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Brief History of Supersymmetry
Introduced in Early 70’s

» as a part of an extension to special relativity
* Golfand, Likhtman, Volkov, Akulov, Wess, Zumino

 in context of String Theory

- Ramond, Schwarz, Neveu  VihtbeAts SCience Times

Early 80’s v e &he New fork Eimes
* First Realistic version of
Supersymmetry: MSSM 315 Physicists From Fly to Man, Cells Ol
- Georgi, Dimopoulos Report Failure
Many breaking variations: In Search for
- CMSSM, GMSB, AMSB, ...  Supersymmetry

I nte n Se Iy S O U g ht S i n ce The negative result illustrates

the risks of Big Science, and its

then tO present day often sparse pickings.
- LEP (CERN)

HREE RUNDRED AND FIFTEEN physicists

* Tevatron (Fermilab) e T,

world’s most powerful particle accelerator, as

well as a $65 million detector weighing as much as a

[ ‘warship, an advanced new computing system and a host
e S u n of other innovative gadgets.

But despite this arsenal of brains and technological s
brawa assembled at the Fermilab accelerator laborato- o

L} ] o " .

Ty, -the participants have failed to find their quarry, a

* No irrefutable evidence! e st e kg i o
Herculean efforts do not guarantee success.

Intrying to ferret out ever deeper layers of nature’s
secrets, scientists are being forced to accept a markedly
slower pace of discovery in many fields of research, and

23 J une 2008 R_ Cavanaug ‘ the consequent rising cost of experiments has prompted
) Ppublic and political criticism.

To some, the elaborate trappings and null result of
the latest Fermilab experiment seem to typify both the
lofty goals and the staggering difficulties of “Big Sci-
??e..: a term coined in 1961 by Dr. Alvin M. Weinberg of

~1 ¥ ahavatnriy Came reeard asch fail. 1




Why g'reu-ld there be Anything

5h0\-\\ dn OP%de;Etlless?%?M 20cCMSSM 0™0" o

Variable Measurement Fit ? 3
o After many years, Adpym ) 002758000035  0.02774
 No unambiguous evidence of new m, [GeV]  9LI875+0.0021 911873
physics! [ [GeV] 24952+ 0.0023 24952
 SM is remarkably robust! 0!, [nb] 41.540+ 0.037 41.486
R, 20.767 = 0.025 20.744
« Deepm Ap 0.01714+0.00095  0.01641
. AP) 0.1465 + 0.0032 0.1479
+ Elect - reaking? ‘ o :
. > Hieragrchy R, 0.21629 = 0.00066  0.21613
4 ' R, 072100030 0.1722
« Stan L rk? Ay 0.0992 + 0.0016 0.1037
i . 0. -
. metries? A 0.0707 = 0.0035 0.0741
. A, 0.923+ 0.020 0.935
e Miss A 0.670 = 0.027 0.668
. : it is it? A((SLD) 0.1513+ 0.0021 0.1479
S0 Q) 0.2324=0.0012 0.2314
. . . . . m,, [GeV +0.025 2
3 mtua“,ythmg new to be discovered in physics [‘ ' | 80.398+0.023 50382
now, MY IRSTORPHIbBSIVRLRUBLLHIEs the oo
measuderine Il... R(b—sy) 1.13+0.12 112 )
awe Lord Kelvin (1824 — 1907) o . N/A (clmer i
CMSSM | dat Il B,—uu [x107] <8.00 0.33 /A (upper limit)
[ ] (
1ooll also accommodates a Aa, [x10°] 295+ 0.87 2.95
Qn? 0.113= 0.009 0.113

x2/Indof = 17.0/13 (20% probablllty)
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Physics Menu at the LHC

® Restaurant: Chez LHC “ . e T L= tonems s e e
- ~order of magnitude higher beam energy  '° f" tnT IEREEN Bl
« ~1-2 orders of magnitude higher luminosity 1 e Cieate L input_'_“.;; 10%
e Entrée: Standard Model: 10 1 | I
« QCD (pT > 100 GeV) 10° mh g o MHz 107
« 100x higher than any previous collider 10° ik | | 1o
e Electroweak . max Detector output ]
: N Lt ‘ "
* 10x higher than any previous collider 0 | | miim?‘.‘ntﬁ‘dia 10
. Top 10° ékHZ 1010
- 100x higher than any previous collider 0 O | oo
. gstzic:oi:mm|55|on & calibrate 2 10 M | 108
10’ £ nb;ﬂ e i :;Hz 107
e Main Course: New Phenomena Factory’?’? % S N .
« Low Mass SUSY, Z’, Contact Interactions, etc - S'{ixﬁﬂ;“ﬂ%;f%m q/z | 1
« Could appear almost immediately! U P tanBZu- .
10 pb | 940aHgy \ |mHz 1100
® (Dessert: Discovery Interpretation e ‘ 1
G. i i - i E
« Is it SUSY? Extra Dimensions? Something eI e? ' | adl b2 | A
10~ 6*"g§s(M 102
 Can we disentangle the new phenomena? 3 |
 We Live in Exciting Times! 10° Fg, M B NN e 10"
 Huge increase in CM energy! - History sugge L b 100
thagt' we should see sometﬁiyng new! Y SHIEES ik BN s°a'a’LQ\ H'\ 1
- CMS working hard to be ready 9 W0 a0 w0 w0 2w s 10

23 June, 2008 R. Cavanaugh, Florida, IPMU S jet E; or particle mass (GeV)



Restaurant : The Large Hadron Collider

- e =

5 =

27 km in Circumference!

One of the largest and
the most complex scientific
instrument ever conceived &

buil d
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SDDS Default View
TI8.BTVL.81204 @ Cycle sdds.14_11_40_212 Update 14:11:40 212
Name is

. acqTypeMaxNumber
[ acqTypestr
a
f' 11§
imagePositionSetl
i agePositionSet2

* | Cool Down Progress is
essentially on schedule

AN

\;1-'

,"v' -5
* SECTOR 23 >

M

POINT 2

% POINT 8

LHCb

ALICE .. SECTOR 12

- But unacceptable % of Magnets qué“ﬁsching at8 T
« Solution is simple: Must re-train magnets during winter shut-down
 Fall backto 5.7 Tin 2008 : 10 TeV Center of Mass Energy

« Goto 8 T 2009 and beyond: 14 TeV Center of Mass
Energy

« Still studying the impact -- cross-sections drop by O(50%), etc
* The rest of this talk will assume 14 TeV

LHC Beam scheduled for Auqust!
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HCAL

Plastic scintillator/brass
sandwich

Slllcon Microstrips
Pixels

S JIENDCAPSAT™
A S \W= W
Cathode Strlp Chambers (CSC )
Resistive Plate Chambers (RPC)

7

Length: 21.6 m
Diameter: 15 m
Weight: ~12,500 tons

i \
Magnetic Field: 4 Tesla 2 W
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CMS Assembled & Tested on Surface...

Surface Assembly II

€8 = Supports for
ECAL Endcap

A

4

HGAL Endcap




...then Lowered Underground
Started end 2006; Finished beginning 2008

vr' : '-:'.:’{; / (i
.A ,“,' ’?/{\I ,&"“ R

TANP
A

¢ 27 km. circumference B

P
N

-

> ; : ) :
4 ) | ' | r . » (! -
; eh ¢ RS L5 T ; v
G 3 e i it

‘ o
1ua, Irviv ocimnai

YO, S

ARER R N L5 20 ‘#’:
Julic, 4Uvo n. vavailiauyili, riv



...then Lowered Underground
Started end 2006; Finished beginning 2008

‘Underground Cavern

s

' These are'not
- Toy Trucks!
L L Y '

Florida, IR

- 2 wr, -
* » LHC Point 5 - UXC 55 Cavern - Point 4 Headwall - 17-03-2003 - CERN ST-CE

I — — [ o e



E/M (kJ/kg)

Largest Superconducting | "\\\‘)».7,,. ,
Magnet in the World PS80 Sk

PN

. 4 Tesla Field —
e 6 Meter diameter Bore

 2.66 Giga-Joules of Stored Energy
* half-a-tonne of TNT!!

— A
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Installed Services on Solenoid
November 2007
)/ i ‘




Electroma C netlc Calorlmeter
P/

- Designed for ely'“\
Energy Resolutlo@

S




All Silicon Tracker

NG 24

4T B-field =
Designed for

~220 m?2 Silicon:
More than all

other previous

1% pT resolution p \
at 100 GeV pT »¢. HEP experiments
; combined!
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Beam Pipe Installation on “-” Side

(“+” Side now installed too)

W8

Gy .‘( A _____g\"\,q, \\L.,_ g

A/ DR PEDN




Getting Ready: Scale of Global Operations

Fraction of Live Front Ends in CMS Global Runs

HCAL
0.9 v T
0.8 _ECAL
barrel
07 1 A A —DT ~N
g 06 . 8
'-E 0B o Flnal. power’ CSC > O
© cooling, gas -]
W 04 g become available e || =
0.3 - S (N o
0.2 - NG A
01 4o Al
SR - S————
© QA Q X < < > ®
\ N < S 4 N
) e < \)
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CMS Commissioning Plans

Construction started
Apr in 1998!

Cosmic Run with OT Magnetic Field

May Computing Readiness Challenge
Pixels installed

Cosmic Run with OT Magnetic Field
Jun | Beam-pipe Closed and Baked-out
1st ECAL Endcap (Dees) Installed

Jul | 2nd ECAL Endcap (Dees) Ready for Installation end July

CMS Closed end July
Cosmic Run with 4T Magnetic Field

Aug
First LHC Collisions?

Sep CMS Expects to be Ready for
Physics at 10 TeV!

23 June, 2008 R. Cavanaugh, Florida, IPMU Seminar 19



Entrée : Preparation for Physics Plan

Prior to beam: early detector commissioning @
 Readout & trigger tests, runs with all detectors

(cosmics, test beams)

| MB2 Sector 4

Entries 90 _

g ‘;ggg Mean -23.67

RMS _18.84 |

® S 3000 )
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I _ _HER_ __ _«f%
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G [ s |
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0 oL . ]
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o Raw Jets
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i
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o ¢
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|||||l|ll|l|||IIIIIIIIIIIIII
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RTIN
oE wa BEHA‘/
7

PIOUUCCEU DY IVid

New World (America) discovered by Columbus October 12, 1492,

DC c I - F I -
lloarggell'o_)mterestmg (initially interpreted incorrectly!)

ct

World tug]\1 ut t
ict

eoere 'lc':'al &ta%o'%g& /

Vs =10 TeV

L =10%2 cm? s'!

We’ve never been there before!

than pre




Main Course : LHC Different from Tevatron
Explores the Frontier of a Whole New World!

losg |||||||| ]llllllllllllllg

 Precision vs discovery physics

QCD-LO, p=E/2 E
—— CTEQ4M

* Only need to understand Detector and . s
Backgrounds well enough, not more! 10

« TeV dijets -2 10% jet energy scale OK § ok

. TeV dileptons > 10% PT resolutioR 'F | ™\ ppace space
OK U_j_‘ﬁ, 10j \_ Driven ]

« 0.5TeVMET - 10% HT resolution OK ;5 ystomatios™

Statistics
Driven

. LHC

- Improve systematic understanding as we * 10

need it 10-6§_ Vvs=1.8TeV ‘\\*\“\.\ Vs = 14 TeV ]
. Discovery interpretation, Model parameter v’} | Tevatron L1
estimation, Subtle Signatures, etc 10 T ]

E; (TeV)

 Must not blind ourselves to gross features of new world!
+ (well motivated) obsession to understand Detector & Backgrounds

- Be ready to robustly explore with imperfect knowledge!
+ ....very quickly!
« Calibrate to Data...use ratios & shapes, where possible!




Low Mass SUSY could be Visible Early!
Must Be Ready! .

MSUGRA, tanf} = 10, A0 =0, =0
0 200 400 600 800 1000 4200 1400 1600 1800 2000

i
1400 | - ey {1400
= LSP eV
! - m, = 1_,,2,2,-(?-'" ‘‘‘‘
1200 | 03‘ SN . 11200
'Y
1000 ¢ 11000
e~ Ny
[
o EHM1 m;, = 120 GeV ]
~ 800 FHM2 #*HME R R 1800
£ g s T A, &2
Br( g "hi),{?) 0.5
s Benchmark s 500
Optimisation = LM10
Point
400 | 1400
\ B3 71005 —
iy Tem = 114 GeV ® 2 0 kM7
200 ! TSl 206"
0 NO EWSB
0 200 400 600 800 1000 1200 1400 1600 1800

m, (GeV)

 Low mass points for early LHC running but
outside Tevatron reach

 High mass points for ultimate LHC reach

23 June, 2008

LHC Vs=14TeV  L=10%cm’s’
barn
GHz
b
™ Standard Model
“Haystacku MHz
(10 TeV & Low Lumi Running
Reduce rate by factor ~20 "
4
...still handful per minute!
"| susy \
“Needle” Hz
pb
mHz
fb
Assume mass scale H2
is about twice m,,

|
5 100 200 500 1000 2000 5000
jet E; or particle mass (GeV)
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e\f/cz]
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X

Mass [C

700

400

300

100

Example CMSSM Parameters

» Sparticles = complex decays chains

« Jets (q, 9),
« Several with some high pT

* Leptons (x, I, W, Z)
* Possibly many, but isolated and low pT

HE = A%

« MET (LSP)
« Can be large

23 June, 2008
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eV/c?|

Al
X

Mass [C

700

400

300

100

Example CMSSM Parameters

» Sparticles = complex decays chains

« Jets (q, 9),
« Several with some high pT

 Leptons (y, |, W, 2)

* Possibly many, but isolated and low pT
« MET (LSP)

« Can be large

H® = A°H’

23 June, 2008 R. Cavanaugh, Florida, IPMU Seminar 25



Early New Physics at High pT

« Counting Experiments
« Absolute Cross-sections
* Challenging = Just a number!

HH

Observed Data

Log N events

HH

Monte Carlo Prediction

« Continuum Modification

 New Interactions, etc
* less difficult > Use Ratios

Log N events

* Multi-object Mass
Resonances/Endpoints
 New Particles
« “Easier” - Use Shapes/Ratios Log Invariant Mass

23 June, 2008 R. Cavanaugh, Florida, IPMU Seminar 26




Different Jets + MET Signatures

O leptons - - -
1 lepton u e T
2 OSSF leptons un | ee | Tt
2 OSOF leptons ew | ut | te
2 SSSF leptons uw | ee | Tt
2 SSOF leptons enw | ut | te
3 leptons

« Each Signature can shed light on the underlying model
Dilepton mass edges, rate of positive same sign to negative same sign, etc

* Note that increased lepton multiplicity improves background rejection, but
Decreases production cross-section
Decreases efficiency for finding isolated leptons (overlap with jet)

23 June, 2008 R. Cavanaugh, Florida, IPMU Seminar 27



Inclusive MET + Jets + 0 Leptons

CMS ET™° + multijets, 1 fb™

Example Selection Criteria

— Zinv+tt+EWK
— +QCD

—— mSUGRA LM1

« Very Large MET S
« Typically > 200 GeV (+ Cleanup) 1%: ]
e =3 jets: g

+ Hard leading and next-to-leading jets
* lepton veto

% CMS PTDR

« Cuts on A¢ between jets and MET ) T
* Very Large M4 :
« Typically > 500 GeV b

=1 fb-
Example Expected Results: N
. LM efficiency is 13%, S/B ~ 26 : ‘°2%00. S JULTCPLID
Expected number of events for 1 fb-1 E™® (GeV)
Signal | tt | singlet | Z(— vi)+jets | (W/ZWW/ZZ]ZW) + jets
6319 | 539 | 26 48 33
« ~6 pb for 50 discovery .
Q, :
Lower jet multiplicity requirement reduces B | Signal
sensitivity to higher-order QCD corrections N, = Nggna
New studies on-going to estimate QCD N, - N A C
Background using ratios from control regions
« Similar techniques successfully used at Tevatron MET

23 June, 2008 R. Cavanaugh, Florida, IPMU Seminar
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Inclusive MET + Jets + 1 lepton

_ ) B R L 5 s
« Add lepton = clean trigger : 10125,/ SM Backgrounds % Muon Trigger +

« Important during early running! 2 118113%_ ‘ L Pre-selection Only

() 102; ................... NO CUtS () 10% s g

) . L. 10°F ~CMS i ]

+ Typical Characteristics: = 10F CMS = ol i PTDR]

: 2 wg—~ PTDR 2 | :

* Single Isolated lepton S 1% R SR |

+ Low pT ~ 20-30 GeV o 10 5 ol

« =23 o0r=4jets: #}gfér....l....l,# 5 SRR 10|

 Large MET Er (GeV) Zr (GeV)

« Typically > 100 GeV
e Cuts on A¢(jets, MET)
- Large M

Lepton provides powerful handle to

control QCD backgrounds
» Still depends on Jets + MET cuts, though
o Still basically just a counting experiment

 Main remaining backgrounds

» ttbar: high jet mult. helps, but still hard to fully estimate from data
« W/Z+n-Jets : SM Standard Candles —

23 June, 2008 R. Cavanaugh, Florida, IPMU Seminar 29



Electroweak Multijet Backgrounds:
Z—pp Standard Candle s p1pr

« MET & Jets expected from
« Z(—vv) +njets
« W(—Ilv) + n jets

Z+jets ALPGEN205+Pythia6.335+CKKW matching

Slope -1.24550e+00

03

—

Hints of New Physics
might first show up
in plots like this...

e \_IY+jets cross séctidn.(‘pb
=)

« Study with Z —pu Events s”E  CMS
- Easy to tag jg E Preliminary
« Sufficient statistics at LHC e N ,
10 R — dNeyents — Ldo
- d-NYjezts d-‘\'rjels | T |
Z-candlenormalization,E?iss>200GeV - (l)l - '|| - '2|' - I:LI - I4| - I5 INl_ | I6
jet
0 10°
g ] Z(—uu) + = 2 jets (Z peak) N
0. %'_ ] Z(—uuw) + = 2 jets (Z peak normalised) e Z+ n-Jets x-sect « Og
0. 2 b Z(—>wv) + = 2 jets
0. 101 ™ .
 Normalise MC to Data
0 « Assume lepton universality
C el « For W + n-jets, use
0. ] _ _opp—=W(—pv)+jets)
0.( P = o(pp—Z(—ptp—)+jets)
0.( _ .
N "  Expectation
[ IR S 1 | . « 5% precision with 1.5 fb-1
200 300 400 500 600 700

0 * Approx. same precision for lumi. est.

w, \SeVIG )
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Inclusive MET + Jets + 2 leptons

 Add another Same Flavour Lepton
 Even cleaner; little to no QCD
« 2 OSSF : benefits from shape analysis
» 2 SSSF : benefits from even less Bkgs

« Typical Selection Strategy

Entries 460
Mean 60.51
251

RMS 29.35

L L M 1 Underflow 0

Overflow 13

20~ —ldeal_alignment

—FirstData

M L =1 fo

number of electron pairs

« Several, high pT Jets oF e

« Large MET . ) CMS

« Strong lepton isolation cuts s Prel.  loww -
 Main remaining backgrounds ; I

e ttbar : subtract using OSOF leptons % 36" 40 6080 100 120 140 160 180 200

 Double boson M(e'e’) (GeV/c?)

« 20S SF: WW-,WZ, 27

. 2SS SF: W*W*, WW- (~unique to LHC) )
Can use MADGraph or
P’ , CompHEP to simulate...but
— Vu how to estimate 2 SSSF Bkg
)V/V;_%ﬁ “ > using Data Driven Methods
s = u during early running?
- W <
ptl u (SM cross section simply too low)
d J

* Double parton (not yet considered)
° W“+” W, W“+” Z, Z“+”Z

23 June, 2008 R. Cavanaugh, Florida, IPMU Seminar 31



Environmental Challenges

| Missing ET in MHT30 skim |

240

MET is very powerful
discriminator for New Physics *

 Difficult part is to convince
yourself that there is a real
excess! 10

Tevatron teaches us

MET includes cells with E>0 (no CH)
I No correction
|:| Bad runs were removed
D Noisy events were removed
|:] Bad cells/towers were removed

Run Il
V. Shary CALOR04

- MET is not easily understood! "’2 .
Collisional backgrounds - 00550t
. Missing ET, GeV
* Pile-up o
« Underlying Event &

Non-collisional backgrounds
 Beam halo
« Cosmic muons 3

Detector Effects | N L
. 0I I'0.2I 04 I ‘0.6I I I0.8I I I'1 I OI“(I).\’I:';II1”I’II.“I")IHZHIZI.L:')”I3”5.’I5m4m4i.é”%
e Instrumental Noise A Event EM Fraction B Event Charge Fraction

D. Tsybychev, Fermilab-thesis-2004-58
« Hot/dead channels (DQM) sybychev, Fermilab-thesis

* Inter-module calibration
23 June, 2008 R. Cavanaugh, Florida, IPMU Seminar 32




Early Study of MET Cleaning in CMS

(of course, Real Data will be different!)

CMS Response to
Beam Halo Simulation
of LHC Point 5

CMS

* Apply clean up cuts to

rate per 1% per second

remove fake high MET events =,
(msplred by CDF & DO) i
= 1 central jet (Jn|<1.7) with e
= 4 tracks Al e
0 of 02 03 04 05 0.6
« =1 vertex o EEMF
* F,,, > 0.1 (Event Electromagnetic " _EENE__
Frac.) %50002_ Mean  0.5543
« F_, > 0.175 (Event Charged Fraction) s} E—
émooi— CMS
- Effect on SUSY Signal souol
[ Sample/Requirement | Fl,, > 0.1 | Fy, > 0.175 | Both(%) | 2°%°F _ _
(LM | 99.88% | O1.32% | 91.24% | 1000 tt full sim:
0:'6 0z 04 06 08 1

Event EM Fraction
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Use Track and Muon System
to Calibrate Calorimeter (MET)

0.2
| —— M _ (generated) J_
0.18 "

<

— PTs (Z->w)

0.16; / M . (reconstructed)

0.14"

0.12f 7
oS v CMS
0.08 .

- PTDR

(=]

Number of Events/(10. GeVic)
(=]

0.06"
0.04F ‘
0.2 10 ‘,
E L | PR i e e e L :1
%o 70 80 , 100 110 120 7 HEiiigiii i L L
M,, (GeVic)) . 00 800 900 1000
PIiss (GeV)
Use Z—uu Candle _
10'L I —— PI™* (Generated)

 Derive calorimeter MET corrections
from di-muon system

* Apply to SUSY Sample (to test)

Some fine tuning requirV

- But basically works SUSY FT?{
Probably will use MHT for day-1 Mt i

 MET calculated from hard pT objects ;oa':m"aoo"'m"1'339;(1'6223;1‘405‘1'600’1'806'2000
only T
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—— PT™° (Corrected)

T,
% CMS
=

=ul

% —__ PTss (Reconstructed)

=y
e
A

Number of Events/(10. GeV/c) at 10 fb !
(=]

-
e
a




Expected CMSSM Discovery Reach

at 14 TeV

1000 —
—7, LSP CMSSM: tanp =10, A =0,1>0
— 1
900 E with systematics
800 — .. 1
= CMS Preliminary 1 fb-
700 —
— — jet+MET
600 — ——  utjet+MET
% — — SS2u
S 500 — --- 0S2l
g -
g 400 — === Expected Tevatron Reach
¥ --. o
300 % k \/”57" Mgﬁ
"/ Va’r N *20 QSS\
200 _—3%00 RN 2
100 —
= I I I I I INO EWSIB I I |
% 200 400 600 800 1000 1200 1400 1600 1800 2000

m, (GeV)
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Dessert : After Discovery, what then?
Is it Asia? Or, America?

[5] 4 Higgs observable at LHC
5 3 Higgs observable at LHC
* Distinguish Between Models 2 N 2 figgs reervate e (TR
* In general difficult to do : Inverse Problem T \ \ il
- SUSY Models vs Extra Dimensions Models » NN AR
« Typically requires spin measurements \ 3 R
« MSSM vs “something else” h M

/

w > o oo N mroa
e T .
NSO S T T
SN\ AT
T
P 3 %
* /'/

* Heavy Light-higgs rules out MSSM!

« Constrain Model Parameters
* Directly

NN
By

LEP 2000

- Difficult with a hadron collider e
* Not always possible in all regions of p-space! e .
* Reconstruct exclusive decay chains - )
+ measure (higgs) masses, mass edges, branching O CMS
ratios, x-sections q 1 17 i
- —LM1 1
B 1fb
- —ttbar
20f

number of lepton pairs
S
|

* Indirectly
» Apply global fits with constraints from

10F

* Low energy Electroweak & Heavy Flavour data 0

« High energy data from LHC X

* Cosmology i 105 155140 e 00 0
« Demand Consistency with all Experimental Data M(IT) (GeV/c?)
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Indirect Sensitivity to Higher Scales via
Loop Calculations

Observable

| Constraint |

Aot (mz) 0.02758 + 0.00035
mz [GeV/c?] 91.1875 £ 0.0021
Iz [GeV/c? 2.4952 + 0.0023
0 .q mb] 41.540 = 0.037
R 20.767 + 0.025
Ag,(£) 0.01714 + 0.00095
A¢(P;) 0.1465 + 0.0032
Ry 0.21629 + 0.00066
R. 0.1721 £ 0.003
Ag,(b) 0.0992 + 0.0016
Ag(c) 0.0707 + 0.0035
Ay 0.923 + 0.020
A 0.670 + 0.027
A¢(SLD) 0.1513 + 0.0021

sin? 6% (Qg,)

0.2324 + 0.0012

Ty iGC\"",«'{('Q]

80.398 = 0.025

me [GeV/c?| 170.9 + 1.8
BREVSY /BREM 1.13 £ 0.12
BRp__.,+,- < 8.0x 1078
a, %Y — a3 (29.5 +8.7) x 1071°
Qh? 0.113 £ 0.009

23 June, 2008

Flavour changing neutral current processes like
b — sy or b — sl'l
» directly probe the SM at the one-loop level

s 4

o u,c,t

B e
b s A A |
b w s

Indirect search for new degrees of freedom beyond
the SM

Direct: Indirect:
- Y Y
q * U .sf‘
a xn I z ? i s
w X

High sensitivity for ‘New Physics’
» Electroweak precision data at 0.1% level
 New Physics loop effects can contribute at 10% level

Slide adapted from Tobias Hurth
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Progress in Calculating Flavour, Higgs,
Cosmology, and EWK Observables

Low energy observables High energy EW observables
BR(b—sy) MicrOMEGAs Isidori & Paradisi R, A Weber et al.
BR(b—=sll) Isidori & Paradisi

R A. Web t al.
BR(B,—~uu) MicrOMEGAs Isidori & Paradisi ebereta
BR(B—1v) Isidori & Paradisi ¢ A. Weber et al.
BR(D—tv) Isidori & Paradisi A (D) A. Weber et al.
BR(K—1v) Isidori & Paradisi A (c) A. Weber et al.
BR(K—=mvv) Isidori & Paradisi A, A. Weber et al.
ims :s!gor! z Earag!s! A, A. Weber et al.

m, sidori & Paradisi

Amy isidori & Paradisi  “\°-P) A Weberetal
g-2 FeynHiggs Sin20 A. Weber et al.
Higgs sector observables My A. Weber et al.

I, A. Weber et al.

m, fight FeynHiggs
Cosmology observable
Qh? MicrOMEGAs DarkSUSY

Many calculations (MSSM Higgs, etc) now available at the two-loop level.
Care required to consistently use different observables across different codes!



Discovery Guide: “Global Fits”

Consistently combine ali
observables in single code

Collaboration between:

» Model Params

Full 2 Fit to 4 Simultaneously Free Parameters
my, m,,, Ay, tan f ; (fix sign[u] positive)

All SUSY predications at the electroweak scale are obtained through
Renormalization Group Equations (RGE’s)

Sven Heinemeyer (Santander)

Master

* Gino Isidori (INFN Frascati) Experimental
+ Keith Olive (Minnesota) Observable
- Paride Paradisi (Valencia) Predictors

Arne Weber (MPI Munich

Example of similar analyses:
* Allanach, Lester, Weber - hep-ph/0705.0487
* Trotta, Austri, Roszkowski - hep-ph/0609126

References

... there are morel!
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Constraining Model Parameters using

N Observed Data
657/87-94 thct)'07i CMSSM |0““:S.o“'| p—

Variable Measurement Fit (I) 2 3
Ao g g N M
Aogom)  0.02758+0.00035  0.02774 , (G — P;)? N (far — )2
m, [GeV] 91.1875+ 0.0021 91.1873 X = Z 32 32 Z 2
. ) _ ~ 0(Ci)* +a(Pi) —~ o(fsm;)
[, [GeV] 2.4952+0.0023 2.4952
oy 4 [nb] 41.540+ 0.037 41.486 < 500
had ° ? - Phys. Lett. B, 657/87-94 (2007)
R, 20.767 = 0.025 20.744 0] E
0. o | = 450
A(P) 0.1465+ 0.0032 0.1479 400 Baeretall, Trotta et al,
R, 0.21629+ 0.00066  0.21613 - see similar behaviour
R, 0.1721 = 0.0030 0.1722 350 o
ApY 0.0992+ 0.0016 0.1037 300: 95% C.L. _\
A 0.0707 + 0.0035 0.0741 -
A . < C
) 0.923=+ 0.020 0.935 250
A 0.670 = 0.027 0.668 -
A,(SLD) 0.1513 + 0.0021 0.1479 200F
Sinf00(Q ) 0.2324+0.0012 0.2314 -
€ . ) fb 150';
my, [GeV] 80.398 + 0.025 80.382 o
m, [GeV] 170.9 + 1.8 170.8 100E-
R(b—sy) .13+ 0.12 .12 ) -
5 . = )
B,—uu |><10'3| < 8.00 0.33 N/A (upper lignit) 50— 68 A) C.L.
Aa, [x107] 2.95+0.87 2.95 C
5 o-lllllllllllllllllllllllllllll
Qh* 0.113=+ 0.009 0.113 0 10 20 30 40 50 60
tanp

x?/Indof = 17.0/13 (20% probability)
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Constraining Model Parameters using

i Observed Data
65711.3 fz%bﬁ CMSSM Iom:s_oml pa—

Variable Measurement Fit (I) 2 $
Ao V73R 4 g ) N M obs fit \2
.,\u.,mdmv. 0.02758 = 0.00035 0.02774 x2 B Z (G — P,-)2 . Z (fSMi _ fSM’_)
l]-],_[(n(.‘\.'] 91.1875+ 0.0021 91.1873 i O'(C,')2 +U(P/)2 U(fSM,-)2
[, [GeV] 2.4952 + 0.0023 2.4952
o! [nb] 41.540 + 0.037 41.486 —
had 540 N, ! Phys. Lett. B, 657/87-94 (2007)|
R, 20.767 + 0.025 20.744 ~~ 1000
Ayl 0.01714 = 0.00095 0.01641 % i
AP) 0.1465+ 0.0032 0.1479 9 - 95% C.L
R, 0.21629 =+ 0.00066 0.21613 = B
<t 500
R, 0.1721+ 0.0030 0.1722 _
Ay 0.0992+ 0.0016 0.1037 i
A 0.0707 = 0.0035 0.0741 -
A, 0.923+ 0.020 0.935 0 B
A, 0.670 = 0.027 0.668 L
A,(SLD) 0.1513+ 0.0021 0.1479 -
sin0)y' Q) 0.2324+0.0012 0.2314 -5001—
m, [GeV] 80.398 + 0.025 80.382 B
' 7 - o
m, [GeV] 170.9 = 1.8 1708 | - 68% C.L.
R(b—sy) 1.13+0.12 1.12 | ]000'
B,—uu [x107] <8.00 0.33 N/A (upper lifnit) u
0 IlIlIIIIlIlIIIIIIIIIIIIIIIIIIIIIIIIIIII
Aa, [x107] 2.95+0.87 2.95 0 100 200 300 400 500 600 700 800
Oh? 0.113= 0.009 0.113 , ‘
' 1’7\{1/2 [GGV/CZ]

x?/Indof = 17.0/13 (20% probability)
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Constraining Model Parameters using
Observed Data

Phys. Lett. B, meas_ 1t _meas
GoT/87.94 (2007 MCiIVtI SS Nl!it : MR Standard Model om0
Acyy(m_ ) 0.02758+0.00035  0.02774 |
m, [GeV]  91.1875+ 0.0021 91.1873 m, [GeV] 91.1875+0.0021 91.1875
[ [GeV] 2.4952+0.0023 2.4952 I, [GeV] 2.4952 £0.0023  2.4957
o? , [nb] 41.540= 0.037 41.486 Gy [ND] 41.540+0.037  41.477
R, 20.767 + 0.025 20.744 R, 20.767 £ 0.025 20.744
Ap 0.01714= 0.00095  0.01641 Ay 0.01714 £ 0.00095 0.01645
A(P) 0.1465 + 0.0032 0.1479 A(P.) 0.1465+0.0032  0.1481
R, 021629+ 0.00066  0.21613 R, 0.21629 + 0.00066 0.21586
R, 0.1721 = 0.0030 0.1722 R. 0.1721+£0.0030  0.1722
Ay 0.0992+ 0.0016 0.1037 o 0.0992+0.0016  0.1038
A 0.0707 = 0.0035 0.0741 ALS 0.0707 £ 0.0035  0.0742
A, 0923+ 0.020 0.935 A, 0.923 + 0.020 0.935
A 0.670 = 0.027 0.668 A, 0.670 £ 0.027 0.668
A(SLD) 0.1513 + 0.0021 0.1479 A(SLD) 0.1513+0.0021  0.1481
sin0)y' Q) 0.2324+0.0012 0.2314 sin“0L7'(Q,,) 0.2324 +0.0012  0.2314
m,, [GeV] 80.398 = 0.025 80.382 m,, [GeV]  80.398 £ 0.025 80.374
m, [GeV] 1709+ 1.8 170.8 | Iy [GeV] 2.140 +£0.060 2.091
R(b—sy) 1.13+0.12 L12 ) m, [GeV] 170.9+1.8 171.3
B, —uu [x107°] <8.00 0.33 N/A (upper lifnit) |
Aa, [x107] 2,95+ 0.87 2.95 L o 1 23
— 130,000 T LEP Electroweak Working Group
(courtesy M. Gruenewald)

x?/Indof = 17.0/13 (20% probability) x?/Indof = 18.2/13 (15% probability)
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Constraining Model Parameters using

e Observed Data
657/87-94 Fz%wi CMSSM IO““‘:S-O"‘n p—

Variable Measurement e O 2 3 LEP Electroweak Working Group
Acyy(m.) 0.02758+ 0.00035  0.02774 (courtesy M. Gruenewald)
m, [GeV]  911875+0.0021 911873 Fit Results from PLB, 657/87-94 (2007)
'y [GeV] 2.4952+ 0.0023 2.4952 o, 4
Opaq [MD] 41.540 + 0.037 41.486 =
R, 20.767 = 0.025 20.744
Ay 0.01714+ 0.00095  0.01641 »
A(P) 0.1465 + 0.0032 0.1479 -
R, 0.21629 = 0.00066 0.21613 3
R, 0.1721 = 0.0030 0.1722 -
ApY 0.0992 + 0.0016 0.1037
A 0.0707 + 0.0035 0.0741 3
A, 0.923+ 0.020 0.935 -
A, 0.670 + 0.027 0.668 -
A,(SLD) 0.1513 + 0.0021 0.1479 DU
sin0)y' Q) 0.2324+0.0012 0.2314 o
m, [GeV] 80.398 + 0.025 80.382 D e mGev]
m, [GeV] 170.9+ 1.8 1708 | ‘ _ 7n+33 2\
R(lh -5y) 113+ 0.12 L1z | My = 76—24 GEV/C
B, —uu [x10® <8.00 0.33 N/A (upper limit) ‘ \
;\:n“ [.><.l(|)"’] | 2.95+ (.87 2.95 . mh — 1 101_?0 j: 3 GeV/C2
OQh? 0.113+ 0.009 0.113
Compared to SM, CMSSM prefers a

x2/Indof = 17.0/13 (20% probability) higher Higgs ; this is remarkable...
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Expected Reach for 1 fb-*

1000 —
E"f, LSP CMSSM: tanl") = 10, AO = 0, uw > 0 CMS
900 = with systematics
800 —
700 —
= — jet+MET
< 600 = ——  utjet+MET
8 = — SS2u
= 500 --- 0S2l
E'Q' — - Expected Tevatron Reach
400 —
300 —
- ‘. ~
zm __\ ™ - -
100 —
= NO EWSB
o 1 | I | | | I | | | I | 1 I | | - I 11 | I | | | I | | | | 1 1 | | 11 |
0 200 400 600 800 1000 1200 1400 1600 1800 2000

m, (GeV)
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Expected Reach for 1 fb-*

1000 —
—+ LSP CMSSM: tanp =10, AO =0,u>0 CMS
— . :
900 = with systematics
800 —
700 — \ Preferred region @ 95%CL.: _
= PLB, 657/87-94 (2007) — jet+MET
< 600 — ——  u+jet+MET
r = —— SS2u
< 500 — -=-= 0S2I
Eg E - Expected Tevatron Reach
400
a0~ """ - "~ ... first indication
~ . -] might be discovery
200 — S of new sparticles!
100—
= I | | | | NO i | | |
% 200 400 600 800 1000 1200 1400 1600 1800 2000
m, (GeV)
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Discovery Scenario

- CMSSM TODAY: £ T v -
 Use of indirect constraints only e ot s
= 20— — i
- CMSSM 2009: 5 e e
- . - - = C —FirstData
* Use of indirect & direct constraints e 15 L =1 fb
- assume kinematic edge measurements g | ﬂr B
. 10+ Mean 62.44
from LHC. % : J CMS RMS 32.64
i Prel. [owon o
N
O0 l210l l 410l l ‘6101 l l810l 100 1[20 140 160 180 200
M(e"e) (GeV/c?)
() (mio —mi )(mi —mZ) Assume 5% measurement of the
my = 2 :
M edge with leptons only
(7722 - 7712 )(7712 - 7712 )
2 yedge dL xa/ Vg X%
(77lq“ ) = 7712.0
Xa . .
(m2, — m2,) (m2, — m?2 ) Assume 10% measurements of the kinematic
(7712 )edge _ qL P X9 ln
@/ min my Quantities involving jets
 \ edge (mgl_ — m%g) (m?R — m'\z__o)
() = - .
max m;

[Conservative uncertainty estimates]
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CMSSM Higgs 95% CL

Buchmueller, et al

September 2001

50 T ‘\\\3; o
el \ ~"
« CMSSM Today (95% CL) * FENANN N
* No LHC Data 2R NN A ATLAS M
ZIAMMMBSNS L/ Ldt=300 fbT!
NN Maximal mixing
« CMSSM 2009 (95% CL) 19 H
- Assume Discovery e AN
6 LI wag
 Assume measurement of 5 | ‘
mass edges 4t
H P 2000
38
- Relatively small positive 2 )
signal
- dramatically reduces 1 L1 IR
a"owed p_space 700 800 900 1000
M, (GeV)

Demanding consistency with all experimental data :
Interpretation within CMSSM context vastly improved
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Summary

e Restaurant: LHC & CMS

e Entree: Turn on
* Detector Calibration
* Monte Carlo Simulation tuning
« Standard Model rediscovery

e Main Course. Emphasize Quick Discovery Mode
« SM Candles (+NSM Candles?): Z->uu to get Z->vv and MET

« Searches with bold signatures: High pT
- isolated jets, MET, isolated leptons

 Low mass Supersymmetry could be visible quickly

e Dessert: Tools for Fast Interpretation
* Global Fits,
* Hypothesis testing
« Existing data accomodates Low mass Supersymmetry well
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Later this Year...

Theoretical & Experimental Speculation may
finally give way to Observatlon (yea or nea)

At a resolution of 10™" metres, isolated clumps of
Strange Matter pop briefly out of the quantum foam
to debate the possible existence of Particle Physicists.

...otay Tuned!!
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Backup Sides



SUSY (CMSSM) Reach: 14TeV vs. 10TeV

Comparison of SUSY production XS

for 14TeV and 10TeV. g =

é,. Total cross-section: 1938 pb 40
For 10TeV the reach is reduced but: o
* 10 to 100pb-' start to cover our low mass (LM)

SUSY points (i.e. interesting phase space)
[assumes reasonably well understood data - of course]

Total m cross-section [pb]

Remark: 10 TeV Plot:
~— 600 XS Signal calculated for 10 TeV
% SM Bkg. XS as at 14 TeV
8 Total cross-section: 670 pb
'_é 500
= 50 discovery estimates from PTDRVII
400 e 0

0 200 400 600 800 1000 1200 1400

M, [GeV/c?]

10pb'(blue) and 100pb'(red) 5o discovery
lines are based on PTDRVII studies

100 (simple scaling!).

o 1200 1400 For illustration Only!
M, [GeV/c?]
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Supersymmetry Phenomenology

« Supersymmetric particles not observed experimentally
- SUSY must be broken (softly)'

L\ISSI\I

soft —

, ..._

|~ ey — 5 N i b /]

 Mechanism is unknown = many new free parameters
« MSSM: > 100 additional parameters

 Pheno. Viable: < 20 additional parameters

+ 3 gaugino masses, 5 squark and slepton masses, 3 tri-linear couplings,
4 higgs masses

* Defined at the Soft Scale!!

« CMSSM: 4 additional parameters (gravity inspired)
© Mg, My, Ay, tan B, Sign(p)
* Defined at the GUT Scale!!

* Others!

 Generally assume Lightest SUSY particle is stable (R-parity)
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The Constrained MSSM:
Gravity inspired, GUT scale unification

Universal trilinear couplings 50 Assume the
© Ay = atMayr) = @y Mgyr) GUT-scale CMSSM
= alz:j(MGUT) 0

Ratio of Higgs vacuum expectation % for this study...
values

H.ig;asn rﬁixing= ;g'g m/e:gd> ®| Future work: Study
10
o sign(u) (typical to fix positive) Soft-scale MSSM
Unification of the gaugino (bino, wino, °; 2 & & 10 12 14 16 18
gluino) masses Log,o(Q/1 GeV)
¢ My, = M, (Mgyr)
= M,(Mgyr)
= M;(Mgyr)
Universal scalar (squark, slepton and Higgs boson)
masses
* my = My (Mgyr) = Mg Mgyr) = Mar{Mgyr)

m; (Mgyr) = Mg Mgyr)
My (Mgyr) = Mya(Mgyr)
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The Current Situation

Higgs most sensitive to top-
mass

e Tevatron: 1714 + 2.1

 But W-mass more precisely
measured...

Best W-mass measurement up
to 2007:

ALEPH: 80.440 = 0.051

(published our final result
in 2006)

Best W-mass measurement
(as of January '07):

- CDF: 80.413 +0.048
Current Exp. Lower Limit:

.« SM: 114 < M(h)
Theory bound on Higgs mass

« SM fits:

64 < M(H) <116 (68% CL
« MSSM excluded if:
~135 < M(h)

>
O
S,
=

LEP Electroweak Working Group

(courtesy M. Gruenewald)

5 My = ;56 Gev F
8 : |1 H
57 —002758£000035 | i | |
o 1TAEL 0.02749:0.00012 ¢ 1 |
4 - «++ incl. low Q? data : — A
e i
%4 .
2 ] ]
8 |
1- 4 b
8 0 Excluded w Preliminary | ]
30 100 300,
160 165 170 120 185

my = 76+ GeV/c
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Constraining Model Parameters
using Observed Data

« Multi Parameter Fit to Electro-weak and Low-Energy Observables

Observable Constraint b Ht ! Y

<in2 9t () 0 2394 40001 O\

Full 2 Fit to 4 Simultaneously Free Parameters
my, m,,, Ay, tan f ; (fix sign[u] positive)

All SUSY predications at the electroweak scale are obtained through
Renormalization Group Equations (RGE’s)

AMBS B.g— '
N obs it \2 v v
C: — fSM fSM)
X2 _ E : (G 5 + E ~(0-20)% up to 100 x
o(Gi)? + o(fsnr;)? ic
i i suppression enhancement

* Results published in Phys. Lett. B (arXiv:0707.3447)

« Others (Allanach et al, Baer et al, Trotta et al, etc) are applying
similar strategies

- Partial ¢2s, Bayesian Priors, Monte Carlo Markov Chains, etc
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MSSM Higgs and Loop Corrections!

* Unlike SM Higgs, MSSM lightest higgs boson is

determined at tree level = sharper dependence

* Naively the MSSM demands a very light Higgs:
mpo < myg|cos(26)] <91 GeV

 However, the MSSM higgs “feels” all other (s)particles

and thus gets large radiative loop corrections
t t .

ho h° 7N 0 '\It \;'
A(m3y) = = - - 4+ =-4 F-- + R N
\ 7
~ 7’

* Itis only through these loop corrections, that the
MSSM higgs can gain a higher mass, above the Z°
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But, Lightest MSSM Higgs Must Stay “Light”

« At one loop order, MSSM Lightest Higgs boson has an upper bound

a ‘ ‘ 3 — ‘ ~
mio = mycos>(20) + 12 sin® 3 v} [mf In (mty1 mg, /mf) + (f Sf (mf _ m )ln( 2 /m;le)

‘ oo 1 ‘
L +c§s§{(m§2 — m,%l)2 - §(m§2 —m; )ln(mz /m? )}/mf])

/plus assume sparticle masses < few TeV and other important considerations

Nx4
<
Mp,0 SJ 135 Gev a5 iv:0707.3447
3
Zoom of m,,
25 fit results
2
1.5
1
0.5 LEP Theoretically
excluded inaccessible
- - - o o llIlIIlIll llIllIlIIIIII
LEP limit not applied in fit!! | ° s 10 10 120 130 _ 140
m,, [GeV]
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Preferred CMSSM Parameters

CMSSM parameter Preferred value
Mo (85732) GeV/c? o - o
iy 2507130) oV /2 Surprisingly similar t.o
Ao (—3607399) GeV/c? « SPS1a benchmark point (ATLAS)
o 9 .
tonf 107, « LM1 benchmark point (CMS)
sgn(p) +1 (fixed)
700_
" Results from e S E e A m
F PLB, 657/1-3 (2007) _ _
600[- 600 S. Martin arXiv:hep-ph/9709356 -
-~ he luino |
500 500
g er stop . %7 '
400~ / = 400}
sof ¥ | light SM-like Higgs 2 300
L = - ©
- =
200(— 200
100~ e 100
0: 0 i. | 1 ] L | ] L | 1 ] L | 1 |
2 4 6 8 10 12 14 16 18
Log,,(Q/1 GeV)
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eV/ c? |

Al
X

Mass [C

700

600

400

300

100

Traditional Regions of Interest
DM relic density can not be too large!

“Bulk” Region:
Traditional before 2,,,h? known (WMAP)
bino-like LSP
t-channel annihilation (sfermion exchange)
“SPS1a” or “LM1”
Consistent with preferred CMSSM parameters

annel ann

no Co-annihilation” Region
only slightly heavier than LSP

ihilation via taus & staus

orh
S resonance)

'1” properties of RGEs

sino and wino admixture

ihilation via gauginos, W, Zs

typically very heavy squarks and sleptons

CMSSM parameter Preferred value
Mo (85153) GeV/c® | e
M /o (2807 12%) GeV/c?
A, (~36073) Gev/e?
tan (3 104:3
sgn(p) +1 (fixed)
E Results from ¢ N °
- PLB, 657/1-3 (2007) =4
n R — b,
- b, —
—_ [
B H: — AG,HO 0+
- T Xﬂ(;
o —
- .
C g, = b — L%
B o T, — TR 0
- h” X —

23 June, 2008
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Future Directions...

I~ 400 .
% asof. CMSSMFit results from “Bulk” Region MmMSUGRA
() | P8 6o7/1:3(2007) . bino-like LSP Fit
\0:300:— « SPS1a or LM1
v 3
gzso_— A W
200 =
150 ;
100:— Results from
. » o - PLB, 657/1-3 (2007)
- Co-Annihiliation Reglon ST e
S0r ) Preliminary
- » stau-neutralino
) T B d B b b b b
0 10 20 30 40 % 10 20 30 40 50 60

50 60
tanpg

tanp

« Already provide interesting glimpse!

* Suggests interesting follow-up work

« Study effect of Relic Density constraint!
Entire relic density need not solely be due to the LSP!

« Study effect of g-2 constraint (artificially increase errors)
Focus Point Region currently disfavoured

 Errors are large, but, can be significantly reduced with LHC discoveries!
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Making Dark Matter in the Lab!

DATA listed to optob bottom on plot
e ZEPLIN 11 (Jan 2007) result
————  XENONI032007 (Net 1361 kg-c)

CD\’ S Soudan 2007 projected

DMS ( Prﬂ ected) 2-ST/@Soudan

DMS ( Pr\ acted) 25%g [7-ST(@Snolzb)
\E:\O\ 00 (150 ) projected se’xsxt"-lt)
LUX 300 kg LXe Projection {Jul 2007

T

Study properties of a newly discovered
WIMP at LHC

 Measure it’s mass, production rate, etc
« Likely will depend on theoretical models

http://dmtools.brown.edu/
Gaitskell.Mandic,E 1L

'l
W1

Compare properties with
» direct observation experiments
(scattering off nuclei)

* indirect observation experiments
(satellites)

I‘l
a4

' T
[ £
Wt .

) 2 )
Cross-section [ecm™] (normalised to nucleon)

95% CL |
Prediction

Preliminary

10-46 | Assume 2009
measurement of
mass edges at LHC

If we all agree,
e Good chance we made Dark Matter in the

pE0117153101 ) PETI] S|

1 2 3

: C WIMP Mass [GeV/c?
* Requires strong cross disciplinary ass [GeV/cT]
collaboration!

Warning: Ellis, Olive - Elastic Sl cross section uncertain to factor 10!!
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Microscopes vs Telescopes

Instruments

23 June, 2008

- 1034
{30
- 1026
Accelerators 1022
LHC,LEP | 10-18
— 1014
(Particle beams) | -10
Electron 10
Microscope + 1(Q6
Microscope
o
— 1m
TN |
- 108
n 1010
Telescope — 1014
- 1018
- 1022
Radio | 26
Telescope 10

| Earthfadius

| Universe

Observables

USY particle?

¢ (range of
nuclear force)

(range of
weak force)

We Live in Exciting Times!
Connecting phenomena
over 40 magnitudes apart!

Dark Matter)Galaxies

Radius of observable B
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The Fast Physics LHC Discovery Menu

Model Mass reach Luminosity (fb-) Early Systematic Challenges
-~ Contact Interaction A<28TeV 0.01 Jet Eff., Energy Scale
e z Alignment
‘; ALRM M~ 1 TeV 0.01
x| ssm M~1TeV 0.02
8| Lrm M~ 1 TeV 0.03
£ E6,SO(10) M~1TeV 0.03-0.1
g Excited Quark M ~0.7 — 3.6 TeV 0.1 Jet Energy Scale
; Axigluon or Colouron M ~0.7 — 3.5 TeV 0.1 Jet Energy Scale
8 E6 diquarks M ~0.7 — 4.0 TeV 0.1 Jet Energy Scale
©
=] Technirho M ~0.7 — 2.4 TeV 0.1 Jet Energy Scale
8 ADD Virtual Gyy My~ 4.3-3TeV, n=3-6 0.1 Alignment
= My~5-4TeV, n=3-6 1
ADD Direct Gyg Mp~ 1.5-1.0 TeV, n = 3-6 0.1 MET, Jet/photon Scale
SUSY M~1.5-1.8TeV 1 MET, Jet Energy Scale, Multi-
Jet+MET+0 lepton M ~0.5 TeV 0.01 Jet backgrounds, Standard
Jet+MET+1 lepton M ~0.5 TeV 0.1 Model backgrounds
Jet+MET+2 leptons M ~0.5 TeV 0.1
mUED M ~0.3 TeV 0.01 ibid
M~ 0.6 TeV 1
A
- P
RS — = qyelist |
giid Early LHC Runs: 0.1to1  [c=0.1 o1 .= T pnausthz L=
di- =t [Wigr~Uo=Z:5 Tev,— ¢=0.01-0.1 1 . NO‘ an e - " |
. =
\. -~
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LHC: Worlds Largest Cryogenic System

1,000 8-Tesla superconducting dipole magnets
« 8,000 total superconducting magnets (dipoles, quadrupoles, etc)
40,000 tonnes of cold mass spread over 27 km
10,000 tonnes of Liquid Nitrogen (300 K to 4.5 K)
« 500 Trucks needed to deliver
120 tonnes of Liquid Helium (cools ring to final 1.9 K)
* 0O(1%) of worlds annual production
« Higher Helium prices affecting LHC costs
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Magnetic Energy Stored in LHC Ring

8 T Magnetic Field, two 2 cm bores, 27 kilometers >

10 Giga-Joules

Energy of an A380 at 700 km/hour
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Beam Energy Stored in LHC Ring

2808 bunches, 10" protons per bunch, 7 TeV per proton >

Energy per beam ~360 MJ

British Aircraft carrier at 12
knots

Adapted from Mike Lamont
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What is Supersymmetry?

 Supersymmetry is a symmetry between fermions and
bosons

« Q(SUSY) | fermion > = | boson >
« Q(SUSY) | boson > = | fermion >

* Implies (more than) doubling of Standard Model particles

SM Particles SUSY Particles

quarks: ¢ q squarks:(}

leptons: / [ sleptons: !

gluons: g g gluino: éf

charged weak boson: W' * w* Wino: i ‘> ~ R

Higgs: 7o ” H: ; charged higgsino;f[i: ) - /12 S
v AN H neutral higgsino: h A4 | H higgsino

neutral weak boson: Z° 7 Zino: 20 :/]0‘2‘3‘4 neutralino

photon: ¥ /4 photino: J

« Exact Supersymmetry implies
 Each SUSY particle same mass, quantum #’s, etc as SM partner
« Except each SUSY partner differs by ' unit of spin from SM partner

 Almost no new parameters...but many new particles!
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