004 E -
L | 0.003 E o385 ¢
20 - 0.002 £ Ma 0.388 |
= 0.001 r
1[]_ 0 IIIIIII|I|I|I|I|III|IIIIIIII D‘JBT-IIIII|III|III|III|III|I
I_ | | | . 102 105 108 1011 19141016 18.25 183 16.35 18.4 16,;2“&[%:”
KT "0 Q[GeV]
j (P M2 [10° GeV?] M2 [10° GeV?]
400 — 400 —
C D| QH U'I E1 |-1 - D: Q: Us E: La
) & se - Al e 300 L 300
. i - C
- For gauge couplings | 3 200 |
" - -'.; T “_-._' ? ' a :_ 100 :_
, : R = o F
B — —1o0
. For € MMasscs ;‘ § I I B N B B R N B A SN RN RN RN AN B A B BN R B BN
T — E—— 16° 10° 10" 10™0'® 18 10°  16® 10" 10™h0’®
F/RRW, .. 3 ek AV {‘J [GeV] (2 [GeV]
S eh

3 ¢
vy Y ']
A i



DN TR ). 8

Sparticles may not be very light

VN

2000 [ : 2000 ¢

FCMESM, u=0

1500 L

1000 F 1000 |

Mgy (GEV)
My yse (GEV)

500+

0 S00 1000 1500

2000 2000 e

LEEST, u=0
E with 10 TeV constraint
1500 |

T = v
e .
R ‘n:t‘l’, ot g

| Dark Matter
Detectable ‘_
Directly |

-
A

:'é[of],iéds' QIQISIA 1SAYSI[ PUOIAS —

i
5 4

Eo

1000 F

My (GEV)

500 F

Myyep |:GE""-":|
B

| Lightest visible sparticle — "} & W ERGlive # Sanios0 S pancs



‘ NN T4 T
S prd ! L

After LHC @ CERN - CLIC?
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Sparticle Visibility at Higher E

J CLICVs=5.0TeV tan =10
_ B gluino B squarks I sleptons X

CLICVs=3.0 TeV tan 3 =10

B gluino B squarks I sleptons 1l X
33

| Nh.u.-f-d'liserrnhle‘ Ptcs.'

“o00 1000 B
“‘m 'I.'l‘.}e:"'lrflI

See all’ spartlcles measure heaV1er ones better than LHC
7 Wl ' ’ PR Fhe s AR ta&. 7' b \ ) : : _ % -



tan B =10

Evts/1ab’

PG

CLIC 3 TeV

ke
i
f
s
Bl
A
\ Y
W aslh
|-§-| N
v b P b b L [T

50 75 100 125 150 175 200 225 QA 300 400 300 600 700 800 900 1000
M, (GeV) K88 m,, (GeV)
= . . . o YN 3 LR - g N 7 Ty

A
b o - (%
R } =l "."{"'::_--




s T e
Sparticle Mass |
Unitfication ?

— thLrL-hilpl
U Accuracy in measuring _

ELDQU tv.B QT H H,

[3%]
L]

% sparticle masses squared [

2 - &
' N aps oo,
ol o anks. x X
o
i

/& Can test unification
/. of sparticle masses —
probe of string models‘? E

M, 0

D1 Q1 UI E1 |—1
I AN N Y N Y A -0.5 L N N N SN O Y B A

10141016

10 10° 10" 10'"10'® 100 16° 16® 10"

Sae AP
T .:"1\_«':_'!‘.‘ .



Tt

_ Lectures at the Summer School on Particle 8

..-' [
Ll &
-

Physics
Abdus Salam ICTP, Trieste, June 2005

AR N U .E‘;“.‘: -~

S o




Status of the Standard Model
Open 1ssues beyond the Standard Model

Origin of particle masses

Search for the Higgs boson
Supersymmetry







Strategies for Detecting Supersymmetric
- Dark Matter

» Annihilation in galactic halo

8

. * Annihilation 1n galactic centre

N Annihilation in core of Sun or Earth
"

o
i

./ ¢ Scattering on nucleus in laboratory
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Annihilations 1n Solar System ...
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Annihilations 1n Solar System ...

Present upper limits > 100/km?/year
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From global fit to accelerator data
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Elastic Scattering Cross Sections
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| '« MSSM with more general pattern of supersymmetry
breaking:

non-universal scalar masses

and/or gaugino masses

and/or trilinear couplings

’ * Nature of the lightest supersymmetric particle (LSP)
‘ » Extended particle content:

f non-minimal supersymmetric model (NMSSM)
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r‘ » Different sfermions with same quantum #s?

e.g., d, s squarks”?

N &
1.
L .

'K Squarks with different #s, squarks and sleptons?
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Non-Universal
Higgs Masses
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| » Larger parameter space

* Constrained by vacuum
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Possible Nature of LSP

Y » No strong or electromagnetic interactions

' * Possible weakly-interacting scandidates

(Excluded by LEP, direct searches)

(nightmare for detection)

T




Possible Nature of NLSP

WYy

W+ NLSP = next-to-lightest sparticle
*  « Very long lifetime due to gravitational decay,
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Light Nuclei: BBN vs CMB

Good agreement for D/H, 4He
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Constraints on Unstable Relics

TR

.1 < BBN?
Effect of relic decays?
Problems with D/H

Interpret as upper
limits on abundance

of metastable heavy
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Minimal Supergravity Model

il . T e el

More constrained than CMSSM: m,,, = m,, B, = A, — 1

A=2;1>0
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Slepton Trapping at the LHC?

If stau next-to-lightest sparticle (NLSP)
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W Supersymmetric spectra in NUHM and GDM benchmark scenarios

10 :
sign () +| +| + + | + + +
Ay 0 0 0 0] 25 127 25
Ty 178 | 178 | 178 178 | 178 178 178
Masses
1] 375 | 500 | 325 978 | 610 | 1176 | 1161
L" 115 | 117 | 114 122 | 119 124 124

H° || 266 | 325 | 240 | 1177 | 641 | 1307 | 1277
. A° |l 265 | 325 | 240 | 1177 | 641 | 1307 | 1277
Scenarlos H* || 277 | 335 | 253 | 1179 | 646 | 1310 | 1279
\ 113 | 146 | 95 || 323 | 183 | 436 | 436

__ _ S |l212| 279 | 178 | 625 | 349 | 840 | 840
. \O | 388|515 | 341 | 954 | 578 | 1176 | 1165
Typlcal example of 7‘& 406 | 528 | 358 || 064 | 503 | 1186 | 1175

_ : 9 | 177 || 625 | 349 | 840 | 840

520 | 360 | 965 | 594 | 1186 | 1176
g 6T [ 835 [ 575 [ 1610 [ 986 [ 2007 | 2007
L. i 1296 [ 346 [ 376 | 702 |
e fr || 216 | 241 | 328 || 571
V., v, || 285 (337|367 | 697
rl 212 | 239 | 315 | 564
T 208 | 348 | 377 || 700
o 285 | 337 | 364 || 695 | 285 | 651 | 644
wL. ¢, || 648 [ 793 (612 | 1532 | 207 [ 1802 | 1880
up, cr || 637 | 778 | 607 || 1480 | 867 | 1817 | 1814
dy.s; | 653|797 | 617 | 1534 | 901 | 1893 | 1891
dr, sp || 630 | 768 | 599 || 1474 | 864 | 1807 | 1805

non-universal Higgs masses:
my, = —(333GeV)?, m3;, = +(294GeV)?

Models With stau NLSP

t 471 | 596 | 433 || 1159 | 682 | 1465 | 1472
t2 652 | 784 | 600 || 1429 | 879 | 1758 | 1756
3 by 590 | 727 | 540 || 1395 | 824 | 1726 | 1723

e 1 ALK by 629 | 767 | 594 || 1468 | 862 | 1781 | 1775
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Properties of NUHM and GDM Models

T
Relic density €, h*, b — sy and g, — 2 in post-WNMAP benchmark scenarios, also
vesp in the GDM models

) 3 ¢ n
Qrsph® 0. 1 167770.0¢ 0.07 e e e T
6a,(1077) | 1.5 | 1.0 | 2.6 0.2 1.8 0.5 0.5
Be, (107%) || 4.1 | 4.4 | 2.8 3.7 3.6 3.6 3.6
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| % o Rehc den31ty WMAP in NUHM models

.\

"-f i . Generally < WMAP 1n GDM models

'3', Need extra source of gravitinos at high
1 temperatures, after inflation?

. "« NLSP lifetime: 10% <1 < few X 106s
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W Xh, XZ may be
large in NUHM

anching Fraction
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Je Al decay chains

_ end with lighter stau 1 &
¥ * Generally via y
| ® . Often via heavier

sleptons

Final states contain via \Z

2 staus, 2 1, M| (. — gWHT
decays with vs

often other leptons

De Roeck, JE, Gianotti, Moortgat, Olive + Pape L




By typically peaked ~ 2

Staus with By < 1 leave central tracker

after next beam crossing

Staus with Py < %4 trapped inside calorimeter §

Staus with By < 72 stopped within 10m

.d « Can they be dug out?
¥ N ~ Model

€ 1

Number of particles with 850 [ 7
By < 0.25

Range in C (cm) 60 | 136 | 129

Range in Fe (cm) 29 65 G1

| Number of particles with || 7700 | 100 90
Ay < 0.5

Range in C (cm) GO0 | 1360 | 1290

Range in Fe (cm) 200 | 650 | 610
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Kinematic Distri

butions: Point ¢
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Kinematic Distributions: Point C
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Stau Mass Measurements
y Time-of-Flight

[ Staut TOF uncertainty | Entiss w2 [_Staul deflamm_] Ermizs 0237
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Potential Measurement Accuracies

- Gravitino Dark Matter even more interesting
than Neutralino Dark Matter!
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Problems of Quantum Gravity
R —
* Gravity grows with energy:

18 « Pure states evolve to mixed states?

Incompatible with
Conventional
Quantum mechanics
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_u String TheOry
| e Point-like particles — extended objects
'« Simplest possibility: lengths of string

* Open and/or closed

N
)

» Quantum consistency fixes # dimensions:

i} * Bosonic string: 26, superstring: 10

' » Must compactify extra dimensions, scale ~ 1/mp?

l
i » Perturbative string unification scale:

m p -
M\ = O(g) x f— ~ few x 1017 GeV
I " ,_-..‘- 4 .l ._ Illr "h,.; s

R

Close to GUT scale but larger?
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Scenario for String Unification

R R
' Extra dimension below GUT scale: gravity grows
faster with energy, unity

at 10'° GeV?
* E.g., 1n M theory with '
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large 11" dimension
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e micron?

e Infinite?




s i -

And 1f gravity becomes strong at the TeV scale ...

Black Hole Production at LHC?

Atlentis

Multiple jets,
leptons from

Hawking
radiation
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Black Hole Production
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Black Hole Decay Spectrum
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Measuring Extra Dimensions
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Identifying a Graviton Resonance
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Summary

_Il‘f.‘ e

| » There are good prospects for new physics discoveries
with upcoming colliders

-« Reasons to expect new physics @ TeV

. « Distinctive experimental signatures

LR
¥

.1 » The LHC (@ CERN will open new energy range
e Linear e+e- colliders could explore in more detail






