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ﬂvant-?royos

@esu’ny is no matter of chance. It is a matter of choice
W.J. Bryan

@erytﬁing seems tﬁeoreu’ca[@ im}oossiﬁﬂe ... until it is done
R. Heinlein

Trul great madness can’t be achieved without signgficcmt intelligence
H. Tikkanen

All great achievements recluire time.
D. J. Schwartz

h\foﬁoc[y said it was easy
“No one ever said that it would be this hard

Coldplay, « The Scientist »




The Physics @ LHC

... where it all started

1989




First meetings of the proto-collaborations in 1989 ...
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here 1!




% The Standard Model and Beyond U/(L

Polytechnique

e EWK and Strong interactions: Yang-Mills quantum field theory
with SU(3)xSU(2)xU(1) local gauge symmetries

Symmetries <= Gauge bosons

e SM Chiral Structure <= need a symmetry breaking to generate mass
e.g. « Higgs » mechanism : spontaneous symmetry breaking preserves
renormalisability in EWK sector while giving mass to the Z and W

e Fermions acquire mass by interacting with the Higgs scalar field
SM: arbitrary couplings of elementary fermions to the Higgs

The SM is remarkably confirmed in experiments ! ... but:

- family replica, masses and quark flavour mixing remain unexplained
- the EWSB from a Higgs scalar field remains unproven

- the Higgs boson mass itself is left as a parameter

Y. Sirois, LLR Ecole Polytechnique Higgs@Torino 2009



@ The Standard Mﬁhita rity Constraints

I

Polytechnique

The Higgs boson allows to regulate calculations at high energies

GE2

8\/771

AW W, >2,2, )=

E2

2 2
E —-my

To avoid unitarity violation (scattering propability > 1)

Without Higgs ——> SMlimitedto E < 1.2 TeV

SM applicable > M, < 780 GeV/c?

.. or else there must 3 new physics at the O(TeV)

to regulate the scattering amplitudes

Y. Sirois, LLR Ecole Polytechnique
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HEP Physics in 1989 [ 1L

Polytechnique

e The W= and the Z° electroweak bosons have been discovered (UA1/UA2)

e Experiments at LEP I are just taking their very first data and TeVatron
experiments are publishing their first W boson paper at vs = 1.8 TeV !

o With their latest 1988/89 data, the UA1 & UA2 experiments extend the
top quark search only up to My, = My,

See: "Status of top quark searches at hadron colliders and present mass limits"
UA1 Collaboration, Nucl. Phys. Proc. Suppl. 13 (1990) 178

e There is very little known about the Higgs boson mass

See : "The Mass of the Top Quark from Electroweak Radiative Corrections "
J.R. Ellis and G.L. Fogli, Phys. Lett. B213 (1988) 526

Measurements of low~energy neutral current parameters and vector
boson masses are sensitive to the top quark mass m via one-loop

radiative corrections in the Standard Model. Assuming the Higgs

mass MH = MZ, the combination of present data imposes m, < PLB 213 (1988) 526

153 GeV at the 68.3% C.L.| or o < 185 GeV if m is left free. The upper limit on m, is

only weakly sensitive to MH. The overall y2 increases slightly

with MH’ but there is no significant upper bound on MH.
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EWSB in the Standani-HOéG|Hi ggs Boson

Recall: 1 doublet of Higgs fields = 1 physical boson (CP-even)
M, is a free parameter . MZ=2AV2; v~ 246 GeV

Polytechnique

K. Riesselman, hep-ph/9711456
IIIIIIIIIIIIIII

Theory Constraints: 800

Unitarity: -
M, <700-800 GeV /c* = ©°° me = 175 GeV
v a.(M,) = 0.118 _
“Triviality” (Higgs self-coupling remains finite :) 3 | S( Z) —_
Triviality o
, 4 .7'52 vz ; 400 ~ ~

M H < — Forbidden zone _
3In(A/v) - .

“StablhtY" of Vacuum: 200 j Allowed Zone _—
| ///////J///J//////7/_

Forbidden zone

4m4 /ZE -

M,21,> —In(A/v) 0_1|||1||||11|11|_
TV 103 106 109 1012 1019 1018

A = cut-off scale A [GeV]
Y. Sirois, LLR Ecole Polytechnique Higgs@Torino 2009 8



Hier, and turaIlE/ablllty Of the MaSS MH [/I/(L-

Polytechnique

General problem: the introduction of a scalar field in a quantum field theory

generates quadratic divergencies as soon a one introduces a cut-off A

£ A2
\ 2 2
[ k m-= m; + ak

\ , 167°

-_— o e e e e T e e e e e e e - ..

e.g. If the SM is valid as an effective theory up to a « mass scale » A for
new physics, M, unavoidably receives radiative corrections from loops
involving the top quark, the gauge bosons or from self-couplings ...

J=1/2 J=0
m(p?)=m? _QL )+ 0 M2 — M2 (bare) + c A2

32 "A> ... from top quark Dramatic problem if A ~ Mgyr

oM, =

IM . o g A2 des b de ; The difference scales between the
H -+ €5 DOSONS de JaUGE | earmi scale and the scale for new

oM, ~ A A’ ... du boson de Higgs physics (e.g. at Mg,r) is not
167 natural |

Corrections of O(100) GeV at O(1) TeV already for A ~ 10 TeV !

= Fine tuning to keep M, ~ O(100) GeV
Hlggs@Torino 2009 9
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Hierachy and Naturality“Fine_Tuning"

Polytechnique
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Hierachy and Naturality“Fine_Tuning"

Polytechnique

600
“Triviality” bound
Higgs self-coupling 500
remains finite
4a*y? N
M, < 2 400
3In(A/v) e
Vs
g 300
“Vacuum Stability” " -
bound 3
T
4 200
M* > (A )
H 2 2 T
JUV
100
Note: In a model with spontaneous EWSB, the yacuum Stabiiit
instability w/r to radiative corrections affects the 4 10 702
<v> => also concern gauge bosons (Z, W+*) and
fermions (quarks et leptons) A (TeV)

Hlggs@Torino 2009
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When it was all sim]a[e ... one ﬁmc[amenm[ ecluau’on:

3® 2 =5




When it was all sim]o(e ... one ﬁmcfamenm[ equaa’on:

/ T
gluons <> SUGS) -~ y, Z, W= < SU@U(L)
transformation of 3 Tyansformations of 2 =
objects among

objects among

SU(5)
transformation of 5
objects among

|
themselves themselves themselves !
Leptons Quarks
SU(5) possesses a fundamental A e (u) ; Weak
. . . (1 L \a /L L Space
representation of dimension 5 and - sl pon 10N '
a representation of dimension 10. o ‘
The “dimension” is the # of entities £ |2 " (S ¢
. . & oL /L L
you can put in a representation: o = ool | s
. . n Vi t) t
5+10 = 15 = # constituents / family (!) 3 e E b b,
Il TR to by tp b

Colour (for quarks)r




Evolution of 1£he couplings
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The Standard Model hints
towards a grand unification of
fondamental interactions !
(the SM requires the «Higgs »)

Toward Grand Unification

Polytechnique

Couplings evolve
' E (| distance)

and meet at very high
scales ... almost !

T T T T I I I T T I I T I T I I I I T
60 - _ o) _
40 +— —
20 Standard —
- Mcodel -
N :
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@ Physics @ LHC U/(L_

Polytechnique

The essential physics motivations back in 1989:
Electroweak Symmetry Breaking
Hierarchy of Fundamental Interactions

Unification and Extended Symmetries

Hlggs@Torino 2009

Y. Sirois, LLR Ecole Polytechnique 15
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@ The Large Hadronic Collider U/fL

Polytechnique

» A broad band exploratory machine
e May need to study W, -W, scattering at c.m. energy of ~ 1 TeV

Need E,, ~500GeV = q ~ 1TeV = Vs, ~ 14 TeV

e May need to study a Higgs boson physics at a M, ~ 0.8 TeV

Event rate = £ o Br
eg.H~08TeV;, H—2Z2Z — 4l
Events/year > 10 = (10/107) x 1/(1037 103) = L ~ 10**cm=2 5!

Hlggs@Torino 2009
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@ Physics & The LHC Detectors U/fL

Polytechnique

The essential physics motivations back in 1989:

Electroweak Symmetry Breaking

e.g. SM Higgs < High Luminosity*, Vs ~14 TeV

v's or isolated leptons
* pile-up ! ... more than 20 min. bias events superimposed

Hierarchy of Fundamental Interactions
e.g. SUSY to stabilize the Higgs mass vs GUT/Planck scales
< multijets and missing PT

Unification and Extended Symmetries
e.g. Z'-like resonances at the TeV
< measurements at very high momentum

Hlggs@Torino 2009

Y. Sirois, LLR Ecole Polytechnique 18



The Experiments at the LHC

The basic design considerations




% The LHC Detectors U/(L

Early Design Considerations Polytechnique

There are issues of cost / feasability ... sociology/politics
And of course you want the best possible ... this and that etc.
But in fact it is driven before and above all by the:

Choice of the Magnet !

(Momentum Measurement Range)

Hlggs@Torino 2009

Y. Sirois, LLR Ecole Polytechnique 20



The LHC Detectors U/fE

The Magnet Polytechnique

&

NEEDS: Measure narrow resonance states at masses of few TeV
< e.g. the sign of single u’'s for momenta of up to O(TeV)

Requires enough bending power to distinguish tracks at the O(100) um
for a lever arm (radius) of O(1) m = AP/P ~ 10% and B ~ few Tesla

(particles bend in the transverse plane)

Allows for a compact detector ... but excellent APu/Pu resolution
requires inner tracker and degrades towards small 6

% Solenoid  Field lines parallel to the Z beam axis
e

(. | Toroid Field lines are circles in transverse plane
?;\ centered on beam line
= (muons bend in a plane defined by beam

axis and muon position)

Excellent stand alone APu/Pu resolution ... but very large volume
required and need internal solenoid for vertexing purposes

Y. Sirois, LLR Ecole Polytechnique Higgs@Torino 2009 21






The SCAMLAST Experiment |
e ,”,.‘,,\"’:\_ :
S"GOMPACT u; \ ,,, .

No one serlously considered such a scam .




The LHC Detectors

The CMS Magnet

Polytechnique

The CMS magnet is 6m in diameter
and 13m long (12 000 Tonnes)

E/M (I5<.J/ kg]
@

[ L/R ratio ajusted fo_r be_:st possible _ : iATLAS .
momentum resolution in forward region ] 20 [
Refrigerated superconducting o | o ALEPH 1
niobium-titanium coils (-268.5°C) A T —
- — 40 L mCLEO2 B _
(R "~ TOPAZ = DELPHI i
* 'm VENUS
20 - ATLAS Barrel _
- - . -
[ ATLAS End-caps i
OO | | 1 - Ll 1 1 Ll | 1 I
10 100 1000 10000

Stored Eneray (MJ)

The operating current for 3.8 T is 18,160 A
(= 2.3 GJ of stored energy*** I)

*** Equivalent to 1/2 a tonne of TNT !
Enough energy to melt ~ 15 tonnes of Gold !

Hlggs@Torino 2009
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NASA Prepares to Bombard Moon

¥ -s,l.
B %

A 4 g 8
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Plenty of water discovered on the moon !

Y. Sirois, LLR Ecole Polytechnique Higgs@Torino 2009

Energy release:

O(1) Tonne
of
TNT !

350 tons of dust
in a « cloud »
reaching 10
Km !

NO good
Photographs
provided by
NASA !
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The LHC Experiments

Polytechnique

LAr : 175k chanels

Tracking |n|<2.5,B=4T Tracking |n|<2.5,B=2T

e Si pixels and strips e Si pixels and strips

Calorimetry |n|em<2.5 |n|Md<5 e Transition radiation detector

e EM: homogeneous PbWO, crystals Calorimetry |n|<5

e HAD: Cu-Zn/scint. + Fe/Quartz e EM: sampling; Pb/LAr accordeon
Muon Spectrometer |n|< 2.7 e HAD: Sampling Fe/scint. + Cu-W/LAr
e Solenoid return yoke instrumented Muon Spectrometer |n|< 2.7

e Air-core toroids with muon chambers

Y. Sirois, LLR Ecole Polytechnique Higgs@Torino 2009 27



The LHC Detectors

The CMS Tracker

Polvtechnique

Pixel & Si-Strip
Tracker
T
| 3.8 T Superconducting
Solenoide Magnet

Hlggs@Torino 2009
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Q@ o IS

Polytechnique
What Tracker ?

NEEDS:

Measure charged particles track charge and momentum and match
track to the interaction vertex ... covering maximal acceptance
Aim: 0O(10) % momentum resolution at ~ 1 TeV
O(1) % momentum resolution at ~100 GeV

Measured displaced vertices and cope with particle density

CMS Strategy: rely on a minimal number measurement layers
each with robust and clean coordinate determination

= fine granularity (pixel technology) for inner layers

= barrel and end-cap geometry

Hlggs@Torino 2009

Y. Sirois, LLR Ecole Polytechnique 29



The LHC Detectors

The CMS Si Tracker

Pixel detector and a Silicon microstrip tracker:

JIC

| Polytechnique

Outer Barrel -TOB-

End cap -TEC-

9Aa="

+

~
//

> 200 m2 of Silicon !

SILICON u-STRIP
e Track measurement with best possible AP/P

and high efficiency from P ~ GeV/c to TeV/c
 Fine granularity (low occupency) for track isolation

PIXEL DETECTOR

e Provides seeds for the
particle tracks
e.g. Kalman Filter reco.

e Responsible for good
vertexing

e.g. Impact parameter or
DCA to interaction VTX

e Help determine Z
coordinates of events
suppresses pile-up;
Oyrx ~ 5 €M

 Event topology info.
for High Level Trigger

Volume =24 m3 T°= —10°C
Dry atmosphere ... for years !

Y. Sirois, LLR Ecole Polytechnique Higgs@Torino 2009
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The CMS S| TraCker Polytechnique

@ The LHC Detectors U/fE

e Many interesting events contain B-mesons with a lifetime « t » of
a few ps = flight path ct of a few x 100 um ...

e Events containing such high P+ B-mesons can be found e.g. by
calculating an "impact parameter" (L distance to the beam axis).

VERTEXING

e B-tagging efficiency depends mainly on R_.. and spatial resolution
of pixel inner layer ...

4cm is the closest we can get = need ~ 20 um inner layer spatial resolution

e Reconstruct a Z'-like O(1TeV) resonance in u*tu with AM.,/M.. ~ 1 %
= A P/ P,~ 0.1*P, (P,in TeV)

12 Iaye_rs with (pitch/ v 12_) spa_tial Ap pitch Y 2 AT .
resolution and 110 cm radius give — =0.12
a momentum resolution of p 100um L B ) \1Tev

TRACKING

= need typical “pitch” of order 100 um in ¢ coordinate

o efficient & clean track reconstruction = needs occupancy below few %

Y. Sirois, LLR Ecole Polytechnique Higgs@Torino 2009 32



The LHC Detectors m

The CMS Si-pixel Detector

Polytechnique

Pixel Detector = Inner Layers of the CMS Si Tracker

3 Barrel Layersat ~ 4, 7 and 11 cm

2 End-cap layers at |Z| ~ 34.5 and 46.5 cm
covering 6 < R < 15cm

Pixel technology: delivers unambiguous
space points despite high track density

Total area ~ 1 m?2 environment

- : y Occupancy ~ 10 despite up to
66 million pixels of 100 x 150 ym 20 MHz/cm? of particles ... thanks to

fine granularity and 40 MHz readout

Hlggs@Torino 2009
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The LHC Detectors m

The CMS Si-pixel Detector | Polytechnique

Barrel pixel geometry arranged so that the
Lorentz angle (23 deg) of the drift electrons
[through the thickness of the Si layers]
induces significant sharing of charges
across neighboring cells

End-cap disks are assembled in
a turbine-like geometry to also
profit from the Lorentz effect !

Spatial resolution of ~ 10 (15) um in ¢ (Z) coordinates

Y. Sirois, LLR Ecole Polytechnique Higgs@Torino 2009 34



The LHC Detectors

The CMS Si-uStrip Detector B Polytechnique
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20 < r <55 cm = Intermediate region
Cell size of 10 cm x 80 um occupancy 2-3 % / LHC

55 < r <110 cm = Quter region
Cell size of 25 cm x 180 um occupancy ~ 1 % / LHC
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The LHC Detectors

The CMS Si Tracker

Polytechnique

Illustration of expected performance:
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The LHC Detectors

The Compact Muon Spectrometer

Polvtechnique

Instrumented
Return Yoke

Pixel & Si-Strip
Tracker

3.8 T Superconducting
Solenoide Magnet Muon
Chambers

Hlggs@Torino 2009
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The LHC Detectors

The CMS Muon Detector

Polytechnique

DT: drift tubes Hits with 100-200 um resolution

RPC : Resistive Plate Chambers - fast response (3 ns)
CSC: MWPC with Cathode Strip Readout - fast response from wire groups

Hlggs@Torino 2009
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The LHC Detectors

The CMS Muon Detector

Polytechnique
[ |
K I | | I | | | I
ey om mm 2m 3m 4m 5m 6m m
Muen I
Electron Charged Hadron (e.q. Pion)

----- Photon = = = - Neutral Hadron (e.g. Neutron)

Charged RHadron
Charged RHadran
----- Neutral RHadron

Tracker

Electromagnetic q

lll] "l Calarimeter I Y

v 3

T4

Sur. fucting (LA :

Cal et S | £

Iron raturn yoke intersparsed (L(LLN 3

Transverse slice with Muon chambers N E
throuah CMS o

~ 120 X, in front of the muon chambers
0 Ap o \ X,

Combined tracker-muon spectrometer ID
. p BL
and reconstruction
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The LHC Detectors

The CMS Muon Detector

Polytechnique
[ |
I | I I | | | |
Key om mm 2m 3m 4m 5m 6m 7m
Muen I
Electron Charged Hadron (e.g. Pion)

----- Photon = = = - Neutral Hadron (e.g. Neutron)

Charged RHadron
Charged RHadron
----- Neutral RHadron %,

'5’{« = -
Canr P~ TR

= i

\_"///

Trackr

N
b
Electromagnetic &
:.}] "l Calarimeter §
’ i
Hadron Superconducting o f:
Calorimeter Solencid £
= Iron raturn yoke intersparsad | );_
. X onc 2 3
I Global muons with Muon chambars ‘ 2
« Tracker » tracks

Stand-alone muons

Two Approaches combined for analysis:
« outside-in »: fit muon hits and search for combatible tracker-track = Global Muon
« inside-out »: match tracker tracks with mu segments = Muon Track

Y. Sirois, LLR Ecole Polytechnique Higgs@Torino 2009 40



Cosmic ray
2008




The LHC Detectors U/fE

The CMS Muon Detector

Polytechnique
gl—
2_ - --=-- Muon system only .
= | Momentum resolution expected
—— Fullsystem better than 10% for mult-TeV
1 o= Inner tracker only muons ! ...
CMS Central Region S Confirmed with ... cosmic data:
MC Simulation ﬂ,,f"
,l""_'/f § ' l i
L I,/' % 10| ® Tracker-only ;
0T E A L 10%m s e
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The LHC Detectors ._Mu
The Compact Muon Spectrometer Polvtechnique

Instrumented

Return Yoke | Electromagnetic
@ W \\\\’\ | Calorimeter
\
\ «\

W

Pixel & Si-Strip
Tracker

3.8 T Superconducting
Solenoide Magnet Muon
Chambers

Hlggs@Torino 2009
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The LHC Detectors

The CMS Electrpmagnetic Calorimeter

PbWO4 crystals
Xo = 0.89 cm
Ry = 2.10 cm

\ End-Caps

-
——

-
- = -

Polytechnique

——
- = -
—

Endcap
ECAL (EE)

Y. Sirois, LLR Ecole Polytechnique Higgs@Torino 2009
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IT - Detector Performance

Energy Resolution: Uniform Incidence

| Polytechnique

= Study of containment corrections performance: Energy resolution 3x3

— 30k events runs @ 120 GeV
— Beam directed in many positions — combining data sets

%18000:_1 L Fit results:

5160002— jWithout correction o 100.0 GeV

oo |l205 22 R / 514000;— []With correction o= 0.60 GeV
184 224 184 [|204 |24 §120005— 3x3 crystals o/m= 050%
187" [l203  ||223 183|203 (223 10000 N
e A 8000 .
6000} ; =
Combine runs to 40001 ;"ﬁ -
cover a wounded 2000 //' =
crystal = uniformly : — O;f:ﬁml 118 120 122 124
Energy (GeV)

= Good performance of the containment corrections for uniform incidence:
0.50% E resolution recovered at 120 GeV
77 Cluster containment: CMS Note 2006/045

Hlggs@Torino 2009
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IT - Detector Performance

E Resolution vs Incident Ee

| Polytechnique

Uniform Incidence

—— [qV] X 10-3 1 1 1 LI L T 1 1 1 T T T
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2 2 2
o 2.8% 0.125 2
—| = + +(0.30%)
E \E E
[~7 E Resolution: CMS Note 2006/140 Stochastic Noise Constant
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lectrons and photorha(t)%esug: N transparent I

Polytechnique

0.4 | SIS

0.2 (8

CMS ATLAS
—~ 200
: I N B Services
1.4 | All Tracker =~ 180 TRT
m Beam Pipe = = B scT
1.2 | m Sensitive 20 160 I Pixels
Electronics S E [ ]Beam Pi
m Support ™ 140 RS
1 —=Tooling S |
m Cable = 1200
£ 0.8 S
S "§ 1001
~
0.6 RS
o]
7]
S
S
-~
&~

L 0 0.5 1 1.5 2 2.5 -4 -3 -2 -1 0 1 2 3 4
.0 n
The electrons initiate showers (e.g. 40-80%)
= Identification and efficiency problems, charge mis-identification
The photons convert (e.g. 20-40%) in e+e- pairs before reaching the ECAL
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The LHC Detectors

The CMS Electrpmagnetic Calorimeter

Polytechnique
=. :lllIIIIIIIIlll||||III|III|III||II|III_
—~ 20T T T T T T T T T T | SE S B ) e e e .
G B T T i |  T l: < 025__
> - . g s —— e GSF tracks
8 151~ b) . - ---- default KF tracks
v; L B 0.2~ == HLT electrons
o 1o 7 C
&k 7 0.5~
5 — B
.50—| L 5| L1 |1101 1 11151 1 12l0| L |2|51 L 1310—' 0‘05_—
Radiated energy (GeV) - :
_|||||;|||||||||||||||||||| i !
00 2 4 6 8 10 12 14 16 18 20
Number of hits per track
o e m 005 IlillllllIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII
& 2.2 ~
& oF —e— golden a)
- ® big brem
1.8:— A narrow
1.6 v showering
141_ O boundary
1.25—
€
0.8F
0.6
0.4
0.2 . . : }
C - ) vl b b b by by by s b baaa
% 05 1 15 P 55 0 10 20 30 40 50 60 70 80 90 100
c
Emn/P E (GEV)
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From dream to reality:
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Installation of the world's largest silicon tracking detector in the CMS experiment. (Michael Hoch, @ CERN)




From dream to reality:
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View of the ATLAS detector during July 2007 (Claudia Marcelloni, @ CERN)




The World and HEP Physics

... awaiting for LHC Start

2009




The World has Cﬁangeoﬂ
a Lot
in the last 20 Years !
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The HEP Science has

Qgrogresses a Lot
in the last 20 Years !




EWK & QCD Physics @ HERA
The Manificient SM

Y

“4‘. t’ ‘1“
~ ol
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Structure Functions at HERA

DG1 Talk: Andrei Nikiforov

| Polytechnique
H1 and ZEUS Combined PDF Fit

. 1 i IR B AL p 1 [ a

[ Q" =10 GeV ] = [ Q° =10 GeV K

CD analysis of the 2o @ R B T . 1§

HERA combined data | BN B mivgiaadi 1
[HERAPDFOZ] : ] » "1 model uncert. :
04 [ param uncert. >

Fully consistent account of
experimental, modeling and
parametrization errors !

e Accurate xS and xg at
low x due to precise

10" 10° 107 10" xl

measurement of F2 e j
¢ Constraints on pdf’s for 3f
valence quarks at high x 2l

[relevant e.g. for BSM
searches at the LHC] and ,
for the gluons at low x 02
[relevant for Higgs boson 0F
searches at the LHC] 02 £

HERA Structure Function Working Group

Hlggs@Torino 2009
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Electroweak Physics at HERA

DG1 Talk: Andrei Nikiforov . Polytechnique
HERA I &I
e e &; ] | I 1 L L I 1 I ] I ll | | |
()] % H1e'p NC 94-07 (prel.)
NC: v, Z o 10 - A H1ep NC 94-07 (prel.)
i = o ZEUS e'p NC 06-07 (prel.)
N" Y o ZEUS ep NC 05-06
g q O ™ ——— SM e'p NC (HERAPDF 0.1)
2 9 —— SMe’p NC (HERAPDF 0.1)
5 ) 810 e
S B
z/ e ’ :\ *® — " NS
_ *\\. A g
CC: " ~ R
' W TR
1073 * H1e'p CC 03-04 (prel.) N\
A H1ep CC 2005 (prel.) ¥ -
q q = ZEUSe'p CC 06-07 (prel.) B\
o ZEUSep CC 04-06 PN W
. L 5~ SMe'p CC (HERAPDF 0.1) VAR
at SCale ! \ )
( W,Z ) y<0.9 ?
e Good agreement with Pe=0
HERAPDFO.1 over a large 107 —————l—— o onl
cinematic ran 10° 10° \
Inematic range Q? (GeV?)
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Electroweak Physics @ LEP
The Manificient SM

——

e

S




Precision Electroweak Observables at LEP

Experiment Observable Main technology Precision | Physics output
Z Lineshape m Absolute beam energy 2 105 Input!
. SN e 74 (+ ISR QED calculations)
Relative beam energy 10°3 Ap ,a, Nv
(+ ISR .. )
Absolute 107 N,
_ Final state identification -3
e Aion SETE + Miop
WW Production - Absolute
*Beam energy
* Jet angles 4
— Mw -Final state 5.10 My VS Myiop
Identification
App :
Heavy Flayggr |Rb = A b-tagging 3.10°°
Rates . hadron | (Vertex detector) m
~ Aca top
% R, = Ah c-tagging (mostly SLD) 2%
adron




W Mass Measurements WQ

Polytechnique

W-Boson Mass [GeV]

TEVATRON | B 80.429 + 0.039
LEP2 —. 80.376 £ 0.033
Average 80.398 + 0.025
%*/DoF: 1.1/ 1
NuTeV ——A— 80.136 £ 0.084
LEP1/SLD = 80.363 + 0.032
LEP1/SLD/m, -A 80.360 £ 0.020
80 80.2 80.4 80.6
m,, [GeV]
my/(LEP) = 80.376 = 0.033
/' * Good consistency with hadron colliders
Systematics: Beam energy, FSI - Fair consistency with Z data (LEP/SLD).

Hlggs@Torino 2009
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Global Fit of the Standard Model

Polytechnique
| Internal Consistency of the SM ?
Measurement Fit dO’“"‘”—Of“Iz‘o’“e“ o y _
) 1 2 3 Pull distribution = Normal Gaussian ?
o 6 . , , . ;
E . H H H :
oo oo o
z [GeV] aE0e =0, - 2z 7| Sigma:1.1+04
Opaq [ND] 41.540 +0.037 41.477 $ ]
R, 20767 +0.025 20744 =E. N\
A 0.01714 +0.00095 0.01645 5 N
A(P) 0.1465 + 0.0032  0.1481 g 1 ;
| Z. 3 '
o 0.21629 + 0.00066 0.21586 -
= 0.1721 +0.0030  0.1722 _
AP 0.0992 +0.0016  0.1038 2 -
Al 0.0707 +0.0035  0.0742 I
A, 0.923 +0.020 0.935 1-
A, 0.670 +0.027 0.668 _
A,(SLD) 0.1513 +0.0021  0.1481 0 - ,
e.ini'H:_.‘r"n:iﬁ.'p: ).2324 + 0.0012 0.2314 -4 3 4
m,,, [GeV] 80.398 +0.025 80.374 . ..
v y Largest discrepancy (-2.9c) well inside
T [GeV =190 £ 0.050 =0 statistical expectation;
m, [GeV] 1709 +1.8 171.3 N P . ’ .
| x2 probability = 8%. Just fine.
0 1 2 3
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Z/W and Top Physics
@ Tevatron




The SM Ladder at the TeVatron

DG1 Talk: Massimo Casarsa Polytechnique

[ 7 CDF and DO experiments have explored the SM down 10
R GeY 7\\ 5 e orders of magnitude ... arriving in sight of the Higgs

Tevatron Run I, pp at \s = 1.96 TeV

Vs = 1960 GeV ) Tevatron Run Il pp at \/s = 1.96 TeV
10°F : : : !
= CDF Run Il
. ® ? :
Cross-section - —e— DORun Il
= ® : ?
processes of - 3 —4— Tevatron Run Il Combined
O(1) pb are i s s : s
) 10°E 1
now directly g
probed ! i R W

Cross Section (picobarn)
=

10f- i e
1] S S -
E T; “"%aﬂz
E 104: ©r | ML’F “ | sz_m
10 B | | P | | | | | R
ez Wy e 2 A iy,
Gey) ” Gey,
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W Mass Measurement bm

Polytechnique
H
t CDF Run 0/1 ——e——  80.436+ 0.081
W e W W W "
,'-'vln(‘ UL ,|y|v|:’ 'vﬂ l'l'l’ DO Run| ——&—— 80.478 + 0.083
) CDF Run I —— 80.413 + 0.048
2
Ar = m; Ar = log my Tevatron 2007 —e— 80.432 + 0.039
10000 .
E “(a) DO, 1 fb™ - ERtSaT MC DO Run Ii —— 80.402 + 0.043
ped N mBackground
= 7500 — v2/dof = 48/49 Tevatron 2009 —o— 80.420 + 0.031
m -
c - LEP2 average —o— 80.376 + 0.033
2 5000
w - World average S 2 80.399 + 0.023
2500 - | | | July0s
- 80 80.2 80.4 80.6
. D m,, (GeV)
o< E
2:_I+'I'|'i|?"|""'£"'| ........... i"!’l'{'li‘:'""i'i"'i'"i"i"l'""'i"i ..... el Tevatron Avera ge:
R R L e ST Min T NS STNRIAE
)L T RS AR SREL S A S My, = 80.420 = 0.031 GeV
50 60 70 80 90 el 00 World Average:
m-. (Ge
e HEP 2005  (GeV) M,, = 80.399 = 0.023 GeV
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Top Mass Measurement

| Polytechnique
Mass of the Top Quark (*Preliminary)
Py q
CDF-l di 167.4+10.3+4.9
) L

DO-1 di-l 168.4+12.3+ 3.6 4
CDF-Ii di- 1712+2.7+29 BN
T rszesas) T Tm———

. ® S 1201
CDF-I I+ 176.1+ 5.1+ 5.3 = * bkgds+Pythia M, = 172 GeV/c?
DO-I 14 %100'__ -

) 180.1+ 3.9+ 3.6 - bkgd
S - £ wp
CDFl 14 1721+ 0.9+ 1.3 W eoF
) ) —T -
DO-11 1+] 173.7+0.8+ 1.6 40(—
. e 20:
CDF-l alk 186.0+10.0+ 5.7 3
'CDF-Il all o0 150 200 250 300 350
1748+1.7+19 Mass (GeV/c?)
N -———
COF-I trk 175.3+ 6.2+ 3.0 Tevatron Average:
. ==
Tevatron March'09
hep-ex/0903.2503 173.1 i(gr'a?)ii 1(s'}jst. Mtop - 173 . 1 + 13 GeV
zQ/dofl=6.3/1O.O (79%)
| | | | | | 1.3 = 0.6 (stat.) ® 1.1 (syst.)

150 160 170 180 190 200

Moriond 2009 Myp (GeV/C?) AM/M < 1% !l AM o« 1/ v LI

Hlggs@Torino 2009
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Single TOP @ Tevatron

Polytechnique

Observation of single top production 2 DB 2.3 b
. . c ® Measured Peak
by DO and CDF at ~ 5 o significance ¢ & o
[A benchmark for the multivariate analysis s g ZMFCNC
techniques otherwise used for the SM Higgs g Szw - %
boson searches] S K Vl=0-
= A Top-flavor
. . 8 m,=1TeV
Single Top Quark Cross Section August2009 G - Top Pion
| m,=250GeV
CDF Lepton+jets 3.2 fb™ E H@H 2.17 iggg pb D 68% C.L.
CDF VMET+jets 21" ! 50 2% pb . I o0 c.L.
| ! v0.88 [ [ os% c.L.
DG Lepton+jets 2.3fb" ! 3.94 _5gg pb 1—_
Tevatron Combination 2.76 :8:23 pb - L.
Preliminary | . t-channel dll'scrlmlrliant |
! | ! ! 1 | 1 11 1 | | A | | I | 13 11 11 1 1 !
Il B.\W. Harris et al., PRD 66, 054024 (2002) 00 1 2 3 4 5
B N. Kidonakis, PRD 74, 114012 (2006) Migp = 170 GeV s-channel cross section [pb]

c 2 4 6 8 Tevatron 3.2 fb!

6 (pp — th+X, tqb+X) [pb]
| Vtb | = 0.91 = 0.08 (stat. ® syst.)

LP2009

Y. Sirois, LLR Ecole Polytechnique
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" PretisionMeéastirements ... and

DG1 Talk: Massimo C

Polytechnique

EPS HEP 2007 LP 2009
. : : : | : : : : gust?009 : . : |
1 —LEP1 and SLD 1 —LEP2 and Tevatron (prel.)
80.5 - LEP2 and Tevatron (prel.) 80.54 -~ LEP1 and SLD
68% CL 68% CL
3 3
© 80.4- O N
= =
= =
80.3- 803 .
150 175 200 150 175 200
m, [GeV] m, [GeV]
Best fit" M, = 76+_:§'l GeV/C? Too light ! .. Physics beyond SM ?
= priority = precision on M,
Hlggs@Torino 2009 67

Y. Sirois, LLR Ecole Polytechnique



ints on the, SM-lik gs boson
recision Méasurements ... and M,

onst

Polytechnique
EPS HEP 2007 LP 2009
6 mL|m|t 144 GeV 6 August 2009 M imit A=- 157 GeV
_ Ao = | 5 - - Ay = i
= — 0.02758+0.00035 7] i i —0.02758+0.00035
I -~ 0.02749+0.00012 - 1 %} = 0.02749:0.00012 i
(QV 1 | A |
x — 4 - -
I3 g 3
2 - — 2 _
1 - M, > 114.4 GeV/c? 1 —
( LEP II Direct)
0 Excluded \:. /- Preliminary 0 Excluded Preliminary
1 1 1 I 1 1 I 1 1 1 ] 1 T T ] T
30 100 300 30 100 300
my [GeV] my, [GeV]
M, < 182 GeV/c? at 95% CL M, < 186 GeV/c? at 95% CL
(“single sided” pour M,; > 114 GeV/C?) (“single sided” pour M,, > 114 GeV/C?)
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95% CL Limit/SM 9

Moriond09

SM Higgs Search at the Tem

Tevatron Run 2 Preliminary, L=0.9-4.2 fb

LEP Exclusion

——  Observed
+10 Expected
+20 Expected

SM

100 110 120 130 140 150 160 170 180 190 200
D T EE——

2
SM Higgs window My (GeV/e)

Y. Sirois, LLR Ecole Polytechnique
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" Higgs Boson and “Fine-Tuning”

Polytechnique
Kolda & Murayama, JHEP 7(2000)35
600
500
My >2M,
- Disfavoured
% 400 by indirect
g — contraints
" (radiative
A .
Q corrections)
S 300 Disfavoured
S (Indirect Exclusion; 95%CL)
3
200
Domain I
favoured by — 11
experiments 5" - _ M, excluded
Excluded (direct) — by direct
2 searches at
1 10 10 LEP
A (TeV)
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@ SM Higgs Search at the

New update (last week at HCP2009)

TeVatron

Polytechnique

Tevatron Run |l Preliminary, L=2.0-5.4 fb™

AAAANARLEYY

-‘,'."'n.',',- )))))

= ;(:;'}:;':;:}f}‘j‘,"“,l‘,-j’_,:" T T
N ORI LEP..Echusnon ................ ....... T e.va.tron ............. .
= 0 ' s Exclusmn

= AN, sanes E_xpected :

=10 XA [, e Qbserved _
I o0 "'::':_'::::ﬂc.Expected:i:::i:::"j:::::::§:':i::’;:::::i;:,::':1:::::i;j,,::i:::::::';:1'1:i:i:::::
- r, ¢ i20 Expected ..... ........... AN I S SR -
() ‘ %% : ! :

P

Ty)

(o))

—

llllll

100 110 120 130 140 150 160 170 180 190 200

mH(GeV/c )
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And Meanwhile the
Universe has become-
“much more-

comyﬁcalec[ .'




@ Physics @ LHC U/(L_

Polytechnique

The HERA, LEP and Tevatron collliders have seen the triumph of the

Standard Model ! ... but the essential physics motivations remain
as back in 1989:

Electroweak Symmetry Breaking

Hierarchy of Fundamental Interactions
Unification and Extended Symmetries

But in absence of BSM discoveries, it seems that everything as
become possible and LHC must be ready for surprises

Meanwhile the universe has become much complicated (dark
Matter, dark energy, neutrino masses ... !)

Y. Sirois, LLR Ecole Polytechnique Higgs@Torino 2009 73



@ Who is protecting a scalar masl_Mu

Bosons Fermions Vectors )
p—=¢+a Y — ey A, — A, +d,a
no m2¢2 no ml/_”,U o m2AMA“ >  Symmetry
Spontaneous Global Chiral Gauge Symmetry
Symmetry Breaking Symmetry J
LITTLE HIGGS | | SUPERSYMMETRY | | HIGGS-GAUGE Unif.

\ v

My

TECHNICOLOR HIGGSLESS EXTRA DIMENSIONS
Delayed Unitarity Fondamental D _
Violation “Planck” scale ynamics
at the TeV
Y. Sirois, LLR Ecole Polytechnique Higgs@Torino 2009 Giudice, Janvier 06 74



Early physics & prospects for the

SM Higgs @ LHC




he Higgs Boson and the LHC

Production Modes and Cross-sections

- Polytechnique

Al . HO Production
ion o H
g g fusion : t v CTEQ6M, M,=175 GeV used for PTDR
g eocaannnanl” ! T e
o(pp —H+X) 107
¥ q e =
_ /S =14 TeV
q —>—1, Wz 10 ) >H m, = 175 GeV 108
| . S - ' CTEQ4M s
WW, ZZ fusion f—>H D 5 <
S = 1 107 v
q +C-|,| W.z g; -g < q —» * , -
s o 10_1 4 16
> . 10" &
. W2 Disfavoured 2
Wz ol 107 10° 8
---4'__'___.‘“l._.-"'._,-' S 'l__.-[:_‘:__ - | . ¢ o H ()]
— 1 T HO 107V pira e! al. . —»Hbb - o o 102
q- W. Z brexn plung O QCD o ' N
t O-4 11111111111111l1111111111111111111171711"1‘1—1111
200 400 600 800 1000
g~ - a0 My, (GeV)
t t fusion : > HO . .
ed BSM Physics can change these in a
8 . .
major way !!! (e.g. bbH in MSSM)
at
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om “EVolution of the Cross-Sections WQ

| Polytechnique

w
— e ——
=

——
& 10* e.g. SM gg — H avec H — ZZ*, WW*
LHC 410 o x BR x ¢,..~ 50 x Tevatron

10° 10°
o o Ratio of Higgs to EW cross-sections
, , favorable !
10 10 -
10’ o "z Ratio of EW cross-sections to QCD
o o = favorable ! [background “candles”]
Il
g 101 10‘ '_] . .
g 5 Relative increase of the t{¥]t
° 10 " §  background
o' ot £ 9. H—=2Z7* =4l |=eu
10> 10 Oj_zzx X BR x €acc.”™Y 0(10) fb
N o. (ETjE'1 > s/4) 10* ~ 14
10 = ] OQCD 10 fb
10° cHggS(MH =150 GeV) 10° w . -
Need a “inhuman” reduction of 1013 |
10° _ 10° :
| oM =500 50 ) Higgs @ LHC = state of the art of
RS 10 “hadron collider” and “rare decay

Vs (TeV) techniques”



SM Commissioning with First Data

10 pb Monte Cal'qu Polytechnique
NO :l T I 1T LI I T 1T 1T i > 103 :l_ T T T I T T T | T T T ] T T T I T . T .l l T
>35001 E 0 U F CMS Preliminary
W S CMS Preliminary | 2 © dijet  m— /
((33000_— - 0 - Wiets 1 v*/Z—ee
52500; = @ 10° ] Signal+Background
. L5
2000 E i
o - E
=1500¢ : 10
1000~ =
5001 = 1
E (- | L1l I L1 I%
0 20 40 60 80 100 120 140 160 180 200 40 120 140
M, (GeV/c) M, (GeV)
NQ IIIIIIIII ey % 94: CMS Preliminary E 5 : ] 1 A\ n”
> : 1 Cross-section “"Measurements
o =1 S * before corr 1
O10° - Rkl =
% E - Baclfground Template; N C -+ after corr 7
c , -~ Signal Template 1 = g5F . ow X BR(W —ev) | 19.97 + 0.25nb
q>3 o Fake Data E :\4\\?\5\ ‘)/. /r:
1] ====Fit n r I ¥ - 1
_Q.102§ 3 O bt \L+*:’2/' el \\SM . ",
z ¢ ] - ] expectation™ 19.78 nb
; i 90; %2/ ndf 16.79/10 | i 72/ ndf 2377110 | . .
105 [ offset  91.07+0.03134 | {| offset  90.9+0.03149 | ] 0z/y x BR(Z/9" —eTe™) | 1775+ 34 pb
i 'K 89; parab 0.1103+0.01742 | || parab 0.01730.01728 |
\I‘\I\lllllllllllllllll A ‘J 11 | 1 1Ll 11 : : -
0 20 40 60 80 100120140160180200  88lrtirtmrr it i “"SM expectation”: 1787 pb
M; (GeV/c?) 2 0 1 2
n
Hlggs@Torino 2009 CMS PAS 2007/002
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SM Commissioning with First Data
10- 100 pb-l Monte Carlo

Polytechnique

CMS Preliminary @ 10pb" B (esonal)
tt (signa
t : Eﬁ‘ﬁ'? 9350 == r | =
30 Wt jets mzies | 84 ATLAS il G
5:-‘3 : 10 pb-! £ Di-lepton @mww :
E i g 100 pbt Bwz
g 2 % 200 E%Z 3
i ee .
- 2150 Dzuu 3
ot =
: 50 BWwu E
— L
%00 300 400 500 - : : =
2 Y M3 (GeV/ c?) l Number of Jets
f- o) E
“F Dlesommsoonen 2 Expected Precision for the cross-section

- . Background (x2)

in the di-lepton channel for 100 pb-1
Ac/oc = 4(stat) = 4(syst) = 2(pdf) = S(Iumi) %

Expected significance
X

ATLAS

PR B PP BT e b o Lo b o b i
G20 20 60 80 100 120 140 160 180 200
Integrated luminosity [pb]
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@ SM Commissioning with Early Data W
Monte Carlo Polytechnique

> :""I""l""""""""I""I"":
WZ - N
8 14— = Wz 300 pb'1 -
i B Z4jets :
N CMS -
z . Wz -
§ - ——Zbb -
o 8- BEzz B
6 £ ttbar+jets -

4f_ — WH+jets _

20 -

ng 50 60 70 80 90 100 110 120
M, (GeV)
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The Higgs Boson at the ﬁbserva bil ity L/ML

Polytechnique

A. Djouadi, hep-ph/0503172

MH 145 GeV J bb T ' L S ;,}r_'];,_g-.' ________ I
AN e, ZZ o]

H — bflb _ AN eeeeesreenrennennan 7 _

Dominant mode ... but crippling QCD ~ 01f .7 | .

background ... may be exploitable in e N | ‘

the associated mode H—tp]t 7 [ BSM Physics can change theseina |

H — v+t- j maJor way 1! (e.g. tt, bb in MSSM) |

Exploitable at low M, in the VBF

production mode oot | \

H— vy

Complementary mode at low M, via ""

Ioop dlagramS’ |OW BR bUt exce”ent 00001 J(Nl H(l lh(l ’(l(l W(I 200 700 1000

v/Jet (v ID, y Iso., M.,) separation My [GeV]

H—- WW(®)

IVIH > 125 GeV Dominant mode, I*vI-¥]v channel optimal for M, = 2 M,, .

I*vgq’ channel exploitable at large MH or through VBF

H—ZZ®)

Small BR but “golden mode” for a discovery [|*I- I+ I
Hlggs@Torino 2009 81
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Statistical Significance

e.g. Discovery Reach (Overview)

| Polytechnique
Inclusive Channels:
20 . . 'T | T T
o 'H”°TU?"“S'VG cms, 30’ | 2 | PTDR 2006
v WHH A WES [ 4y IR -
s Hozz s T | - > CMS l
A II a VV ///l’ g
* qqH, H— vy a
10 *  qqH,H—= T 5 8 /
L o WH.Hobb il AN D
i ' JR M G et © 10 ]
o R Tl & - .
= L - - ' N\ , 4"’*‘- - LP) : / :
5 Lo - VBF 4 50\$i’30“fb'1 - - ]
& Vo R, S o}
> = AD 2 J [l —
o 5qat100fb” | 4= L.
| > Zo 8 - —e— Hoyycuts -
= —=— H—yy opt
E 4L e HoZZs4 -
2 — LO -] - :
...... NLO — g —— H-oWW-2I2y :
clvc v b b b e b | . I I i |
100 110 120 130 140 150 100 200 300 400 500 600
2
m,(GeVic”) M,,,GeV/c
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e.g. Discovery Reach (Overview)

| Polytechnique
Inclusive Channels:
g 20 #  H— vy, inclusive A1 'T_Q [ ! I
= o H+jet How, CMS, 30 fb - i PTDR 2006
;g : WH, H_)w’+.+._) F+v, e 2 ] n CMS |
= P —
S i S 1
% 10 qu: H— Tt — lepton +tjet - ) 5 8 /
8 [ ¢ ftHH-bb o s D
B [ 0 WHH-Db R © 10| / -
© i o - ]
(7] i P o O 1 / / ]
50 at30 fb° — - -
~\@ o .
- y - /ﬁ\//
5g.at 100 fb =
i 8 1 —e— Hoyy cuts .
= —=— H—yy opt
E 1 o HoZZs4l .
2F — LO 3 - ’
...... NLO g —— H-oWW-2I2y :
| I 1 1 1 | | I I | l 1 1 | | 1 1 1 I 11 1 1 I | - L - - S | I i |
100 110 120 130 140 150 100 200 300 400 500 690
2
m,(GeV/c?) M, GeV/c
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Higgs boson at the LHC

H— ZZ() — ee uu
= 1L ]

The  "Golden Mode” : H — 4l

Inclusive Modes 7y echniue

Signal:

4e, 4u, 2e2u (2x)
Narrow resonance, low background

Background:

Reducible: t{¥]t , Zb[¥]

> Irreducible: continuum ZZ®

Selection:

4 isolated emerging from
primary vertex

2 pairs of matching flavours and
opposite signs

caution: ¢*
Beware of lepton efficiency
at very low P; !l

Y. Sirois, LLR Ecole Polytechnique
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@ H — 2Z* — 4 [ 1

Polytechnique

Clear signal with M, resonance as most significant observable
[also sensitivity to SCP quantum numbers via angular distributions]

Main experimental challenge:
Preserve highest possible signal detection efficiency (given very low o x p)
< High efficiency for isolated and identified low PT leptons ( « ¢* 1)

Dedicated strategy for the suppression of fake background
[and the control of systematics]

Background sources: Experimental tools:
QCD multijets / Z + jets Multileptons, loose ID and Iso. matching pairs
(flavour and signs)
t (WbWb) Tigher iso. and vertex requirements on « b » legs
(sources of fake primary leptons);
ZZ() continuum ZZ observation and measurement of do/dM,, lineshape
Normalisation to single Z for early discovery Oyt ~ 8%

R = (02254¢" €4e * LAt ) 1 (0255¢* €5 * LAt )

Zb¥]b, t

Hlggs@Torino 2009
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H— 2Z* — 4]

Data Reduction ’ .
olytechnique

JHDZZ*>4e CMS Preliminary ; . CMS Preliminary
L ® (QCD-e ennched % R~ o A
e - Wnjets » [
~ 10"} ® 7+njets £ T
L F tt+njets 8.0.9—

10 ® o * Zbb [ i
o0k A 77 > | A
q>)105 3 > signal 150 GeV/c? Dol @ ° T
*® . & P oA b
B -= %
4 . [P B &
10 . ° 3 [ 555 .:—.‘%fx* e HLT
- ™ = w 0-7 ——§ 5%
10°E A * 3 ; Lz ?.;'& v skim 3 leptons
. & s . n [ » 2e,loose D, p_
I S s S S S ® 1 @ 0.6 F
102 : A * o = .s | J.IJ. 2”! p/pT
A + = _:f
10 3 R VS S A= 5 : . mee/mw>12, m2°2u>100
= © p—(
1 :_ . . ; é 0.5 __% * loose isol. 2e & 2u
i T3 K
i | | | | | = i I I | | I
-1 I [ I - L1 1 I I [ N ]
100, . 0-fo0 200 300 400 500 600

Higgs boson mass [GeV/c’]
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H— 2Z* — 4]

Event Selection

Polytechnique
CMS Preliminary CMS Preliminary
& TITT [T [T [T [T T [T T[T AT [T [T [rroe :;.100: J.-l-m l-l N L ll:
g 1 — H-2ZZ*—de —ztﬁ _.: & 905_ c h—)ZZ'—Mp .-: A, :.. " ) _.E
-“5 ’:~| my = 150 GeV/c? i . 9 3 m,,= 150 GeV/c® i -
= [ 1 %80 2ot
- - - C .
g " —2Z7 °m?()E PHiggs
=10 L, ~Higgs E = 60[ 0
« Ell: ] = ¢ -
ﬁ - - 50— e
h o = E B
B 401 . 3
" I : 205 -
S ] W
0,3 11 |||||||||I_li|n|||n|||n||||n Jriar .mIIE - . e L AR ;l"';{:".i iiiTl:Jl-"Ll;
1070 0.1 0.2 0.3 0.4 05 0.6 07 0.8 0.9 1 % 10 20 30 40 50 (;GOV/ 70

C
elso . p,,GeVic]
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H— 2Z* — 4]

RESU'tS Polytechnique
CMS Preliminary
® T T T T T T Ty
o 8 4 -—-—2;:§;2naﬁc:orrors H-=2Z—~47 ]
CMS pf&llmlnafy 8 [ Sgnificance de-rating dus to the L=1fb"
O T T[T I T[T T[T T I T[T T [T T[T [ TT T[T 7T, "é L “look-etsewhere™ effect is not inciuded
36 477" 52020 B °f 2 ]

After Selection ’ /‘\'. f T

AN

w

-f.-.l-..l..-l.. | IS S S S S T |

)

0.- A A A 2
100 120 140 160 180 200 220 240 260
2

m_ (GeV/c")

W T T T T ]
o H—ZZ—4s/ -
8— L=1fb" _

+E systematic errors  J
: included -

.
Ll

do/dm [fb/10 GeV/c?]

Ratio OgscL / Ty,

05

50 100 150 200 250 300 350 400 450 6500 3

m,,, [GeV/c] A

0:...1...l...l...l...l...l...

12 140 160 160 200 220 240 280

m,, (GeV/c®)
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Higgs boson at the LHC L/ME
H—- WW(®) — 2|2y

Inclusive Modes ™, echnique

W 4 e  SM Higgs can be discovered or
}// 7 /’ oniz  €xcluded via H — WW* over a
&/ spin 1 QW+ wide mass range
/
H , :
(H) spin 0 /ﬁ e Best channel for early discovery at
W;/ P spin 1/2 MHNZMW
// % e A [M,, ~ 165 GeV excluded at Tevatron 95% CL]
| /
/ V/ spin 1/2 e No observable resonance peak
5 me Ady as most significant observable

/W

y together with Ml
%Spm &= Background: M,=160 WW*"Cont. tt

Oono  2-3pb 114 pb 840 pb

Reducible tt, Wbt, W+jet(s) with fake leptons
Irreducible WW* continuum

Main challenge: data-driven control of background systematics
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H - WW(®) — 2|2y

Polytechnique
.E1os—+llélIlIIII|III|III|IIl|III|III||l :104E T T | | 1 | | | | |
o Preliminary u* Channel o [MS Prellmmary 3
% [ —— Signal, m =160 Gev ~ F e Signal, m =170 Ge
2 | O Widets, tW ] L r ] WeJets, t
o : [ di-boson Sequential cuts S10°kE [ di-boson =
>10%F I 2 it :
@ - tI.'grell-Yan 5 - I Drell-Yan

2

Multivariate Analysis -

10

-1
10020 40 60 80 100 120 140 160 180 10"
Event Selection: Ad, [dg.]

2 iso. leptons + at high enough PT Better exploit correlations
mid-range E™sS, Max M,

Central jet veto and multi-dimensional space

Small Agy (e.g. Agy < 45°) gfbge'isgg?g;at'“g

0.5
Neural Network Output
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H - WW(®) — 2|2y

RESU|tS Polytechnique
Discover ? Exclude ?
. CMS Preliminary CMS Preliminary L = 1"
= L
E u Multivariate Analysis g E " Multivariate Analysis
s s [
- - | 7
C O i !
- . wn — | -
o 6 _— ,,-/ " g ? | . E
e £ I "
A —_ | - i !
£ 5 . o
> F g L L
S a4 ; ; | | |
c T - |
8 f g i .o
% 3‘_ -1 :
I : o 1
2 .'__ g \-\‘ B | | | 1 1 | | | 1 | | | 1 I 1 | | I 1
- . . 120 140 160 180 200
- ) m, [GeV]
1
-
0 Coobo oy
120 140 160 180 200
Higgs mass, GeV/c?
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Higgs boson at the LHC [/I/{C
Vector Boson Fusion (VBF)

Polytechnique
Zeppenfeld et Rainwater (1997) — » =
IR =
d /q' Jet forward jet \ — —‘ TR 4 {grward jpt
WZ % s , ’
‘ W,Z H Z =
9 F_orwa rd i % Ve v ; 8
jet = T “i‘il = | !
Forward (quark) jet tags + jet veto in central region)
Higgs boson decay products in central region (trigger)
Higgs boson gets a P; kick = t's generally not back-to-back
Modes studied M_. : possible via e.g. collinear approx.,

i.e. assuming all T decay productes
aligned with t (best if t's are not
themselves acollinear)

M., resolution depends on E;Mss

qq (V V*) — qq'H;
H— v — (I*v¥]v) (I
v¥]v)

— (I*v¥]v) (Jet
v) Best with particle flow techniques
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VBF H — 2tau

~ Polytechnique

D CT T T LI R : . ind - TTYE T T T T 7T T T T T T T T T
o) o [ | Z+jets,Z — ee, jet = QL 3 [ I l I
= 9— CMS Preliminary i . A C = _ |
- [ ) - Z+{ets, Z—eee—1 G CMS
o 8—_fL dt=1fb" [0 [22000] y+jets + : -
2t N 5, Ww — all my @ scenario
o - W+jets,W —Iv = 1 TeVic? .
2 s 7] QcD PYTHIA Mgysy =1 TeVic
Z, - T Z4jets,Z — ; M, = 200 GeV/c’
- H — vt (135 GeV/c?) x 10 10 - =200 GeV/e2 —
SE E M i = 800 GeV/e® |
4;_ _; Stop mix: X, = 2 Mg,,q, :
3 E m, =115 GeV/c?|
2 | 1
£ . qqh, h—tt—l+jet, 30 and 60 fb"
- ; 2 TE  qqH, Hote—l+jet, 30 and 60 fb™ e
% . L L l20'0l Ezso —I | | l 1 1 1 | l | S | I 1 1 1 l | S S | | | N I 1 1 | l—
M 2 100 200 300 400 500 600 700 800
(x7) [GeV/c?] M. GeV/
A ev/C
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VBF H — 2tau

Exclusion Limits

Polytechnique

O 30~ CMS Preliminary 7 ==
s
' R _ -1
85 [Lat=11
~ -
© 20—
15—
105
51—
" H—eTtt—=1vw+ Thad V --—- expected o/o,,
B | | | | I | | | | I | | | | I | | | | I | | | | | | | | |
115 120 125 130 135 140 145
m,, [GeV/c’]
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Expected Reach for the SM Higgs U/fc

Intermediate Mass Range P olytechnique
CMS Preliminary
Ty rrr T T Er T rryrrrrrr T T

14 TeV NOTE;
L=1fb" 4 Expect on average

] 3 to 4 signal events
——77 ] atM, ~ 150 GeV
—o— WW 1 for < 0.5 event of
Combined | background

1 in peak region !!

10 |-

=

wn
©
~

-

O

wn

(o)}
©
O
-
©
e

2 to 3o fluctations
seen in both CMS &
ATLAS at the same
M, could be already
pretty exciting !!!

0.1lllllllllllllllllllllllllllllll
100 120 140 160 180 200 220 240 260

m_ (GeVic’)
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Cross-sections vs \/spp

Polytechnique

- | | I Higgs (m, =160 GeV) o H—ZZ—4 leptons
2 WW NN
7, _to-
2 °°r  10-to-14TeV  |ESSttar o [ 10t0-14TeV = Zz
_g 08 L W+Jets, DY 5 Y nggs
D [ 1 B
& o ] N
7 07- - g
% 06-— - ([8) i
O o5} 1 5 osf —— J
(&) i Y—
Y— 04 |- . o)
O i o)
o 03} -] %
© 02t ]
m L
0.1} .
0oL oo b— o« . 7 .
100 150 200 250 300
Physics Processes Four-lepton invariant mass, m, [GeV]
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Expected Reach vs vs,, m

- Polytechnique

CMS Preliminary

ol H+ \}VVE\//Zchhar{néls, L = 1 fb1

Ratio Cyscy / oy

1 1 1 L1 1.1 1 1 1 1 L1 1.1
Bayesian vs CLs: assumed correlations between errors are not the same

0.1

120 140 160 180 200

m,, (GeV/c)
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Conclusions U/(L

Polytechnique

20 years later ... the beam is now circulating in the LHC !!!

Beam « splash » event

X 1
o RS S

i
et e B
A
b
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% Conclusions U/(L.

Polytechnique

e 20 years later ... the beam is now circulating in the LHC !!!
... awaiting first collisions at v's = 900 GeV (possibly 2.2 TeV)
... preparing for Vs = 7 TeV (possibly 10TeV) in 2010 !

[press conference on-going at CERN !]

e The experiments are ready and partly commisionned using cosmics
(and beam splash) events, and complete baseline analysis strategies
have been deployed from early QCD, to Electroweak Z/W and top ...
down to the Higgs, SUSY and beyond

e The sensitivity for a Higgs discovery in a LHC experiment is roughly
10 x (40 x) that of a TeVatron experiment for vs = 7 TeV (10 TeV)

e The LHC experiment with takeover and extend the searches for the
Higgs(es) and new physics beyond the TeVatron
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