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Past few decades

“Discovery” of Standard Model

through synergy of

hadron - hadron colliders (e.g. Tevatron)
lepton - hadron colliders (HERA)

lepton - lepton colliders (eg.LEP, SLC)




What have we learned the last 50 years
or
Status of the Standard Model

The physical world is FILEMENTARY
composed of PARTICLES

Quarks and Leptons

interacting via force carriers
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Last entries: top-quark 1995
tau-neutrino 2000
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Test of the SM at the Level of Quantum Fluctuations
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Status recent Summer Conferences

Standard Model Analysis

Measurement Fit

m,[GeV] 91.1875+0.0021 91.1875
I, [GeV] 24952 +0.0023 2.4957
Oy [MD]  41.540£0.037 41477
R. 20.767 + 0.025 20.744

A 0.01714 +0.00095 0.01645
R, 0.21629 +0.00066 0.21586
R. 0.1721+0.0030  0.1722
AL 0.0992+0.0016  0.1038
A 0.0707 +0.0035  0.0742
A, 0.923+0.020  0.935
A 0670£0.027  0.668

A(SLD) 0.1513£0.0021  0.1481

m, (GeV] 80.398 £0.025 80.374

I GeV] 2140 + 0.060 5001
m[GeV]  1709+138 171.3

|0mﬁas_0m[rrﬁm935

012 3Fitto 17 high-Q2 observables

plus Aopqy:
v2/ndof = 18.2/13 (15.1%)

Largest X2 contribution:
A|(SLD) vs. Agyb(LEP)

CIdE Without this point,
1 the fit is too good!

Afb(b) has largest pull: 2.9¢'

however . ..

... many key questions open




Key Questions of Particle Physics

i s 1/a,

origin of mass/matter or 50 -
origin of electroweak symmetry breaking 40 -

unification of forces , 30"

20 -

fundamental symmetry of forces and

matter WE & 1/a

[ oL [} 0 Dllllllllll1lllllll"
unification of quantum physics and I

. . Wechselwirkungsenergie in GeV
general relativity

mit Supersymmetrie

stars Daryon neutrinos

number of space/time dimensions dark energy dark matter

what is dark matter

what is dark energy

CERN



Solutions?

Technicolor
@E@m @ D‘ M @@ @ j New (strong) interactions produce EWSB

Extensions of the SM gauge group :

Little HiggsR/ GUTs / ...

For all proposed solutions:
new particles should appear
at TeV scale or below

- territory of the LHC

7

Selected NP
since 1957
Except P. Higgs

Supersymmetry Extra Dimensions
New particles at = TeV scale, light Higgs New dimensions introduced
Unification of forces MGraviey & Mgy, = Hierarchy problem

Higgs mass stabilized solved
No new interactions New particles at = TeV scale







Proton-Proton Collisions at the LHC

= 2808 + 2808 proton bunches
separated by 7.5 m
— collisions every 25 ns
= 40 MHz crossing rate

= 10! protons per bunch

= at 103¥cm?/s
=~ 35 pp interactions per crossing

pile-up

— = 10° pp interactions per second !!!

" in each collision
=~ 1600 charged particles produced

enormous challenge for the detectors
and for data collection/storage/analysis



Enter a New Era in Funda ental SClence

%

P, W s

";\.' 1_".*.«. L. .




Specialised detector to
study b-quarks - CPV

General purpose
detectors

Specialised detector to
study heavy ion collisions



LHC Experiments - complementary @)

—

Overlap
N
physics
reach

Key feature: reconstruct
secondary vertex
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EVT: 49700980
RUMN: 70684



Overlap
In
physics

reach

Key feature: reconstruct
> 20’000 charged tracks
In one event

physics

reach



.‘
q-ﬁ‘é
a-ﬂ‘

0

4#f

¥ gl 2 15

~ A= experiments make the whole of LHC a
~=+ 72 more powerful instrument than the sum of
' |ts parts

LHC 27+%mt™
Y 6'3

—




- .,_'_-" / Di-jet Event at 7 TeV

3 Basic processes at LHC

Proton 2 fb (Xz, 02)

CERM
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Cross sections at the LHC

rate ﬂ\l"fyﬂl‘
10 7

LHC ~Js=14'rav L=10**em™2s™
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14 “Well known”
N processes. Don’t
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10 them ...
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New Physics!!
We want to keep!!
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Stored Energy [MJ]

Stored Energy in the LHC
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Overall LHC efficiency in 2010

Technical stop/HC

setup no beam o 6 5 %
° - availability!

25%

Stable bea
16%

beam setup

Le]
W. Venturini 40%
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Luminosity: 3 running periods
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Performance
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(368 bunches)
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Events/sec for L = 1033 cm“s
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Collision Event at
r 7 TeV

CUATLAS »
J} EXPERIMENT

2B18-83-38, 12:58 CEST
Run 152166, Event 316199

hitp:ffatias. web.cem.ch/Atlas/public EVTDISPLAY /events_himi




“Min.Bias”, low-p; physics

Soft collisions are not calculable reliably in pert. QCD, only phenomenological models
available, but: parameters (multiplicity etc) poorly known (~50% or worse)
Important for tuning MC simulations and Pile-Up predictions
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x Microbias

- rrl-]'E-"I'r"1

do 30
dn
{ub) 20

104

0

]
Shapes and scales agree well with expectation.
Validates QCD prediction at LHC energies.

[ Flavour Oscillation signal region |
g LHCb Preliminary
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Paper submitted to
Search for B; 2 pu Phys. Lett. B

0.7¢

CLs

0.6

0.5F

: -
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_ & . .~ 68% of possible experiments
Observed upper M ~ .. compatilyle with expected limi

0.2F

0.4

90% exclusion o
95% exclusion ::;

i i i i I ] ] L L j A i i i 1 i i i I
QI 0 20 30 40 30, 60
B(B,~uu) [10°7]

| @%0%CL _@95%CL

LHCb Today, 37 pb! <43 x10° <56 x10°
DO World best, 6.1 fb! < 42 x10°° <51 x10”°
PLB 693 539 (2010)

CDF  Preliminary, 3.7 fb'! <36 x10° <43x10°
Note 9892 24
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Eventsféec forL=103cm2s-

-
L=
=R

Calorimeter jet

7 TeV |

Ll T R

1 10
Ecy (TeV)

Important tests of pQCD and detector performance




G 10’
2

JET
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JET d

d’c / dy

Jet production at 7 TeV

Tevatron Factor >104 LHC
Ecu= 2 TeV in integr. L > Ecu= 7 TeV

CDF Run Il Preliminary  CMS preliminary, 60 nb” Vs =7TeV

il .
lyl<0.5 (x1024)
0.5<lyl<1.0 (x256)
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Important test of pQCD over many orders of magnitude



Highest mass dijet event recorded by ATLAS: M;; =3.7 TeV
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7 TeV |
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W and Z production at 7 TeV

CMS 2010
= P e S o B S e
@ 300 1 29pb’ @ \s=7TeV |
O I |
o
Do
5]
S 200 -
u} -
Y
o
| -
(] |
€100
§ %x10° CMS 2010
c - A L L
@ 29pb” @ \s=7TeV |
(D ]
0 )
. %o g0 1d < * daa
M(M -rg — W—a»exl
) EWK+tt -
> B QcD =
W w |
e
o
| —
0]
o ]
..... E ~‘~
> )
(= \ -
> -
; ‘-.,.,J‘luu
40 60
") ETH institute for E; [GeV]
Particle Physics




“W and Z production cross sé

s 36pb”

36pb’at s=7TeV

i uncertainty: £4%
oxB(W) W 09870009, +0.051,
oxB(W) —a—| 0.982+0.009,, +0.049
oxB(W)  —#—  0993:0010,,+0.056,
oxB(Z) o 100330010, +0047,
Ryz ot 0.981+0.010,,, £0.016,
R, - 0.990:+0.011,,, +0.037,
06 08 1 12 14
Ratio (CMS/Theory)

10

o < B (nb)

10

»
I 1

"« CMS, 36. pb", 2010 “f"’
— + CDFRunll .
# * DORunl
L4 VA2
- * UAT 21T
L. Pp
; PP
E L Theory: FEWZ and MSTW08 NNLO PDFs
-l i 1 19l i i IR T AN A A |

1

Cnllidyr] energy (TeV)

Notice: all major components of the measurements (efficiency, background,
systematic errors etc) are carefully evaluated using data driven methods.

1) CMS PAS EWK-10-005
2) arXiv:1012.2466 ; J. High Energy Phys. 01 (2011) 080

G. TONELLI, CERN/INFN/UNIPISA

2011

SPC

March 14, 30



WW cross-section
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- 44~ MC@NLO, CTEQ 6.6
3 == MC@NLO, HERA 1.0
i MC@NLO, MSTW 2008

Asymmetry
= ¢
o

Al

M\

rrll1rrl|1'l[ll'llrlllllFIlllilll'lrlll1rl_

ATLAS Preliminary E EVmVS?

[1Drell-Yan
Diboson
B W+jets
Etop

[ Ostatssyst

| | IIIIlI[

ILdl =35pb’

11 Illllbl

Events / 20 GeV

|||J||||||:||n'fi/5’il':|"'|.'|||||

- ATLAS Preliminary .I- Ldt=31pb’

L L L ' I 'l L L 'l I 'l L 1 1 I L L ' L I. L L 1

0.5 1 1.5 2

[ | lilllll

-1E —

| 10 -

Figure 4: The muon charge asvmmetry from W-boson decays in bins 10 =

ol absolute pseudorapidity. The data points (shown with error bars 2 L : i b—— 3
including the statistical and systematic uncertainties) are compared 0 20 40 60 80 100 120 140 160 180 200

to different PDF predictions. The PDF uncertainty bands are de- r,r G
scribed in the text and include experimental uncertainties as well as ( } [ EV]
model and parametrization uncertainties,

8 candidates selected in the 2010 data
(estimated background: 1.7+ 0.6)

SM (NLO):
oww = 407 To(stat) = 7(syst) pbll | 4¢ 4+ 3 ob




Top quark production at 7 TeV
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2 Top production at 7 TeV__

| | | |
CMS ® Data -_'
3.1pb'at Vs=7Tev| [t signal ]
Events with ee/up/ey| [ Z/y*—I'T prediction -

Events

12

First Publication on Top cross
section at LHC

Zy*—t't _
[ Single top s
C_Jw ]
] Non-W/Z prediction -
/é LA 7] Bekg. uncertainty

10

QTI’TTTI’I’TTI"I'I"I"['III"ITI’I’

2

bt |

"= 1 2 3 ~d
Number of jets

Observed: N, =11
Predicted background: Ngg = 2.1
Predicted signal: Ny, = 7.7

( ETH Institute for
Particle Physics

Events

in the di-lepton channel

T | ]
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Number of b-tagged jets
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First top measurements at /s =7 TeV

'E“ B LI L 3 IHE LR LA T S L L UL SR ] P
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In the full data sample recorded so far,
ATLAS has ~ 700 top-antitop events
- only ~ 8 times less than CDF or DO

ents
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GOAL:

QO Study the ‘primordial’ state of matter in the early Universe (~10% sec after BB)
O At increasing temperature & energy density - new state of matter: QGP
QO Study strong interaction sector (QCD) of the Standard Model

PbPb@2.76TeV Already interesting results presented:
0 QGP behaves like a liquid
a Jet quenching
pp@7 TeV Jd ... e _ :
> There is plenty of exciting gEasesag™ =i we:-
physics ahead!
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Observation of dijet asymmetry in Pb-Pb collisions

) dN/A

| P, [GeV]

(1/N

Run Number: 169045, Event Number: 1914004
Date: 2010-11-12 04:11:44 CET

Asymmetry A, = EE”+EETZ
T1 T2




pp@7 TeV

Pb+Pb @ sqrt(s) = 2.76 ATeV

2010-11-08 11:30:46

Fill : 1482

Run : 137124

Event : 0x00000000D3BBEGS




@'ﬁ Characteristics of Central Pb+Pb Collisions at 2.76 TeV/N

~ 400

Energy density from dN_ /dn
— dN_/dn = 1599 = 4 (stat.) == 80 (syst.)
— constrains / rules out models
— 100 times cold nuclear matter density
— ~3 times the density reached at RHIC

(€ = 15 GeV/fm?3)
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- Freeze-out volume
~ 300 fm3

- ~ 2times the volume
measured at RHIC
(AUAuU@200 GeV)

- Lifetime until
freeze-out ~ 10 fm/c



Properties of the Medium Created in Pb+Pb Collisions

The LHC QGP, much hotter
than the RHIC QGP, has still
the properties of a

~perfect fluid (elliptic flow

Most extreme state
of matter ever
created in the lab ...

N e e

measurement) :
n/s = 1/4n (conjectured . A § T T | -

i - PN e ' T -
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Heavy quarks in Pb-Pb

e Charm via D mesons,

beauty via leptons (e, m):

- colour charge and mass
dependence of energy loss

D> Km, D*—>Knr via secondary
vertex reconstruction

central Pb-Pb!

o
= 3000 Pb-Pb\ 8, 52.76 TeV, 2.1x 10" events, 5 < p < B Geic
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©25007
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Quarkonia: suppression
or regeneration?

J/y=2>uu at forward rapidity,
starting from p,~0
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Expect ~2000 J/y from full
2010 statistics



Excellent performances 2010

Excellent start-up in 2011:
already some 27/pb delivered

O Experiments demonstrated
readiness in the exploitation
Y(1,2,38) of the 7 TeV p-p and
2.76 TeV Pb-Pb data;

analyses proceeded very
rapidly;

8
>
c
:
w

o
o

Experiments have about

P completed their journey

A=Y, =W ph through the Standard Model
... and have started to take

R — us into uncharted territories

CMS Preliminary
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Not enough data yet
- Interesting in 2011 and 2012!
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Search for the Higgs-Boson at the LHC

proton - (anti)proton cross sections

BR (H)

as well as its decay possibilities

Production rate

of the Higgs-Boson
depends on its mass

("Signature (or picture)"
as seen in the detector)

1

= B | T | I =
o / .
I R ]
.f _
|
107 - =
- = -\-:'-«lf‘I \‘ |II |II =
ke = ."n \ ! -
|:l |? III.I Ill |I.I
11k
! vl
102 |- [\ | =
© LR )
I | ‘A ]
| f o ||'|= =
10-3 - A .[l / \LL |1 L 1 [ [ CA T |
102 M,, (GeV/c?)

103

g (nb)

|1II.l IIIFI IIII ¥ L] L] IPIIF:
]“‘ ﬁm‘:
107 = ,
[evatron LHC
107k
10" b
ﬁh
10"
10"
|“: "'Im'[E]jm > vsf20)
-y
10' Oy b
b £
10 N
a.(E, =100 GeV)
10"
10°
1? 5,
10 0 (E;" > Vs/4)

(M., = 150 GeV)

=5 iT
i) "Higgs

10° ) ﬁruuq&{MH = 500 GeV) \
|”-" paal paal L 53 el
0.1 1 10
vs (TeV)

10
10
10

10"

10

10
10
10
107
10"
10°

|”i
10

10 em™ s

events/see for L



The Higgs Search Landscape: LHC Joins The Fray !

95% CL Excluded Mass range

LEP
+

Tevatron

158 173

0 100N
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Low Mass
(M,=120 GeV )
H->Co
H->WW
qqH~> | |
V+ H->bb
aqqH->bb
V+ HOWW

Mid Mass
(M,=160 GeV )

H->WW
H>Z27

High Mass
(M,=400 GeV )

H>Z2Z
H->WW
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CMS & ATLAS Projections Compared
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Summary of Prospects

SM Higgs Search Prospects (Mass in GeV)
ATLAS + CMS 95% CL 3 o sensitivity | 5 o sensitivity
~ 2 x CMS exclusion
1 fb! 120 - 530 135 - 475 152 -175
2 fb1 114 - 585 120 - 545 140 - 200
5 fb-! 114 - 600 114 - 600 128 - 482
10 fb1 114 - 600 114 - 600 117 - 535

Higgs Boson, if it exists between masses of (114
- 600 GeV) will either be discovered or ruled out
In = next two years
-> Decided to run in 2011 and 2012

—

Operate LHC in 2011 and 2012:
a 2011: E_, =7 TeV, expect L, = 1 fb-! (baseline), hope for more
a 2012: L, ,possible increase by factor of ~ 2 (?)

a 2013/2014: shut down (= 15 months) to prepare LHC for 14 TeV operation



The 2011 and 2012 run ... @)

Search for physics beyond SM

Q Discovering new particles

0 Making precise measurements of
properties of known particles/forces:
e.g. LHCb: B, & p*y-

1

-> will enter new territory !

Events!:aec forL=10%3cm™s




New Rough Draft 10 year plan

| 2010 | 2011 | 2012 ] 2013 | 2014 | 2015 | 2016
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Machine: Splice Consolidation &
Collimation inIR3

ALICE - detector completion J
]

ATLAS - Consolidation and new forward
beam pipes

X-Masmaintenance
¥-Masmaintenance

CMS - FWD muons upgrade +
Consolidathon & mirastrastrocture

LHCE - consolidations l

fCryo-collimation paint |

injectors [ HMRINNN] [ Dot o - g I (RN N (NN T B T EEEE A

SPS upgrade | 75PS - LINACA connection & 7 PSB energy upgrade |
update of European HEP Roadmap

[ 2016 | 2017 ] 2018 J 2019 | 2020 | 2021
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[ o 1 s kg, 11101 11| 1 R

Machine: Collimation & prepare for
crab cavities & AF cryo system

Maching - maintenance &

ATLAS - New inner detector

ATLAS: mw pixel detect. - detect,

for ultimate luminosity ALICE - Second vertex detector
|

upgrade

X-Masmaintenance

ALICE - Inner vertex system

X-mas maintenance

CMS - New Tracker
CMIS - New Pikel, New HCAL
Photodetectors. Completion of

FWD muons upgrade Plan to Continue
LHCh - full trigger upgrade, new until around 2030

virtex detector elc
injectors [N TR B SRR [} R |
i







Next decades

Road beyond Standard Model

through synergy of

eﬂe‘lg
hadron - hadss \Na\[ a\ the —HC, HL/HE-LHC?)
uide e .
SeePOn colliders (LHeC ?2?)

Ssults will
epton - lepton colliders (Lc(LCorcCLIC)?)

LG !




Past decades saw precision studies of 5 % of
our Universe - Discovery of the Standard

Model
The LHC is delivering data

We are just at the beginning of exploring
95 % of the Universe




Past decades saw precision studies of 5 % of
our Universe - Discovery of the Standard

Model
The LHC is delivering data

We are just at the beginning of exploring
95 % of the Universe

exciting prospects



