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A Historical Parallel?

President Kennedy:

"l believe that this
nation should
commit itself to
achieving the goal,
before this decade
Is out, of landing a
man on the Moon
and returning him
safely to the earth”

|+ CERN Council:

“We believe that th

organization should

commit itself to
achieving the goal,
before this decade

is out, of discovering |
the Higgs boson and

supersymmetry”
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The Large Hadron Collider (LHC)

Primary targets:
*Origin of mass
*Nature of Dark Matte

Primordial Plasma
Matter vs Antimatter |
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» Cross sections for heavy particles
_L: :E““ ~ 1 /(1 TGV)2
—* |« Most have small couplings ~ o

e Compare with total cross section
~ 1/(100 MeV)?
e Fraction ~ 1/1,000,000,000,000
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« Compare needle
~ 1/100,000,000 m? '

Haystack ~ 100 m?

Must look in ~ 100 OOO haystacks

—T—

- Tk Al AL
~ . '*(: . &
it ol ( .'..n- f



=
T
|
<
&

b, Preliminary
______— Dp05 (174 pb”, PRL)

Status of
Higgs Search
Q) Tevatron
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Tevatron Run Il Preliminary
DO Expected f Ldt=0.3-1.0 b,
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A la recherche
du
Higgs perdu ..
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Higgs MH=440 GeV Jx1 0)
[l Higgs M,=130 GeV (x10)
[ Higgs M,=120 GeV (x10) —
E3 Higgs M,=115 GeV (x10)
[ ee Drell Yan

O jets py,q > 50 GeV

[ y+jets (1 prompty + 1 fake)
y+ets (2 prompt )
1 vy box

[ vy born

e

Signal (135GeV/c?)
| EW/QCD 2t+jets
L 7] ttbar Wijets
' Fit to Signal
Fit to Ziy* (— 21)
Bl ===- Fit to ttbar W+jets
il —— Sum of fits
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[ my= 140 GeV
[ ]my= 200 GeV
[]my= 250 GeV
[ my= 350 GeV
[ my= 450 GeV
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/27* -> 4 leptons
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- * A Standard Model Higgs
boson could be discovered
with 5-c significance with
5fb1, 1fb! would be
sufficient to exclude a
Standard Model Higgs boson
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Signal would include 17, vy,
bb, WW and ZZ

|+ Will need to understand
detectors very well
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Higgs Measurements (@ ILC & LHC
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The Higgs and Vacuum
Energy

False Vacuum
Uy ps (metastable)

~ |» Must add a

constant to the |
effective potential | ;
so that net value '

|n ‘|'I"IIQ VvVacCl A W EE—
UUUIll \J u ':

|+ Physical value
& ~ 10-60




Why Supersymmetry (Susy)?

Intrinsic beauty
Hierarchy/naturalness problem

Unification of the gauge couplings
Predict light Higgs < 150 GeV

— As suggested by precision electroweak data
Cold dark matter
Essential ingredient in string theory (?)




Direct Evidence for

Collisionless Dark Matter

Collision of two galaxies: § Collision of two galaxies:
ark matter lumps pass througBaseous matter stuck in betwee




Problems for the CDM

log r, (kpe)

0.0 1.0

Birirkr s i d e PG &

10 15 20
log o (km 5~}

® A minimum size for galaxies, ~100pc
» Mass size scale somewhat larger (?), expected since
baryons dissipate energy?
m Velocity dispersions of ~10km/s, ~ flat profile
m Cored mass profiles, with similar mean mass
densities ~0.1M4/pc3, ~5GeV/ce

»power-spectrum scale break?

»This would (perhaps!) naturally solve the
substructure and cusp problems

» Number counts low relative to CDM

il > Need to consider seriously non-CDM candidates

-25

" Gilmore et al, 2007



Constraints on Supersymmetry

e Indirect constraints

140 150 160 170 180 190 200 210
a, - 11659000 (107"

* Density of dark matter
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 New e*e data agree
with previous
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|+ Strengthen
| discrepancy

—now 3.4 ¢
| New t decay data
| apparently disagree
| with previous

KLOE 2001 published result:

388.710.8574:14.95y5;

KLOE 2001 updated:
384.440.85, 5 14.95 o;

KLOE 2002 prelim.:
386.3£0.6¢rar+3.9¢ysr
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a (0

.35-0.95 GeV?) (107
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Possible Nature of LSP

* No strong or electromagnetic interactions

* Possible weakly-interacting scandidates

(Excluded by LEP, direct searches)
(partner of Z, H, )

(nightmare for astrophysical detection)




Minimal Supersymmetric Extension of
Standard Model (MSSM)

 Particles + spartners

> ¢ (lepton) q (quark) ( 1 ) | ( v (photon) ) ( g (gluon) ) -
€.q., ~ dor| O ’ 1 €.4.. TP, or ~ .
0 § { (slepton) q (squark) 5 ¥ (photino) g (gluino)
« 2 Higgs doublets, coupling |/, ratio of v.e.v.’s =

e Unknown supersymmetry-breaking parameters:
Scalar masses 111, gaugino masses
trilinear soft couplings /, bilinear soft coupling

* Assume universality? constrained MSSM =
Single m,, single , single : not string?

& * Gravitino mass, additional relations




Assrning the Focus-point reglon above 1 TeV for m =171 GeV

g lightest sparticlc |—— i my, =114 GeV

1s a neutralino

I
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iI
m,- =104 GeV
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: ar Mtte

Detectable
Directly

P
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My s (GeV)

My e (GeV)

[ CM3SM, p=0

My e (GaV)

Myyep I:GE"I'i"]

My (GeV)

500 1000
Myysp (5e2V)

I LEEST. u=0
Eowith 10 Tef constraint




Global Fit to
~ Electroweak
and B decay
Observables

Likelihood

for m, ,

N [ ikelihood
for M
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More Complete Fit to

4‘1/./\“

LI1ICCUHTOWCEAdkK dana o

Observables

More complete
analysis of

| Larger set of
observables

d— tanf =10,A =0,u>0 CMS
N with systematics '
R\ 1fb?
/ /’f —— jet+MET
e u+et+MET
Fi / — S82u
-y _,/
A --=- 052l
. 4
' ' I 1 [NO EWSB I 1 I
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Search for SUSY @ Tevatron

- —r -

uinos, trileptons,

| .
.
Limit K
IMITS ON Squarks, g
— — 5
600 CDF Run Il Preliminary N II.I I1.|1||’II'JI E
B observed limit 95% C.L. c
===« gxpected limit o
~— |SR/FSR syst. excluded —
e D0 observed limit b
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The LHC's First Discovery?

6 December 2008

Evidence for squark and gluino production in pp
collisions at /s = 14 TeV

CMS collaboration

Abstract

Experimental evidenee for squark and gluing production in pp collisions /s = 14 TeV with an inte-
grated luminosity of 97 pb~" at the Large Hadron Collider at CERN is reported. The CMS experiment
hats colleened 320 events of events with several high Er jets and large missing Ep, and the measured
clfective mass, ic. the scalar sum of the four highest Py jets and the event By, is consistent with
squark and gluine masses of oder of 630 GeVic® . The probability that the measured yield is consis-
teot with the backgrownd is (265,

Submitted o Ewvopean Jowrmal of Plivsics




Search for Supersymmetry
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1% March 1984

EXPERIMENTAL OBSERVATION OF EVENTS WITH LARGE HISSING TRANSVERSE ENERGCY

ACCOMPANIED BY A JET OR A PHOTOM(S) INK .cou:slm
AT /7= 540 Gev
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Abstract CERM=TH . 3968/84
— m— July 1984

we report the observation of five events in which a wmissing transverse

energy larger than &0 GeV is associated with a narrow hadromic jet and of two
similar events with a neutral electromagnetic cluster (either one or more
We cannot find an explanation for such events in
expectations of rhe Scandard Model.

closely spaced photons).
cermé of backgrounds or within the




Typical analysis cuts (ATLAS EXAMPLE):

=4jets, Evt>50 GeV leading jet Ex+> 100 GeV
no lepton with E+>20 GeV

MissET> max(100, 0.2 Mes)

Metsr = MET + Yi=1,.,4 ET

Transverse sphericity > 0.2

R

T TIIHTI

i |=——susyY
. |EZZ sum of all BG
| @B tbar+Jets
i A Welets
v 7.

3000 3500 4000 w0
Mess GeV

Mangano



= SFOS dilepton+jets+Ess

40

N tt: WW+j:Z +j:other~ 6:1:1:1

s ' flavor subtraction (e~ p™ + e ™) to
25 supress chargino, W, tt, WW, “other”

20 m L1+HLT trigger path required

number of lepton pairs

15[

1of overall systematic on the background 20%

5t ﬂhﬂ ! (JES dominated)
glado n—"“"rl.ﬂrh il

o it Gav,* 5o discovery with ~ 20 pb-" (of at
Spiropoulou | understood as expected with 1 b~




CMS SUSY Discovery Plan

Search for SUSY (Evidence for excess) in >1 Ieptﬂn+E‘[‘.““f‘+jets at 14 TeV in the electron and muon
channels (100 pb_1 ).

Search for SUSY (Evidence for excess) in opposite sign dilepton pairs+ E'l?"“""*+jets at 14 TeV in the electron
and muon channels (20 pb~ 1)

Search for SUSY (Evidence for excess) in same-sign dilepton pairs + E’ﬂ““ﬂets at 14 TeV in the electron
and muon channels (200 pb_1 )

Search for SUSY (Evidence for excess) in Z° leptonic decays+ E.‘I‘.“’“ +jets at 14 TeV in the electron and
muon channels (100 pb_1j|

Search for LVF SUSY (Evidence for excess) in e + u final state at 14 TeV (500 pb_1j|

Search for SUSY (Evidence for excess) in trileptons + jets at 14 TeV. (~ fb_1j|
Search for SUSY (Evidence for excess) in bb + 1 lepton at 14 TeV.

Search for SUSY (Evidence for excess) in 0 lepton + E‘[‘-’j“f‘-s- jets at 14 TeV (10pb— 1)

)

)

)
Search for SUSY (Evidence for excess) in bb + E'I?"“"" +jetsat 14 TeV (100 pb™ 1)
Search for SUSY (Evidence for excess)in top hadronic decays+ E‘I‘-““ at 14 TeV (200 pb— 1)
)

Serach for SUSY (Evidence for excess) in opposite-sign ditau + E'l?"“""* at 14 TeV (200 pb— ")

Search for GMSB (Evidence for excess) in prompt photon final states at 14 TeV (500 pb_1j|
Search for GMSB (Evidence for excess) in non-pointing photons at 14 TeV (1 fb —7)

Search and reconstruction of heavy stable charged particles at 14 TeV using TOF and dE/dx (500 pb ™)
Spiropoulou
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| In CMS

LHC gluino
mass reach
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~ CLIC

Corresponding sparticle
thresholds @ LC

i =i
l__
e
SH
=
= 2
£
-‘%
=
-u:l=_.
Z

e

LHC will tell ILC
where to look

e

CM5-ATLAS

2

14 10
LHC luminosity per experiment (fb ') B

‘month’ @ 1032 | ‘month’ @ 1033 | 1 ‘year’ @ 10°3 |1 ‘year’ @ 103%

Blaising, JE et al: 2006



 Accurate
measurements of
masses, couplings

LHC

LHC+LC

SPS1a

 |nvaluable synerqies
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Tests of Unification (@ LHC/ILC

@y i [Gev
| a.01

. —
LHC & 0.009
LeiGigaZ | || p.oos

0.007
0.008
0.005
0.004
0.004
0.q02

0.001
0 I| II I| I| II I| II II I| II II I| II II

M.

M;

-n T T T T T T I T [ T '

5 3] 11 14, 16 18.25 18.3 1835 16.4 16.45 18.5

Ly 10" 10 1010 oguIGEY]
2 [GeV]

o
Ta

M2 [10° Ge V] M2 [10% Ge V]

Dy @ W E LM

&

@ Us B L H

For gauge couplings |

10 16" 10° 10" 100 100 et w'te™®
Q) [GeV]

For Sparticle masses ol ol L:_'I ol Elll Y Y Y Y | S N Il‘llll ol ol




Preliminary study of 242 models |
with large cross sections @
-t of 242 models, at 500

Lo To Page

CeV:
594+99=158/242 =65 %

have NO signal
observable...

i % The percentage is actually
e N T T higher (~75 % !) after some
further investigation

Accessible at 500 GeV, 1 TeV c.m. energy



Prospects f for SUSY |

LHC

gses (@

Cover entire plane at least (only)
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Most of (mA, tan 3) Plane
NOT WMAP-Compatible
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Non-Universal Scalar Masses

* Different sfermions with same quantum #s?
e.g., d, s squarks?

e Squarks with different #s, squarks and sleptons?

R« Non-universal susy-breaking masses for Higgses?




WMAP-Compatible (m,, tanf3)
Surfaces in NUHM

« Within CMSSM, generic choices of mA,
tan3 do not have correct relic density

* Use extra NUHM parameters to keep
Qxh2 within WMAP range, e.g.,
—m, =800 GeV, u=1000 GeV, m,,, ~9/8 m,

—m,,, = 500, m, = 1000, u ~ 250 to 400 GeV |

|+ Make global fit to electroweak and B
observables

|+ Analyze detectability @

A/ C Nt
(7 | = o o B

e
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8 More constrained than CMSSM: m;,, =m,, B, = A, — 1 | -

A=2;31>0
1000 il

Neutralino LSP
region

| LEP constrain’r-

On charging = Gravitino LSP

stau NLSP

100 200 300 400 500 600 TOO  S00 900 1000




Possible Nature of NLSP if GDM

NLSP = next-to-lightest sparticle

Very long lifetime due to gravitational
decay, €.g.: 11w (1 mj__f)*

.~ = S—
T 48w ME m3

ms

Generic possibilities:

Constrained by astrophysics/cosmology




Triggering on GDM Events
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~r Meta
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# of triggers per event

o

JE, Raklev, @ye: 200

J via combinations of u, E energy, jets, t



Stau Mass Determination

AR
!! I

= = [
ﬁuﬂ ¥indf 455724 E“n__ o indf 323727 It i

m, 15355410334 P [ m, 339200 = 0.916 o m .
i Elzn .- 1 EI‘DE | 1

107 Al
50 100 150 200 280 300 300 350 400 450 500

m [MeV] ) m [MeV]

B Good mass resolution #

Nominal mass
153.554 +0.334 152.475

339.200 = 0.916 338.114
321.192 +0.953 318.931




Staui beta*gamma Entrias 937
M 35
@ F

Stau Momentum Spectra

By typically peaked ~ 2

Staus with By < 1 leave central tracker

after next beam crossing

3 w0l

g 2501
< 2032—
1533—
1033
- 53:
. . I — — p— __‘- 332|4| L] ;hlﬁlnl_'dm
Number of particles with | 850 7 7| SR——
By < 0.25 . T [
Range in C (cm) 60 | 136 | 129 I oo RS
: o P ok
_ -t Range in Fe (cm) 29 65 61 © »
© | Number of particles with || 7700 | 100 90 sof. k&
, . ” | __, Jj*l‘- < 05 C maé ~i¥-
o * s i Range in C (cm) 600 1‘360 1290 : | g
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Very little room for water tank in LHC caverns,

only in forward directions where few staus
Extract Cores from Surrounding Rock?
* Use muon system to locate impact point on
cavern wall with uncertainty < lcm

 Fix impact angle with accuracy 10-3

» Can this be done before staus decay?
Caveat radioactivity induced by collisions!
| 2-day technical stop ~ 1/month
- Not p0531ble 1f lifetime ~10%*s, possible if ~10°s?

s o De Roeck, JE, Gianotti, Moortgat, Olive + Pape: hep- ph/050




Staus may bind to protons, light nuclei Pospelov

Additional effects on light-element abundances

. . EM A(B,%) [X Al(B,C)X  Enhancement

B I g Ch a n g eS I n Reaction Transition Qsppy (MeV)  Qcgen (MeV)  ocppn/TsmeN
d(a, 7)°Li E2 1.474 1.124 T.0x107
. t t| on rates H(er, 7)"Li El 2467 9117 1.0x10°
“He(a, v) 'Be El 1.587 1.237 9.9x 10°
Some In eraC *Li{p, v) Be El 5.606 4,716 2.9x10*
"-Lilfp: fr-}"*Be El 17.255 16.325 2.6x10"

"Be(p,~)°B El 0.137 -1.323 N/A

New nucleosynthesis co
— Recalculate abundances of 4He, D, 3He
— May improve results for °/Li abundances

Potentially very important constraints on parameter
space in stau NLSP/gravitino LSP scenarios

-



Effects on GDM parameter

- Space

myg = 100 Ge¥ tanf= 10, pu>0 2000 My =100 GeV,tan =10, u>0
T e T T T T T T T T T T T T

IIIII

Scenario with fixed

gravitino mass gt

Including 1a J p o-u)

i bound-state myz (GeV)

Mz =] Man = 02Img . tan =10, u>0

effects

e w3 o = i 2|

Scenario with varying §

gravitino mass

r =

& ‘Sweet spot’
| For Lithium




~ |* Two new CP-violating parameters:
| — Arg(M;m), Arg(A;m)
3 Im(Afu)

* Loop-induced mixing i w2 =2

f1

— (h,H,A) — (H,,H,,H.) with mdefinite CP

= = —~—
=" Effects on masses, couplln = e

':" CPX scenario
S tanp=>5
4 ﬂHJr = 150 Gw

3{:“].2-5 -100 -75 -50 -25 O 25 50 75 100 125

_ dg(!"’t} arg (Ay) [deg]




Experimental Constraints

- |From LEP, from electric dipole
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Prospective Searches @ LHC
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Flavour in the LHC Era:

Sup_ersymmetrlc B Physics? |

baccs  World Average = 0.68 0.03 |
BaBar 021+026+0.11 |
% Belle 050+ 0.21 +0.06
=~  Average' 0.38+0.17
= BaBar : 0581010003
:1: Bolla 064 +0.10+0.04
= Average : 0.61 £ 0.07
SR ... .. RN SR . SO T, .. 1 .. L
» BaBar 071+0.24%004
' Belle : vl 0.30 + 0.32 £ 0.08
3 Average; i —i ___bssi0.20
o BaBar 040 +0.23+0.03
s Balle 033+035+0.08
=
E Average | 0,38 +0.19
' BaBar " 020+ 0.52+024
o fveage: @000 EREURETaEEEEN 0.2020.57
ﬂ BaBar 0.62 5% +0.02
x Bollo S B L )11 + 0.48 + 0.07
il 3 ... Average. i oS 0.8
., BaBar i (S 0.41 £0.26
*X Belle ! ot 18+ 0,23+ 0.11
~  Average: P 0.29 40,18
¥ BaBar—| - K 0.72+0.71 £ 0.08
|'_1r:
21 P Sr——
% BaBar - 0.76£0.11°
w Baelle i 068+0.15+003°" '-
Y Average: I o B ___07320.10
-2 =1 0 1 2

Discrepancies in B decays?
Isospin asymmetry in B —
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Mahmoudi //



Flavour in the LHC Era:

Supersymmetric K Physics?

MK /1K) [109

Violation of |* K— mvv decays?

universality in K — e J T AP N —
~ :
RLFV ~ RSM |1 4 M AY[? tarf u; S ° tanf=2 ;
K K M} m*E : 3
i ;--_-*.,._ T g }_:.IJ E 1
PDG 2006 - 3 5 :
o ] . .
| : - R oE :
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mN1 = 1010 G
m,, =105 eV
0< |04 < /4

0 < |6,] < /4

.""

913= :
813_ 5.:|
613 = 10“

GeV
i

mys = 10 GeV .
TS 107 1::1zj

Masiero




Millions (billions?) of manifolds for string
compactification

Each has dozens (hundreds) of topological cycles

Fluxes through cycles each have O(10) possible
values

Enormous number of possible vacua
Maybe one of them has small vacuum energy?
How does Universe choose?

I 1t happens to choose small vacuum energy, why not |
also choose small my,?

No need for supersymmetry?




Unified Approach to

| Alternatives _
| The model space is continuous. There are

|scenarios interpolating among these categories
5D Higgsless Model in Warped Space

Randall-Sundrum |

P - /\\\H SU@) xSURxU),
Holographic PNGB Higgs i

b II-' AdS_

| '. SU@)x U(1), = UL, SU(2) x SU@) - SU(),

Little Higgs \_Technicolor

llllll




Will the Universe become Supersymmetric?

John Ellis”
C.H. L1eu§11yn Smith
G.G. Ross™*

Department of Theoretical Physics
University of Oxford
Oxford.

ABSTRACT

In contrast to gauge symmetries, one expects supersymmetry to be violated

at finite temperatures. Perhaps the Universe as it cooled has landed in a

will eventually tunnel

Jocal minimum with supersymmetry still broken and

We present a quasi-realistic

through to the global supersymmetric minimum.

model of this type which is a modest variation on GUTs with hierarchical

symmetry breaking.

*Yisiting Fellow, A1l Souls College, Oxford.

Permanent address: CERN, 1211 Geneva 23, Switzerland.

**f\1so at Rutherford Appleton Laboratory, Chilton, Didcot, Oxon 0X11 0QX

April 1, 1982.

Modern models much more

v
. 5V

V(T)
/




R ek R e |

200 models with the exact spectrum m‘ the MSSM
(absence of chiral exotics)

local grand unification (by construction)

gauge- and (partial) Yukawa unification
(Raby, Wingerter, 2007)

examples of neutrino see-saw mechanism

(Buchmiller, Hamguchi, Lebedev, Ramos-Sanchez, Ratz, 2007)

models with R-parity + solution to the u-problem
(Lebedev, HPN, Raby, Ramos-Sanchez, Ratz, V3

25
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Possible String Si
Mirage Unification?

~ |+ Ratio of modulus/anomaly contributions
to gaugino mass = p:

TTLE 9
M, = MS(P + bagi) = ﬁ(p + ba.gcﬂ;n)

|+ Gaugino mass unification below GUT [
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Effects of Lowering Universality
Scale

tan f=10, u>0,M;, = 101

100 200 300 400 500 600 700 800 900 1000
my (GeV) Sandick //




_Spectra

-_,_--'-"'l ||l"‘- e

“ e My =700 GeV

mE -p-‘rl.h..-

Sandick //




"One day, all of these will be supersymmetric phenomenology papers."




TEVATRON-»SJ |c — |LC/CLIC

DM - FLAVOR y N A MAJOR
'\ . LEAP AHEAD
for DISCOVERY p 'S NEEDED

and/or FUND. TH. J/
RECONSTRUCT@KJ

NEW
PHYSICS AT

THE ELW
SCALE

DARK. IATTER "LOW - ERGY"
PRECISIC .PHYSICS

m, n, G:r. FCNC, CP #, (g-2), (BB)oyy

LINKED TO COSMOLOGICAL EVOLUTION

—  Possible interplay with dynamical DE LFV

BARYO- LEPTO- GENESIS Masiero



