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The LHC Machine and Experiments

(\ PP collisions at 14 TeV




The Large Hadron Collider

Layout of the LEP tunnel including future LHC infrastructures.
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The LHC progress

LHC Progress

Accelerator
A Technology
) Department

28t June: 49 dipoles installed

Dashboard
Cryodipole overview
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——Cold masses delivered
—— Cryodipoles ready for installation

—Crodipoles assermbled
——Cryodipoles irstalled

—Cryodipoles cold tests passed

Updated 31 May 2005

Data provided by D, Tommasini AT-MAS

Crucial part: 1200 superconducting dipoles (10m long each)
Can follow progress on the CERN web page (dashboard)
http://Ihc-new-homepage.web.cern.ch/lhc-new-homepage/



LHC FAQs (Frequently Asked Questions)

*When will they close the LHC/inject beams (Detector experimentalists)
*When will be first collisions in the LHC? (Analysis experimentalists)

‘When will we have first physics results from the LHC? (Theorists)
*When will we have the new big discoveries at the LHC? (politicians
thinking on whether to finance an International Linear Collider )

Picture becoming more clear now after the cryogenic line problem (and
solution): according to the current plan (*)

LHC will be closed and set up for beam on 1 July 2007

First beam in machine: August 2007

LHC commissioning will take timel

First collisions expected in November 2007

Followed by a short pilot run

First physics run in 2008 (starting April/May: one to a few fb-1?)
First big discovery  ??

(*) M.Lamont at the TeVALHC Workshop @CERN 30/4
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Barrel LAr ECAL

Length : ~40 m
Radius : ~10 m

Weight : ~ 7000 tons
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Pile-UP 01. the LHC
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Event filtering: the trigger system

Collision rate is 40 MHz Event size ~1 Mbyte
2007 technology (and budgeft) allows only fo write 100 Hz
of events to tape — need a factor ~107 online filtering!!

The trigger is a functlon of :

1
T( I JPL'E@{“ )"

Event data & Apparatus
Physics channels & Parameters

lost forever!!

written to disk for
offline analysis

The event trigger is one of the biggest challenges at the LHC
— Based on hard scattering signatures: jets, leptons, photons,
missing ET,...
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A few numbers...

e Rate of pp interactions at 1034: 10° events per second

e Energy of pp is about 7 times higher than that of the Tevatron at FNAL

e Weight of the CMS experiment: ~ 13000 tons (30% more than the Tour Eiffel)

e Amount of cables used in ATLAS : ~ 3000 km

e Data volume collected by CMS in 1 second corresponds to 10,000 Encyclopedia
Britannica

e Machine temperature : 1.9 K (largest cryogenic system in the world)

e Total cost of machine + experiments : ~ 5000 MCHF

e Total number of involved physicists : ~ 5000

e Etfc. efc.

To explore in detail and directly the highly-motivated TeV-scale and say the
final word about the SM Higgs mechanism and various TeV-scale predictions
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Physics at the LHC: pp @ 14 TeV

Extra Dimensions?

Supersymmetry?

‘{0 CP trianglel

Precision
measurements e
e.g top! g € i

But also Other models with strong interactions, technicolor, compositness,
hew gauge bosons, etc. etc.

T Black Holes???
,/ Grjavitoi
2 gﬂ% %
_ XY AN
f———] = 4 ? UNIVERSUM
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Event Rates at pp at Vs=14 TeV

Process Events/s | Events/year| Other machines
Huge event rates:
33,m-2 a-1
W—s ev 15 108 10*LEP / 107 Tev (10%em= s7)
7Z— 1.5 107 107 LEP :
= The LHC will be
f 0.8 107 104 Tevatron a W-fC(CTOF'y, a
bb 10° 1012 108 Belle/BaBar Z-fGCTOI"y, a top
—— actory, a Higgs
58 0001 107 1]ZCIC‘|‘Ot“y'e‘I‘::—1 »
(m=1 TeV) )4 -
H 0.001 10 Precision EW physics
(m=0.3 TeV) will be limited by
Black Holes | 0.0001 103 systematics
Mp=3 TeV n=4
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Higgs Physics

= What is the origin of Electro-weak Symmetry Breaking?
= If Higgs field at least one new scalar particle should exist: The Higgs P 3¢
One of the main missions of CMS: discover the Higgs for m <1 TeV

¢ = @1+ 192
L= (@9)(0u8) 12 | P —A ||
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Example: Low Mass Higgs (M, <140 GeV/c?)

H—vy: decay is rare (B~10-3)
- But with good resolution, one gets a
mass peak

- Motivation for LAr/PbWO,
calorimeters

- CMS example: at 100 GeV, 6=1GeV
- S/B=1:20

BDDD_:LH'L‘ H _ W

7000 |

6000 | Higgs signal

5000 F

Events/500 MeV for 100 fb~T

=Y
=]
o
(=]

L L | L ] L
110 120 130 140
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Example: Intermediate Mass Higgs: ZZ()

« HoZZ—00 044 (P=e,n)
- Very clean

 Resolution: around 1 GeV
(around 100 GeV mass)

- Valid for the mass range

130<M <500 GeV/c?
sl Ho>ZZ*— 44~

ot

i

1 | |
140 160 180

Mys* (Gev)

1
120
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Signal significance

10

Expected Higags signal significance (S/VB) at the LHC

o _ -1
|Ldt=10b ATLAS

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

> 1144

S

2 I 3
10 10

- Higgs can be discovered over full allowed mass range in 1 year of good LHC operation
— final word about SM Higgs mechanism by 2009 or so

- However: it will take time to understand and calibrate ATLAS and CMS ...

* In most difficult region my, < 130 GeV =3 different channels observable — robustness

» If Higgs found, mass can be measured to 0.1% up to my~ 500 GeV
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EWSB: If no Higgs exists

Vector Boson scattering amplitudes violate unitarity for s~ 1TeV
New physics must enter to cure this problem

W wow woow %
Y Resonant WZ scattering
W i at 1.2 & 1.5 TeV
I = 20 . Wz
fur_JﬁJr-F\_‘ﬂ“iu S s E _*}__ =7
2 10 |
z zZ Z zZ z Z SR . i)
5 0 S5 oo v 8 SO s A S A S oo o, I =17
u::'] 1000 1200 1400 1600 1800

m HJ-J{GEV}

L=300 fb-"

Examples
- Strongly interacting vector bosons #
- Study WW ,WZ,ZZ scattering

- Technicolor
- New particles (techni-p, techni-x,...)

1000 1200 1400 1600 1800
m | ;{GeV)

Events/100 GeV
I|I II|IIII| T |

# Mantra: LHC will either discover Higgs or find new dynamics ~ 1 TeV
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Beyond the SM

New physics expected around the TeV scale =
Stabelize Higgs mass, Hierarchy problem, Unification of gauge couplings, CDM,...

Supersymmetry Extra dimensions

3 isolated leptons
+ 2 b-jets
+ 4 jets

+ E?"IISS

20



Supersymmetry

e —

Supersymmetry (SUSY) — assumes a new hidden symmetry between the
bosons (particles with integer spin) and fermions (particles with half integer
spin) to stabelize the Higgs mass up to the Planck scale

—Lots of new particles (squarks, sleptons,...) predicted with masses in the
range from 10's of GeV's up o several TeV range

3 isolated leptons
+ 2 b-jets
+ 4 jets

+ E;ﬂISS

Supersymmetry is broken
We don't see the superpartners

E.g. Minimal Supersymmetric Model

= O(100) new parameters! masses, mixing angles...

SUSY breaking mechanisms: reduces # of param.

‘Minimal SUSY Gravity (msugra)

‘Gauge mediated SUSY breaking

-Anomaly mediated SUSY breaking

*Gravitino mediated SUSY breaking... etc.

| Lightest SUSY particle stable:

dark matter candidate ?

More than 7000
papers since 1990

21



Supersymmetric particles

Squarks and gluinos are produced via strong processes:

q
ILarge cross sections! M, (GeV) o (pb) Evts/yr 9 A O
500 1 OO 10°-10 g _
q q

1000 10%-10°
2000 0. 01 10%-10°

Will be easy (in most cases) to detect:

1IIIII1I[IIII1III|II1

many jets and missing energy from the

f B ATLAS ]

lightest stable SUSY particle (LPS) UF onth
3 i ]

— %2000 ’_ O SUSY inclusive _‘

EG 900 GeV E - i SM bockground |

squarks =~5 [ l

Emss> 300 GeV T |

+4 jets 1000 7]

o
Cr—T—T1 711 |

250 500 750 1000
Missing E; (GeV)

Ll
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-1  If low energy Supersymmetry exists,
LHC will almost certainly observe it

Squarks and Gluinos detectable up to
2.5-3 TeV mass with 300 fb-!

Masses up to 1 TeV already
detectable with 1 fb-1

SUSY could be early at the rendez vous!

Usually minimal Supergravity (nSUGRA)
taken for studies =5 parameters

m; >+ universal gaugino mass at GUT scale
mo:  universal scalar mass at GUT scale
tanP: vev ratio for 2 Higgs doublets
sign(u): sign of Higgs mixing parameter
Ao:  trilinear coupling
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SUSY studies: Benchmark points

LHC: complicated by decay chains for squarks and gluons

800
/ / =Ll i 100 GeV
------ - - == - 700 = -
~ » a _ [ | My 250 GeV
qr I;? fE Z? A —100 GeV ﬂ
[ | tan 3 10 N
2ol sign e + L. da
Examples worked out for Ty P G
SPSla (point B) in ATLAS/CMS T
200 | :},:_Tz » .
LHC will see all squarks, H,A and w| — T
may see most gauginos
0

bnad
g B
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Sparticle Reconstruction

T ——
Example A\ /-

0 > 0
2

_ +
éi “““ X g g
L< 0* Problem y,° measurement!
b It escapes detection like

a heutrino!
Use kinematic formulae...

-
o
o

Events/2 GeV

(=]
o
T

e J M — MEY(ME — M)
m

60 -

40 |-

Strategy:

20

eStudy many decay modes & fit

0 20 40 60 80 "kinematic end poin’rs"
‘M(e*e') +M(up)

0 PRI I N R E U Mi be' P
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Event=0.5 Ga 1 00 m!
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-| exp. precision ~2 %

— m (¢¢) spectrum
end-point : 109 GeV
exp. precision ~0.3%

I, (G

m (¢2j)™% spectrum

threshold : 272 GeV | __

f[a]u x|

100 fb-!

B
=)

Idea: study as many
kinematic endpoints
as possible.

Relatively model indep.

Everts'20 G/ io0 '

m (¢£j)™n spectrum

ATLAS 2300 —

1500

[u]a 5]

end-point : 552 GeV [
exp. precision ~1 %

1 1 [ | I . . |
200 400 00 a0 1000
Mlq (3=

m (/%)) spectrum
end-point : 479 Ge\
,—‘\ exp. precision ~1 %

— k. |
Needs sufficient B4 - -
statistics &many | 3 \.
different/long E I
decay chains G 'lllL }
\
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Mass Measurements

LHC
300 fb-1@LHC Amg 48 The LSP
Amge 4.7
Takes into Amgg 5.1
account 1% Am;, 4.8
energy scale Am; 5.0
uncertainties Am. 58
Amg 87
AM values in GeV Amg, 7-12
Am; 7.5
Am; 7.9
Amz; 8.0

‘ Can measure m(x,°) to about 5-10%
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jh
=
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Dark Matter

__—‘

Fit the model parameters of the assumed SUSY breaking model to
the measured SUSY particle masses — Q h?

Typical precision:

o=
e
-1
h

0.15 |
0.125 |

0.1 |

0.075 |

0.05 |

0.025 [

_I I|IIIIIIIII|III IIIIII IIIIIIIIIIIIII
l:IIZ} 0.0250.050.075 0.1 %50.15 0.175 0.2 0.2250.25

Q n’

WMAP

[ 2
Q.h

M(Z3) (GeV)
86 a8 a0 gz 94 96 98 o0 102 104
| | | | | | | | |
0.18
6,16 =
ILC
14 -
0.12 -
|
0.1 -
0.08 -
ALCPG Cosmology
006 — Subgroup

ILC: international linear collider
e+e- collider @ 0.5-1 TeV
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T —— . .
Recent concerns: Special signatures

 ———————————
In some models/phase space the gravitino is the LSP
Then the NLSP (heutralino, Stau lepton) can live ‘long’
Eg. x—7+ gravitino  or heavy (slow) stau slepton

vilon
g ctron
Ha¥gon (e.g. Pion)

,,,,,
e

Signatures

® Displaced vertices

e Non-pointing showers

e Long lived 'heavy
muons’

3 Electromagnetic
}:ﬂ ] '] Calorimeter

Hadron Superconducting
Calorimeter Solencid

Transverse slice
rovah s Challenge to the experiments!

Iron return yoke interspersed
with Muon chambers

29
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Long lived sparticles

Some of these heavy long lived heavy sparticles will be stopped
in the detector or walls around of the cavern. They will decay after

some time: hours-days-weeks-months...

Some benchmark points with
Lifetime of 104-106 sec are
being studied:

! M Nijori at al (to appear)

ADR, J. Ellis et al. (fo appear)

Object of
a few

100 GeV

—Tdeas: Use the cavern wall or
addition of slepton stoppers in
the cavern (multi-kton object)

NI
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Split Supersymmetry

Arkani-Hamed et al., Giudice et al. GeV

cos2f=1

Assumes nature is fine tuned and 150
SUSY is broken at some high scale )/4

— c0s2[3=0

Motivated by cosmological constant | Hi
S mass vs
problem and multitude of vacua in 130/ 99

string theory (Landscape) // R 11;09101(:\’\5) .
The only light particles are the Higgs
and the gauginos (several 100 GeV to v —Gluino tifetime
several TeV) oo o S T
Interesting gluino phenomenology. o0 { -//
- Gluino can live long: sec, min, years! __—" \ SHS
- R-hadron formation: slow, heavy gt oo o Mo dgtector
particles containing a heavy gluino - . %” T
- special interactions with matter... T

: 1{-:; [GeV] o 1

Can we detect these gluinos at LHC??...
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How do these R-hadrons interact with matter?

d d d ,
p— — —p p— w1 P
. g Wi :n_ﬁ LW
. e
: Reggeon ¢ o b T Pomeron
|
uo u u B »
T %
A ik R L $
g gl . 8 \J
(a) (b)
R-Hadrons

(e.g. A Kraan hep-ph/0404001)
® Gluino interactions suppressed as 1/M?
e u,d quarks interact but with a kinetic
energy of order 1 GeV
— Hence energy loss reduced while passing

M=300 GeV/c>

————— P=500 GeV/e

5 4 —P=200GeVic
£ 405

----- P=50GeVie .,

through e.g the ATLAS calorimeter /‘__' ;mﬁ;-.__\ /W

only about 10-15% is deposited.
This will be a remarkable signature

Also: charge flip while passing through matter

1'3'—:

O:

0



New Gauge Bosons

____—‘
R. Cousins et al.

Z'%uu pI"OdUCTiOH Z’ - u* u: 50 significance curves
EI | L | L | L | L | L IE
§102 I | | | | ; ;
- 210° -
YO0 T O N O I - ] 3107, L
3 £ F
S § 0
1 . 1Pl |
:§ 15102 =

~
=
oy
L]

1o 35|004m0ﬁ 10"; =

M, (GeV) f
Note: Best possible theory knowledge L T
on DY spectrum will be needed (tails!) t 2 3 4 5 6

Z'mass (TeV)

e Low lumi 0.1 fb-1: discovery of 1-1.6 TeV possible, beyond Tevatron run-IT
e High lumi 100 fb-!: extend range to 3.4-4.3 TeV




Little Higgs Models

___——‘

Alternative to supersymmetry to protect the Higgs mass, via
couplings of new particles

Arkani-Hamed et al.
WeWw, LZoZ£Z, BoB; t<>1, H<<D® Hanetal

o ) E
../'r/ - \I\"“\_ /-/'I/-_\ - I.\\\"\
_ __J([;p?k_ N : W oW Strong dynamics
h \t /t Q / G P LOTEY = Bk seomernemsmmmrs
— e i Triplet Higgs
S B e, R possibly more sealars
/ \ / \ 2N " W
[ | | ! \ ! | s & erc.
W )R R XL \ | i_, ,_ 1TeV + f
[SU(2)®U(1)]x ® [SU(2)®U(1)]g | |
200 GeV —— 1 or 2 Higgs doublets

= Expect new particles in the TeV range

34
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L and Z

ittle Higgs Model A,

Signal : di-lepton resonance

A,—ee 5areach for 300 '

| | | I | | I | | | | | I | | | | | |
—  Z,cotb=1.0
—  Z;cot6=0.2 AT LAS
—  Drell-Yan

TTTT
LIl

I
-

i
o
[ae]

I IiIIIII]
| IllIIlI‘

L1 lIlIIII

T // 3
s
s ”
P ; 7 -
/J
o
g
500 1000 1500 2000 2500 3000
miA, ) (GaV)
Z,—+ee 5o reach for 300 fb”
o ol 7 ¥ I
i i / ///x
: 9,
& F Py
s/ 7 7

Events/10 GeV/100 fb™
o

—

cotd

I fL =100 fb-!
9 W 1 s o [yaplers [yg gl 48

1600 1800 2000 2200 2400
m,, (GeV) v | o

Reach up to 5.7 TeV depending on the 6 angle

miZ,) (GeY)
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Large Extra Dimensions

ADD: Arkani -Ahmed, Dimopolous,Dvali

=——= __1__19.10Y9
Problem: W = GpyDi ALY ﬁ Mp; = Ton 1.2-10% GeV

String Theory Inspired

Assume the world we see is in 4 dimensions but that gravity can
expand in 4+6 dimensions. Extra dimensions have size R (mm to fm)

EXTRA-DIMENSION

LED

Strength of Forces

Planck scale in
the TeV range?

I |
M* MPIanck
V

~ Curled up...

36



Extra Dimensions —

Large Extra dimensions (ADD)
Gravity in bulk / flat space
Missing energy/interference/black holes

ds® = Gy dr’dz’ = Nuetdxdz” + hy(y)dy'dy’ |

Warped Extra Dimensions (RS)

Gravity in bulk / curved space

Spin 2 resonances > TeV range/black holes
ds® = e~ g datdes” — dy?, k = warp fGCTOf‘

TeV Scale Extra Dimensions
Gauge bosons/Higgs in the bulk
Spin 1 resonances > TeV range
Interference with Drell-Yan

Special case: Universal Extra Dimensions UED
Everybody in the bulk!
Fake SUSY spectrum of KK states

+ many combinations/variations
37



Events ! 20 GeV

¢

0*

w*

02

10

0 200 200 00 00 1000 1200 1400 1600

1w

Extra Dimension signals at the LHC

Graviton production!

5=2 M, =7Tev

(1
£

/ /// / =

o = 14 Tel

H wew ww)
[ jwew
Hizow
B signa

: f
m-. !

|, -
—_—

E,riss (GeV)

Graviton escapes detection

Signal: single jet + large missing ET

P 14 TeV, 100 tb™'
® 14 Tev, 1000 fb’
28 TeV,. 100 b7
i 28 Tev, 1000 fb™’

M, reach (TeV)
Ll
jaw

)
o

10 &

N
g -

Test My to 7-9 TeV for 100 fb-?

38



|

Curved Space: RS Extra Dimensions

____——4
Randall, Sundrum, PRL 83, 3370 (1999)
ds2 = e-2Klyl M,y dx* dx’ - dy?

you are
here

Planck brane

anti - de Sitter

space “T—TeV/SM brane

phenomenology
ot Rs = -20 k2

Msp® = k Mpjanck®
k ~ curvature y=nre _“““<
Study the channel pp—6Graviton— e+e- /'>'

| Randall Sundrum Graviton: G — ee

Discovery Limit of Randall-Sundrum Graviton: G — ee-_|

g
[\

—
o
(L R

CMS: Full Simulation

: S ignal+ and reconstruction
: Dr‘el I "yan c=0.01
- backgr.

,' 0 b
10 fb7! 100 lh =
IRg} < MZ

:- Region of Interest / /
-' i ) sensitivity

s CMS - Full simulation

# Events (/4 GeV) for 100 fb™
Coupling Parameterc |
=

=)

19100 1420 1440 1460 1480 1500 1520 1540 1560 1580 1600 107
Mass (GeV) 500 1000 1500 2000 2500 3000 3500 4[}{!{} 4500 5000
Graviton Mass (GeV) 39
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Randall-Sundrum EDs —

We observe a peak in di-lepton spectrum
Is it a new gauge boson or a RS KK excitation
= Study the spin of the object: spin 1 versus spin 2

-
[#:]
|

Events/0.2
B

12 | \

v/Z \ 10 f—l.';

JL = 100 fb!
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N/100 GeV/3000 tb~!

N/100 GeV/3000 fb~*

TeV scale Extra Dimensions

104 =

107

100

109

100

N/100 GeV/3000 fb

— 102

4000 8000 8000 2000 4000 8000 8000
M (GeV) M (GeV)

] LEP: M >4 TeV (indirect)
E Sensitivity of the LHC

\ How to distinguish from a Z?

T. Rizzo (hep-ph/0305077)

E.g. use Forw-Backw assymeftries

g e Direct up to 5.8 TeV for 300 fb-?
| e Indirect up to 13 TeV for 300 fb-!
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Universal Extra Dimensions UED
e.g. Cheng, Matchev, Schmaltz hep-ph/0205314

UED= all particles in the bulk

Phenomenology: a KK tower pattern from SUSY versus UED at _the LHC
ED's which looks like supersymmetry:
Can the LHC tell distinguish?

s Cuts:
o E + + Ejm =40 GeV (similar with 60 and 80 GeV).

o |ni{p)| < 2.5,

Mo uey )

TOOIS: Spin Of The “SpC(r"l'iCleS"/ NO ¢ We can recover to some extent the difference in shapes!
heavy higgses/mass splitting small/ o DKo (prliminary)
pattern repeates at higher energies... : L-100 5"
on F'=300 GeV ]
r UED
850 s Study muon angular al- &
' ' distribution in (approx.) % : ]
smuon rest frame s T E
ty : SUSY 1
600 |- q - 60D 0 -]
4 ey, | First result looks _ ]
encouraging g e
580 - -1 850 Also: A' Bar‘ hep-ph/0405052 —i.ﬂl — I—IL.EI — ﬂ!ﬂ — 0!5 — 1.0
lepton charge asymmetry i
. ¢ Backgrounds? Other tricks? Strong KK production?
I ﬁ L Ta
560 | ) " 500

Studies of spin sensitive variables needed!




What if Planck Scale in TeV Range?

| - Schwarzschild radius | Landsberg, Dimopoulos
Y Giddings, Thomas
4-dim., Mgaiy™ Mpranck Ry ~———2" R, — <« 103 m
M, ¢
. 1
4+ n-dim., Mgin,= Mp~ TeV g _ U [ Mgy | R, - ~10-19m
MD MD

Since My is low, tiny black holes |
of Mgy ~ TeV can be produced if i S/
partons ij with Vs; = Mg, pass at a e, N5/
distance smaller than R brane

- Large partonic cross-section: o (ij > BH)~ m Rg2
‘o (pp — BH) is in the range of 1 nb -1 fb
e.g. For My ~1 TeV and n=3, produce 1 event/second at the LHC

- Black holes decay immediately by Hawking radiation (democratic evaporation) :
-- large multiplicity
-- small missing E } ‘ expected signature (quite spectacular ...) ‘
-- jets/leptons ~ 5
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Black Holes

O/ AL gy POASEY

10 0,..=05nb |« 1event/second o
(M. = 2 TeV, n=7) 1 [ M (37 (%2)\]7"
= : = -~ 2 MBH 2
1 : P o(Mpn) ~ TRg = Z | My ( s )
-1k
n £
LHC
1
: n=4 :
0L Cross sections for
0 6= 12010 [ 1 event/hour black holes be
m;_ (Mp = 6 TeV, n=3) -~ very large
: M =1 TeV k :
0OF st May .domma’re ’rhe
10k particle production
10 *E """"""" M, =7 TeV at the LHC
m'9|||||]..
0 20040 4000 6000 gO00 10000 12000
My, GeV
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Black Holes production

If the Planck scale in ~TeV region: can expect Black Hole production

Simulation of a black hole event with Mg, ~ 8 TeV in ATLAS My ~1TeV

n=6

~ Spherical events
Many high energy jets
leptons, photons etc.

Ecological comment:
BH's will decay within
10-?7 secs or so

Detectors, electronics
(and rest of the world)
are safell
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I— Black Holes

..and in CMS

Jetector and Event
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WAYS TO MAKE A MINI BLACK HOLE

PRIMORDIAL DENSITY
FLUCTUATIONS

Early in the histery of our
universe,space was filled with
hot, densa plasma. The density
varied from place to place, and
inlocations where the relative
density was sufficiently high,
the plasma could collapse into
ablackhole,

w”f

Scientific American (May 05)

COSMIC-RAY COLLISIONS
Cosmicrays—highly energetic
particles from celestial
sources—could smackinta Earth's
atmosphere and form black

holes. They would explode ina
showerofradiationand secondary
particles that could be detected

on the ground,

PHYSICISTS COULD SOON BE CREATING BLACK HOLES IN THE LABORATORY

PARTICLEACCELERATOR
Anaceelerator such as the

LHC could crash two particles
together atsuch anenergy that
they would collapse into & black
hole. Detectors would register
the subsequent decay of the hale.

BLACK'HOLES

THE RISEAND DEMISE OF AQUANTUM BLACK HOLE

Detector

SCIENTIFIC AMERICAN 51
COPYRIGHT 2005 SCIENTIFIC AMERICAMN, INC.

BIRTH BALDING PHASE SPIN-DOWN PHASE SCHWARZSCHILD PHASE PLANCKPHASE

Mass: 1010 8 TeV
Mass: 81to ETeV

0 Mass: 6o 2 TeV
W0 1x10*secangd Mass: 2 to 0 TeV
Heonditiona sre right, twe particles
[shewn here as wave packets) can
collide to ereate a black hole. The

1t 3x 10-2* second
is it settles down, the biack hols emits
gravitational and slectromagnetic waves.

3o mxlu‘z’umw

newborn hole is ssymmetricel. tcan
berotating, vibrating and elactrically
charged. [Times and masses are
appreximate; 1 TeVis the enargy
equivalent of about 104 kilogram. |

To paraphrese physicist JohnA. Wheeler, the
hol & loses its hair—it becomes analmost
featureless body, characterized solely by
cherge, spin and mass. Even the charge
guickly leaks away as the hole gives off
cherged particles.

The Elack hole is no longer black: it radiates.

Arfiret, the emission comesat the expense
of spin, 50 the hale slows down and relmces
into a spherical shape. The radiation
emerges mainky slm!llu egquaterial plane
of the black hala

Having lestits spin, the blsck hole is
mow an even simpler body than before,
charectarized salely by mass; Eventhe
mass |eaks sway inthe form ofradiation
and massive particles, which emerge in
every direction.

The hale approaches the Planck mess—the lowest mass possib

sccording to present theorg—and winks inta nothl
that the hole would begin to emitstrings, the most




Study Black Holes at the LHC

% g L1 1
S STy, logT, =———log M
IR R O = e Measure the mass of the BH
= ~2 g .
E Mgy, l95y, (reconstruct events with no
L eV, n< .04 . .
e "Ry missing transverse momentum)
ey T2 ) * Measure T, from number of
€V, n=7)_ 1, - T o] . .
72 |- it 1669 1 g.gy * T BB GRE Radiated jets & leptons
| | | | |
65 7 7.5 8 8.5 9 ) )
., g TG Determine the shape of Gravity
<L> _____ L o desgiz o /T Extract humber of EDs!
E Iy [y de=— ' _ .
ntl
Reconstruct mass & Black body spectr. of Black Hole M, n+2 e
—=Direct test of the Hawking radiation law T =Mel 3 {13)| o
—But dependence on BH decay modeling ] 2 )

Any clues from Quantum Gravity??

Producing micro-black holes will allow for the firsts tests of
Quantum Gravity in the lab




LHC "Olympics”

Next thoughts:
*How can we go from the hadron collider data to the underlying theory?
eCan we map the measurements to theory phase space (e.g. SUSY)?
Statistical techniques/Patterns? (talk of N. Arkani Ahmed last Tuesday)
eSUSY: measurements < parameters in the Langrangian
Can we learn anything about underlying (string?) theory? Needs low scale
predictions

Organising Comittee
Workshop @ CERN this summer:
. . e |znutios Antoniadis (CERN) ¢ Jos Lykken (Fermilab)
EXZI"CISQ dlSCOVQF‘y Gnd hOW TO o Nima Arkuni-Hamed (Harvard) e Steve Mrenna (Fermilah)
In.‘.er.pr.e-re fu-rur.e da-ra Wl-rh pSeudo da-ra ® Suvas Dimopoulos (Stanford) & Gury Shiv (Wisconsin)

e Gordy Kune (Michizan) o Hermun Verlinde (Princeton)



T —
Summary _—

The LHC is coming
The LHC should be decisive on EWSB in the Standard Model
Has Nature prepared a "pleasant” welcome to the TeV-scale

(striking signals with limited luminosity and non-ultimate detector
performance) or shall we have to sweat through years of data
taking and hard work before we can claim a discovery ?

Will the results have relevance for string theory?
(Supersymmetry, extra dimensions, black holes, stringballs...)

We will know more in 2008+

Next challenge: efficient and as-
fast-as-possible commissioning of
machine and detectors of
unprecedented complexity,
technology and performance




New Particle Production

Hawking Radiation:
wey 1 ¥ Democratic production of all particle
B quantum states

D_?_jet invariant mass

St + | ;
'+"l"_='_'{"'|"—7"_i_1¢d4L.—_F-§+T=._F'i‘.4=+

Eg. 1% of the time produce a
"0 100 150 200 250 300 Higgs with mass of 120 GeV

' i i.e. in 1 Black Hole out of 10
b) If 1 Black Hole produced/sec
ot — 106 Higgses per year
AR S A T = L
50 100 150 200 250 M, Ge‘é’w CGVCGT:
Dije invariont mass, two btags | /1 a5 1 3 Black Hole evaporation complicated:
) e Balding phase (15-40% Energy loss)

o1 bl e Hawking Radiation (50% lost)
P 'A-* - %#__-_L_ .
R RS e Planck Phase, Quantum Gravity

™ *m, e Will affect all these naive estimates

Dijet inv. mass for evts w. hard y or lepton tag |
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day;/d|an| [pb]

¢
ge
109 e
10-1 ;
1072 ;
10=9 %
1074
10~°

Once you pass the Planck scale Vs > M. Processes with small

0

ransplanckian effects

G

:
:

CAVAVAVAY

_I_I_I.I.I.I.I.II_I_I_I.I.U.I.I |_I_I_I.I.I.I.I.II_I_I_I.I.I.LLII_I_I_LI.I.I.I:

10

lan|  of the two jets

___——#

momentum transfer e.qg. :

Elastic transplanckian collisions:
Study gravity propagation in ED's
Signal: dijets with large M;;

Guidice, Rattazzi, Wells
0 IR B B

Signal —
Background
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Extrapolation to physics at high scales

Blair, Martyn, Polesello, Porod, Zerwas

0.01 0.009 £
i 0.008
2HeloL 0.007 E Ms
5 005 - 0.006 g—
: 0.005 -
0.004 0.004
N 0.003 £
0.002 0.002 F Ms
N 0.001 £
| I e A e AT 71 Y Y0 Y Y Y Y
10° 16° 100 128" 10™*0'"® 10° 10° 10° 10" 10'10'®
0 [GeV] O [GeV]
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Detectors at Start-up ——

® | Which detectors the first year 2

RPC over |n|<1.6 (instead of |n|< 2.1)
4™ layer of end-cap chambers missing

Pixels and end-cap ECAL
installed during first shut-down

2 pixel layers/disks instead of 3 ?

Detectors will be fairly

compleTe at STGF‘T-UP TRT acceptance over |nl<2 | : I
(instead of Inl< 2.4) 3 -

Both experiments:
deferrals of high-level Trigger/DAQ] processors
< LVLI output rate limited To
~ 5 kHz CM5 (instead of 100 kHz)
~ 40 kHz ATLAS (instead of 75 kHz)

Impact on physics visible but acceptable

Main loss : B-physics programme strongly reduced (single p threshold p» 14-20 GeV)
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LHC New Physics Reach Summary

Measurements at LHC (14 TeV / 100 fb™)

Higgs (SM) — 1 TeV

Higgs (Heavy/MSSM) | Problems in medium tan G range

squarks 2.5 TeV

sleptons 0.3-0.35 TeV

Z' (direct) 5.4 TeV EXCiTing
g* 6.5 TeV

I+ 34 TeV PPOSP@CTS!!
TGC (A 95%) 0.0014

A compos. 35-40 TeV

ED (ADD) 9 TeV

ED (RS) 2.6/4.7 TeV (c=0.01/0.1)

ED (Tev™) 6.5-8 TeV

Black Holes ~ 6-10 TeV

Transplanckian effects | ~ 10 TeV

Compiled in 2001: Time to update for the physics TDR
New scenarios since then: little Higgs models, split SUSY, stable sleptons
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