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The Physics @ LHC

... when it all started

1989




First meetings of the LHC proto-collaborations in 1989 ...
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HEP Physics in 1989 | |l

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 !

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

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 HH - HE’ the combination of present data imposes m < PLB 213 (1988) 526

153 GeV at the 68.3%4 C.L.| or < 185 GeV if m_ is left free. The upper limit on m is

only weakly sensitive to MH, The overall yZ2 increases slightly

with HH’ but there is no significant upper bound on HH.
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@ The Standard Model and Beyond U/(Q
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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
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@ Unitarity Constraints U/@
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The Higgs boson allows to regulate calculations at high energies

N G.E’ E’
AWW, »2,Z )=—= ( - ]

827 E’—m;,
To avoid unitarity violation (scattering propability > 1 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
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EWSB in the Standard Model

The Higgs Boson

I
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Recall: 1 doublet of Higgs fields = 1 physical boson (CP-even)

M, is a free parameter

M2 =2AV2; v 246 GeV

K. Riesselman, hep-ph/9711456

Theory Constraints: 800 71 [T T[T T[T T[T
Unitarity: _
M, <700—-800 GeV/c* = °%° me = 175 GeV
o a.(M,) = 0.118 _
“Triviality” (Higgs self-coupling remains finite :) ,E, | sV —
Triviality _—
, 4 71'2\/2 E,,: 400 — ~
H B Forbidden zone _
3In(A/v) - -
“Stability” of vacuum. <00 [ Allowed zone —
- o i i 7 T FF I
Am* ?ﬁfﬁ'i' Forbidden zone _
M12q> —>1In(A/v) oL L N N N .
v 103 10% 109 10l2 101° 1018

A = cut-off scale A [GeV]
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Hierachy and Naturality
The Instability of the Mass M, W@
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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

r 2
/ “ A
\ 'k m’= m; + OA—

167

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 J=1/2 J=0
m2(p?)=m ?+ pr"q:\ - O ; O M,? — M, ? (bare) + c A?

M , :8—352/13/\2 ... from top quark Dramatic problem if - A ~ Mgy

M, <a, N ... des bosons de jauge The difference scales between the
Fermi scale and the scale for new

M, = 16/;2 N ... du boson de Higgs physics (e.g. at Mg,7) is not natural !

Corrections of O(100) GeV at O(1) TeV already for A ~ 10 TeV !
= Fine tuning to keep M, ~ O(100) GeV
Hlggs@Warsaw 2010 v
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Hierachy and Naturality
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ine-Tunin
g Polytechnique
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The difference between T 200
the Fermi scale and the
scale A for new physics
is not natural ! 00 o
Note: In a model with spontaneous EWSB, the Vacuum SLapiit

instability w/r to radiative corrections affects the
<v> = also concern gauge bosons (Z, W*) and
fermions (quarks et leptons)
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When it was all simple ... one fundamental equation:

/'

gluons < SU(3)
transformation of 3
objects among
themselves

SU(5) possesses a fundamental
representation of dimension 5 and
a representation of dimension 10.
The “dimension” is the # of entities
you can put in a representation:

5+10 = 15 = # constituents / family (1) (3)

3@ 2 =

5

!

v, Z, W* < SU(2)xU(1)

Transformations of 2

objects among
themselves

Families
N

SU(5)
transformation of 5
objects among

themselves !
Quarks
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Evolution of the couplings

Toward Grand Unification

Polytechnique

0.16 e e Couplings evolve
= = TE (! distance)
% 0.10 [ E and meet at very high
= ] scales ... almost !
2 - ]
fib N ]
: I B L I I L T T I
5 0,06 — - R .
I 5 60 - &'k ]
pop Lo I b L L - .
10  10%* 108 1012 1018 1920 40 |
Energy in GeV N i |
The Standard Model hints N, 20 Standard —
towards a grand unification of oy Model 1
fondamental interactions ! LT agi(e) ]
(the SM requires the «Higgs ») 0‘ AR RS RA B R R
0 5 10 15 20
log,, (1t/GeV)
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Scalar Sector in Supersymmetry W
Supersymmetry & Hierarchy
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SUPERSYMMETRY = fondamental symmetry between bosons and fermions
Ordinary fermions and bosons do not match: SUSY must be broken !

= 3 “mirror” of the ordinary matter = the supersymmetric matter

Unknown Supersymmetry Breaking Mechanism = free parametres
MSSM Soft SUSY breaking 105 parametres
MSUGRA Gravity Mediated SUSY Breaking 5 Parametres

(Unification at the GUT)
etc.

The lightest supersymmetric particle ("LSP") is generally considered to be
stable (if R-parity est strictly conserved) = candidate for dark matter

Natural solution to the Hierarchy problem :

The contributions of the fermions to the quadratic divergences cancel
the contributions of the bosons !

Hlggs@Warsaw 2010
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Scalar Sector in Supersymmetry IJI/@
Higgs Bosons and Minimal Models

Polytechnique

Standard Model:
1 doublet of Higgs fields ... 1 physical scalar boson H (CP-even)

M, is a free parameter of the theory
Me= A <0>; <0>=V/N2; v= (2 G2~ 246 GeV

Minimal Supersymmetric Standard Model:
2 doublets* of Higgs fields ... 5 physical Higgs bosons

2 Scalars ho, HO CP= +1 R, = +1
1 Pseudoscalar AV CP= -1 R, = +1
2 Charged Ht, H CP= +1 R,=+1

At the Born approximation:
The Higgs sector of the MSSM is entirely determined by two
fundamental parameters of the theory ! E.g. M, and tan  (=v,/v,)

* Required for anomaly cancellation and breaking the gauge invariance

Hlggs@Warsaw 2010

Y. Sirois, LLR Ecole Polytechnique 12



Scalar Sector in Supersymmetry

Supersymetrie et Grande Unification

JIC

Polytechnique

Besides providing a solution to the Hierarchy problem, supersymmetry seems
able to effectively allow for a realisation of the Grand Unification !
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@ Physics & The LHC Detectors

The essential physics motivations back in 1989:

Electroweak Symmetry Breaking

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

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

Hierarchy of Fundamental Interactions

JIC

Polytechnique

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

Y. Sirois, LLR Ecole Polytechnique Higgs@Warsaw 2010
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@ A Large Hadronic Collider M@

Polytechnique

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

Need Ey ~ 500 GeV = q ~ 1TeV = Vs~ 14 TeV

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

Event rate = L o Br
eg.H~08TeV; H— ZZ — 4l
Events/year =2 10 = (10/107) x 1/(1037 103) = L ~ 10%*cm2 sl

Hlggs@Warsaw 2010
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LHC Collider
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@ The LljthaenfttECto rs U/@
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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

CMS Solenoid  Field lines parallel to the Z beam axis
(particles bend in the transverse plane)

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

centered on beam line
(muons bend in a plane defined by beam
axis and muon position)

@ Toroid Field lines are circles in transverse plane

nerr-»

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

Hlggs@Warsaw 2010
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The LHC Detectors

The CMS Magnet

Polytechnique

The CMS magnet is 6m in diameter | 220
and 13m long (12 000 Tonnes) 5 i ]
s : 10.0 ——% -
[ L/R ratio ajusted for best possible — e
momentum resolution in forward region | | s ¢ “ 50/ |
U
Refrigerated superconducting N .
niobium-titanium coils (-268.5°C) R T I
s - Lowre 40 L mCLEO2 B | N
P N L T e T ’ TOPAY m DELPHI |
20 - ATLAS Barrel _|
L u ] 1
[ ATLAS End-caps
.U.ﬂ l l Ll Lill 1 1 L1 | 1 L1 11
10 100 1000 10000
Stored Energy (MJ)

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

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

Hlggs@Warsaw 2010
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The SCAMLAST Experlment
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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|hed< 5 e Transition radiation detector

 EM: homogeneous PbWO, crystals Calorimetry |nl<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@Warsaw 2010 22



The LHC Detectors ﬂ@
The CMS Tracker Polytechnique

Pixel & Si-Strip
Tracker

Tz
3.8 T Superconducting

Solenoide Magnet

Hlggs@Warsaw 2010
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Q@ eucl IS
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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

Y. Sirois, LLR Ecole Polytechnique Higgs@Warsaw 2010 24



The LHC Detectors

The CMS Si Tracker

Pixel detector and a Silicon microstrip tracker:

JIC

Polytechnique

Outer Barrel -TOB-

End cap -TEC-

"

-

i
AT~
-
gA’
—
e

"> 200 m?2 of Silicon !

SILICON u-STRIP
e Track measurement with best possible AP/P
and high efficiency from P ~ GeV/c to TeV/c
e 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

 Help determine Z
coordinates of events

suppresses pile-up;
GVTX ~ 5 cm

 Event topology info.
for High Level

Trigger

Volume =24 m* T°= -10°C
Dry atmosphere ... for years !

Y. Sirois, LLR Ecole Polytechnique Higgs@Warsaw 2010
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The LHC Detectors W@

The CMS Si-pixel Detector Polytechnique

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

charges across neighbouring cells

End-cap disks are assembled in a turbine-like
geometry to also profit from .

The Lorentz effect | i =T

Occupancy ~ 10 despite
5 up to 20 MHz/cm? of

Total area ~ 1 m particles ... thanks to fine
66 million pixels of 100 x 150 um? Granularity and 40 MHz readout

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

Y. Sirois, LLR Ecole Polytechnique Higgs@Warsaw 2010 27



The LHC Detectors

The Compact Muon Spectrometer

. Polvtechnique

Electromagnetic
Calorimeter

3.8 T Superconducting
Solenoide Magnet

Hlggs@Warsaw 2010
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The LHC Detectors

The CMS Electrpmagnetic Calorimeter

Polytechnique

PbWO4 crystals

mnd-Caps = 0.89 cm

e
pr—_—
—_—
—

ke ' ECAL (EE)

Hlggs@Warsaw 2010
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IT - Detector Performance

Uniform Incidence

(7]

E Resolution vs Incident Ee

Polytechnique

—_— (8N} X 10‘ T T 1 T T
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T =m0 W | REEEERRSRSEERE i o - .
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= | ]
&0.08;— é —
Z0.050 -
0.04} E
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[~7 E Resolution: CMS Note 2006/140 Stochastic Noise Consfant
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Pixel & Si-Strip
Tracker

3.8 T Superconducting
Solenoide Magnet

The LHC Detectors

The Compact Muon Spectrometer

. Polvtechnique

Instrumented
Return Yoke

Muon
Chambers

Y. Sirois, LLR Ecole Polytechnique

Hlggs@Warsaw 2010

31



The LHC Detectors

The CMS Muon Detector

Polytechnique

“é 800 [ T T T | IDIT T | T T It | nIB /I T | T T T T T ]
v = U. i
- MB 4 I i RPC ]
700 _ n >l : _
IMB 3 _ Fd ) ]
s00 I / b
i I #
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et [ LI
400 § .

300

200

-_.;r":ﬁf 2 \ME

100 / -~ 5
©z . M
R _ csC__ .
0 200 400 600 800 1000 y tcﬁ?ﬁ
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@Warsaw 2010
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The LHC Detectors

The CMS Muon Detector

Polytechnique
|
K | | | | | | | |
ey om i arm 3rm 41T 5m Gm fm
Muon I
Electron Charged Hadron {e.q. Pion)
----- PRotan  — — — - Meutral Hadron {2.g. Meutron)
Charged R Hadran o "11
Charged RHadran i
----- Meutral RHadron
~ 120 X, ]
in front of (LI
the muon I
chambers II{I“ I'|I
Ap JX, LTI
p BL
TracB§r AR
il
¢ it
] Electraoimagnetic ™ E
! I ill Calorimeter 4 [ %
Hadion Suparconducting _‘;';
Calorimeier Solercid E
Trcary Faturn yake |r'|'[[\r:;p;_‘|-:'.¢ﬂ‘ E
Tr. with Muon chambsars 2
| « Tracker » track Global muons :
racker raCkKs

Stand-alone muons

Combined tracker-muon spectrometer ID and reconstruction:

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
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From dream to reality:

e

L ] n
110

Installation of the world's largest silicon tracking detector in the CMS experiment. (Michael Hoch, & CERN)




Cosmic ray
2008




a0 Lego

CM5 Experiment at the LHC, CERN

Date Recorded: 2009-12-14 04:21:03 CEST
Run/Event: 124120/542515

Candidate multijet event at 2 .36 TeV

pp Collisions
2.36 TeV
2009

Rl Fhi

3 PFlow jets pT = 10 GeV
pT cut on tracks displayed > 0.4 GeV




From Commissioning to Physics
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0 - - - - . . -
ECAL 13T Wlth d pr|0r| MC corrections: ¢9K+K' us|ng dE/dX Se|ect|on:
> _I TTT | TTTT | TTTT | TTTT | TTTT I TTTT | TTTT | TTTT | TTT I_ | (I) > KK Candidates I
@ 8:— CMS preliminary 900 GeV MC - —
g E ] —~ 600 —
S T7E = g f
S 65— M= 0.11672 + 0.00011 _E =
—_ = o= 0.01333+ 0.00012 ] [T Y S o
8 s = 400 [
S F ] - CMS Preliminary
Lﬁ 4 . 300 :_ 900 GeV pp collisions
3; h —f - 1318 +/- 95 ¢ candidates
= ] 200 & M = (1.01937 +/- 0.00030) GeV
2L Nsi - 37639 + 325 3 B o = (1.69 +/- 0.50) MeV
E 9 E 100 :_ Width fixed to PDG value
£  S/B, =1.33+0.01 - : JL
:I 111 | 1111 | 1111 | 11 II|IIII|IIII|IIII|IIII|IIII: 07 : L L | L I k : k l . : L l L L L I - - k
$05 0.1 0.15 0.2 025 0.3 0.35 0.4 0.45 0.5 ool e s s
Invariant Mass of Photon Pairs (GeV)

Missing ET components from Pflow objects: o T Toms]
AT CMS Preliminary 2009 . . ) 50 ]
c S First publication with GECEC
5 ~—— Simulation collision data dN/dn: af w L ]
E 10° * 900-GeVdama £ - o e T‘D'D'ili o n"?-c. é“nf'?% =
L & L I i
0 Z‘E 3 ]
E 102 §o] ]
3 r ]
X 40 2 09TeV 236 TeV N
& - . o CMS NSD ]

1; A ALICE NSD |
1 L i
L o UAS5 NSD J
107 ol L ]
-50 -40 30 -20 -10 0 10 20 30 40 50 2 0 2
Exy . [GeV] mn

Y. Sirois, LLR Ecole Polytechnique Higgs@Warsaw 2010 37



The World has
Changed a Lot
In the last 20 Years !
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The HEP Science has
Progresses a Lot
In the last 20 Years !




The Physics World

... at the LHC Start-up

20 years later




Electroweak & QCD
Physics

i -

1992-2007

1989-2011
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HERA ep Collider | L
u 10 _ as a
\ :"‘ [ Atlas and CMS rapidity plateau
e+_ ‘ p 010 T | |] DO Central+Fwd. Jets
i Se 7\ng% GeV F E=3 CDF/DO Central Jets
10 ©}
S = 300/318 GeV PO
10°]

H1 and ZEUS experiments

~ 0.5 fb1 / exp. balanced 1045—
between e*p and ep |

« Considerable extension of |
the explored phase space 194
in x and Q2 |

« Pdf's constraints in a domain
relevant for TeVatron and LHC 1 |
Colliders Al
 The rms radius of the charge i A o | . d
in the quark found < 10-3fm 0TI I0T 0 T 10~ (10T T
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Structure Functions at HERA Lm

Polytechnique
H1 and ZEUS Combined PDF Fit
. 1 ] » 1 [T e ™Y
CD analysis of the g | @106V ¥ | Q*=10Gev? ]S
08 - T 08 |- -
HERA combined data 5 AR EF S civeiandi ]
[HERAPDFOZ] : 4 ] . [ model uncert. ]

04 - [ param uncert. J

Fully consistent account of ot

experimental, modeling and
parametrization errors !

ok
02 T T T T

e Accurate xS and xg at
low X due to precise
measurement of F2

e Constraints on pdf’s for
valence quarks at high x
[relevant e.qg. for BSM
searches at the LHC] and
for the gluons at low x
[relevant for Higgs boson 3 : . <
searches at the LHC] S A e ,.9 A TR

HERA Structure Function Working Group
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Precision Electroweak Physics at LEP Lm
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| . Internal Consistency of the SM ?
Measurement Fit O™ QMg o _
li ] 3 Pull distribution = Normal Gaussian ?
o 6 , , , ,
. _ = ] - . | |
o s o
ol (bl 41540 +0037  41.477 3 'gma- .1 = 1.
R 20767 +0.025 20744 qza
A 0.01714 +0.00095 0.01645 E
AP 0.1465 +0.0032  0.1481 g
R, 0.21629 + 0.00066 0.21585 &
R, 0.1721 +0.0030 0.1722
AL 0.0992 +0.0016  0.1038
AZF 0.0707 +0.0035  0.0742 \
A, 0.923 +0.020 0.935
A, 0.670 +0.027 0.668
A,(SLD) 0.1513 +0.0021  0.1481

S ES

sin®0=Q,) 0.2324 +00012  0.2314

m,, [GeV]  80.398 +0.025 80.374 Pull
[y [GeV] 2140 + 0.080 2 091 Largest discrepancy (-2.9c) well inside

m, [GeV] 1708 +1.8 171.3 statistical expectation;

2 %2 probability = 8%. Just fine.

Hlggs@Warsaw 2010
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Top Mass Measurement at Tevatron

Polytechnique

Mass of the Top Quark (*Preliminary) W+j"
. ® \
CDF-TdH 167.4+10.3+£4.9 DO00( D iy
. ® w’ }/
DO dH 168.4 +12.3+ 3.6 4 J o
. _ —_—— L
COF-ll i 171.2+2.7+2.9 A
Dol di T ira7:20+24| Swo- T m——e
CDF-I 14 ¢ S 120 | |
176.1+£ 5.1+ 5.3 S °F bkgd+Pythia M, = 172 GeV/c?
‘ - = = 100
DOl 14] 180.1+39+36 | & | B
= 80
‘ : -0~ e T
CDF-ll I+ 1721+ 09+ 1.3 w oF
: _ —o -
DO-Il 1] 173.7+ 0.8+ 1.6 40~
CDF-l all 186.0+10.0+ 5.7 -
. _ — L
CDF-Il all- 174.8+17+1.9 105 10 200 20 ass (Gevich
. L
COF-l rk 175.3+6.2+ 3.0 Tevatron Average:
.Tevatron March'09
hep-ex/0903.2503 1?3'1ir9~ré%i:: }é}jsf, Mtop — 173. 1 T 1.3 GeV
y2idof = 6.3/10.0 (79%)
| | | | | | 1.3 = 0.6 (stat.) ® 1.1 (syst.)

150 160 170 180 190 200

Moriond 2009 m,, (GeV/c?) AM/M < 1% I

Hlggs@Warsaw 2010
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W Mass Measurements

LEP
W-Boson Mass [GeV]
TEVATRON r*—  80.429 +£0.039
LEP2 —&r 80.376 £ 0.033
Average ¢ 80.398 + 0.025
¥DeF: 1171
NuTeV  —a— 80.136 + 0.084
LEP1/SLD -a 80.363 + 0.032
LEP1/SLD/m, A% 80.360 + 0.020
BID 80.2 BID..-'i BII;I.E
my, [GeV]
m,(LEP) = 80.376 + 0.033

A
Systematics: Beam energy, FSI

W Mass Precision (MeWV)

- Good consistency between colliders

e Will be difficult to beat

250

[
=

—
(451
=

2

50

Polytechnique

Tevatron

a
B DO Runial(e)

i
Single Experiment Sensitivity

CDF Run 1a (e+y)

D@ Run 1 (e)
CDF Run 1 (e+u)
Run 2

o CDF Run 2 (e+y)
10 Me¥ syst limit

10 10’
Integrated Luminasity  (/pb)

m,, (Tevatron)= 80.420 + 0.031

World Average:
M,y = 80.399 + 0.023 GeV

Y. Sirois, LLR Ecole Polytechnique
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" Pregision‘ Measitements ... and

DG1 Talk: Massimo
LP 2009

Polytechnique

EPS HEP 2007
. : . : i : . . . gustlEDUQ : |
1 —LEP1 and SLD 1 —LEP2 and Tevatron (prel.)
80.54 - LEP2 and Tevatron (prel.) 80.54 - LEP1 and SLD
68% CL 68% CL
> >
0] [0}
© 80.4- O 80.4-
= =
= &
80.3- 803]
fm,
150 175 200 150 175 20C
m, [GeV] m, [GeV]
Best 'fit" M, = 76+_321 GeV/C? Too light ! .. Physics beyond SM ?
= priority = precision on M,
Hlggs@Warsaw 2010 48
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onstBnts on the, SM- “kﬁe gs boson

recision Measurements ... and M
Polytechnique
EPS HEP 2007 LP 2009
6 len =144 GeV 6 August 2009 L|n"|t 15? GeV
— 7o T :
1 3 | J ]
5 Aagd = 5 ] ﬂa:‘;‘d - _
1\ ¢ — 0.02758+0.00035 - . 3 — 0.02758+0.00035
. "._l ..... 0.02749+0.00012 . === 0.02749+0.00012 i
4\ « incl. low Q° data — 4 3 %+ incl. low Q” data m
o\ | | 8y |
= — 4 - -
g 3 g 9
2 - . 2 - _
1 M, > 114.4 GeV/c? - 1 - —
(LEP II Direct) "
0 Excluded / Preliminary 0 Excluded "\l Preliminary
T 1 ) 1 1 I 1 1 T L] T L] T '|' L]
30 100 300 30 100 300
my [GeV] m,, [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?)
Y. Sirois, LLR Ecole Polytechnique Higgs@Warsaw 2010 49



@ SM Higgs Search at the TeVatron

Polytechnique

New update (last week at HCP2009)
Tevatron Run |l Preliminary, L=2.0-5.4 fb

I-'IP:'I.;’I,IIIIIIIIIII|IIIIIIII

COAAAARLXY Expecteﬂ
A — Qbserved.

95% CL Limit/SM

. LEP. Exclusmn

Sk ’¥ - ---- e = 1T R N ) | (R ot S
. | ..... ﬂGExmﬁtﬂ;

LA .: ) r'n-",:

IIIIFIlIIlIIII1IIII|IIII

_.Tevatron . . ]
EEch:usmn

Excluded
163-166 GeV
Expected
159-168 GeV

(95% CL)

........................................

Hmr?mber B, *UUQ

100 110 120 130 140 150 160 170 180 190 200

mH(GeWc )

Y. Sirois, LLR Ecole Polytechnique
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SM Higgs Fit - GFitter

Polytechnique

o 10 T L e 7 L ] o 12 1
o | = : bt L -
4 £
<y S S S S S ?‘r “““““ ?‘r 30 < i i
& & ] 10 = _
8 & 5 E - 1ty e fitter s -
7 B - [ - S VR S 130
: ER 1 7
i E - 0 1
58 E 6 5 .
= =26 - c .
- ] i K .
3 Theoty uncertainty = A I - —20
- — Fit including theory errors ] : ; % Theory uncertainty i
2 ---- Fit excluding theory errors - B ) ',r' < — Fitincluding theory errors
1 LR A = 1o 2 B = ---- Fit excluding theory errors ~_
: . e AP 5o 1o
0t v oo, | @, 1 ]
200 250 300 100 150 200 250 300
M, [GeV] M, [GeV]
Standard fit Complete fit
(Indirect constraints only) (Indirect and direct constraints)
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SM Higgs Excluded at ~ 2M,, ... IS it

Polytechnique

Provocative talk by Abdelak Djouadi, Moriond 2010 O

« The K factors are extraordinarily large:
O\ 0 =0OnLo =ONNLo | Perturbation theory almost jeopardized !”

300 -

Need K=4 for oy, band to catch oy,

200 A

W S

*0, s at NNLO differs from o;,rat NNLO by ~25% o(gg — H) [fb]
“Tevatron experiments use NNLL ... they should rather stick to NNLO” ' 1 ~~LL

120 130 140 150 160 170 180 190 20

My [GeV]

e,
‘4»:0:0:0;%:&;%03
R <SS

s.@-’::%f

NLO —— 3

« A ~25% difference in pdf’S central N0
w  |[-CDE#DORunll Obsepved 77777
value due to ...Aa, (exp) TS AT
R ~ 40% SM
1600 CTEQ 7 - .
1400 [ s ABKM o Uncerta|nty 11
1200 L= 5 ‘ - _J_F#AI___)— . A.D. Moriond 2010

1000 |

800

08 a—tsrz;%fie_-'fsf-'éf%_-'_-'_-_'-_'-Et?:? | scale

N |
600 |- 0.6 ' - ’
o | _\_%,:__&%%}oo 150 200 | & pdf S+
200} o(gg — H) [fb] S, : . : .
0 ]_:"’]I:):FSI | ‘ | | | | .;-é‘,;-w-? [ B TR BT | IFETE
100 110 120 130 140 150 160 170 180 190 200 130 140 150 160 170 180 190 200
My [GeV]
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And Meanwhile the
Universe has become
much more
complicated !




@ Physics @ LHC | U

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@Warsaw 2010 54



@ Who is protecting a scalar mass m

N
Bosons Fermions Vectors
0> P+a W — ey A, > A,+da
no m’¢’ no myw no mA,A" > Symmetry
Spontaneous Global Chiral Gauge Symmetry
Symmetry Breaking Symmetry J

LITTLE HIGGS | | SUPERSYMMETRY | | HIGGS-GAUGE Unif.

e Y

e

HIGGSLESS EXTRA DIMENSIONS

Delayed Unitarity Fondamental D _
Violation “Planck” scale at ynamics
the TeV

Y. Sirois, LLR Ecole Polytechnique Higgs@Torino 2009 Giudice, Janvier 06 55



LHC Expectations P Jenni, Morond 2010 L

Polytechnique

7 TeV 14 TeV

& < %

1000 Ultimate sLHC
exploitation at
1000 fb-1/year
by 2030 ?

=
O
O

+ Shutdown ?

Shutdown

year
year

|_\

—
O
™~

2016 " 50 fb-1 per
2015 1 ~100 fb-1 per

[
ﬁ/ —
-
D
(Y

2017
2018 -
2020 -

2014 —
2015 -

2012 -
2013 -

2008-2009: Cosmics + 900 GeV & 2.36 TeV collisions
Integrated Luminosity [fb-1]
H
o

0,1

Mike Lamont

CMS PTDR Prospective (30 fb-1/14 TeV) relevant in ~2015

Hlggs@Warsaw 2010
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luminosity ratio

1.0 r—rrrm

0.0

LHC vs LHC

J v TR
ratios of parton luminosities
at 10 TeV LHC and 14 TeV LHC

[ MSTW2008NLO

1.0

luminosity ratio
o o o
=1 N o

o
no

0.0

TTT"’TT.’ L L TTTT'!T'I'

ratios of parton luminosities
at 7 TeV LHC and 10 TeV LHC

[ MSTW2008NLO

10° 10°
M, (GeV)




(dL/dS) / (same at Tevatron)

WJS 2010
1{](}“_ ] 1 1 |IIIII I | | Il'l-r'II' L] I ] L 1':“;“] . L] T T LI B B | T T]
& [ N ] [ 3
- Joey Huston and Jon Pumplin 'l' i ! . - ratios of parton luminosities 1
[ 10 TeV LHC vs Tevatron Py - at 7 TeV LHC and Tevatron :
S ] 4
‘ ' =
B [ ]
y 5 '
' :
100 s ! : - o 100}
: F 2 | : : © :
: ¢ # ' 5
[ & 1 =
i ’ S : ] B
! S ] Qo
" o’ S : =
o i
99,7~ ! §
10— o* ‘t' [ w—— — 10| r
= "- - I ] - E
0% e®” _ 4 [ ]
- - -
Freareq S - — e 1
-------- LT T == }_qq 1
q q MSTW2008NLO
1 [ | ||||||| 1 illlllll i EIJIIH 1 = i s L il
0.01 0.05 0.10 0.50 1.00 5.00 10.00 10’ 10° 10°

Sqrt(s) [TeV]



From Chicago to Geneva L/m
Evolution of the Cross-Sections

Polytechnique
10" prer T3 10°
o o — ; @ 1w e.g. SM gg - H avec H — ZZ*, WW*
0k ' LHC 4w 6 x BR x g,..~ 50 x Tevatron
o F Tevatron :

10
Ratio of Higgs to EW cross-sections

favorable !

s b

10

L B
e T |
=T =X

-]

10 ;' : 110 -

o ! *;  Ratio of EW cross-sections to QCD

o F | % favorable ! [background “candles”]
2 OF 5 Relative increase of the tt background
b 10 E 5 et 0

o b 2 eg. HoZZ*x >4l I=ep

= ;E:
107 !— MH — 150 GEV/CZ
107 é— Oy_,77x X BR x S 0(10) fb

+ [

10* E o (E™ >Is/4)

;
10° | OueM, = 150 GeV)

Gocp ~ 1014 1b

Need a “inhuman” reduction of 1013 !

Higgs @ LHC = state of the art of
“hadron collider” and “rare decay
Js (TeV) techniques”

10® Es (M =500 GeV)
Higgs H
T

]-D' IIIII
0.1



Higgs boson(s) Searches

... from the |-LHC to the s-LHC

A New Decade




The SM Higgs Boson and the LHC
Production Modes and Cross-sections

Polytechnique

events for 10° pb-1

GO .
Al ; HO Production
G t P > H
Dgfuson: o CTEQ6M, M=175 GeV used for PTDR
g |_:u]::;t:|_|_“l‘_|‘__]_.r1_|‘_|h‘|:!_|l_l _I_.-"‘.I ‘ 3 I Y I R S e O O T L R U (L L O O (L O B O L T:
o H+X) ]
¥ q E}p - 310’
L vs =14 TeV -
qQ —,‘_“Lj_ﬁlh W.Z __i:b_b_ lT]1 =175 GeV ; 106
L TEQ4M 3
WW, ZZ fusion S H . e i
_ |"--|_.-|W,Z S i . _? 10
q —P‘—k'-'_.____ —Hqg """ Fre . L E
) ; 19— H - _ 1§ 104
- yW.Z . Disfavoured :
~_ w2z rJhr.d - 1103
i o 03.G3-=HET ]
_ - 4 et HD 107 pira et al. i |_;F—PHE‘_‘E‘”1 e & 102
q W. Z heamastrahlung 0 QD e S i
¥ 1 0-4 A1|||l11111||||l|11111n|nl11111n||11-i._£-_i“1"1-.1111—
0 200 400 600 800 1000
g o —
) &t . MH (GeV)
tt fusion : > H . .
ed BSM Physics can change these in a
g . .
major way !!! (e.g. bbH in MSSM)
|
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The SM Higgs Boson at the LHC

M,, < 140-150 GeV '

H— bb

Dominant mode ... but crippling QCD 1.1}

background ... exploitable in ttH or VH
associated modes ? ¢ g G. salam et al.
H- 1ttt
Exploitable at low M, in
The VBF production mode

0.001 =

H- vy

Complementary mode at low M, via
loop diagrams, low BR but excellent .
y/Jet (v ID, yIso., M, ) separation

Observability

A. Djouadi, hep-ph/0503172

JIC

Polytechnique

boosted H, “fat” jets 0.1}

' BSM Physics can change these in a
major way !!! (e.g. 11, bb in MSSM)

AN

H-> WW(®)

300 T-'I'II'I 1004
My [GeV]

IVIH > 125-130 GeV Dominant mode, I*vl-v channel optimal for M, = 2 M,,
lvgq’ channel exploitable at large MH or through VBF

H— z2z2(*)

Small BR but “"golden mode” for a discovery - I+ 1-

Y. Sirois, LLR Ecole Polytechnique
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The SM Higgs Boson at the LHC
e.g. Discovery Reach (Overview)

Polytechnique
Inclusive Channels:
3 2 +  H— 7y, inclusive p .T_D | ! '
2 S cms, 0’ | Q| PTDR 2006
3] v WHIH AW gy S - n
b= = Hozz s I\IT | - > F CMS .
£ S HWW N o
pr X qgqH, H—7y N 3 | /
— 10— * ggH,H— 't —\lepton + tjet .~ S
8 [ * tHH-bbh o N
E : O WH, H— bb N '—J-ﬂ--, _E 10 - / -
I il b [ \ / .
» [ < | 10 i i
5q at'30 fb” “ L ]
“& E = \ _._._‘-H_HH_.J/
I seamn’| 2| " |
g - —+— Hoyycuts -
c —=— H—oyy opt
= 11 —— H—>ZZ—-4l N
2 — LO = - ]
...... NLO — - —=— H-WW 22y R
| | [ L1 | | [ | | [ | | [ [ | L1 [ | |_ L L 1 1 - N S - | | | ~ | |
100 110 120 130 140 150 100 200 300 400 500 600
m(GeVic?) M,,.GeV/c

Hlggs@Warsaw 2010
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14

1.2

g 0.8

0.6

0.2 [

CMS

Electrons and photons at the LHC
Not so ... transparent !

- All Tracker

Bl Beam Pipe

M Sensitive
Electronics

M Support

04 . ",'”, il

0 0.5 1

1.5

2 2.5

200

180

160

140

120

100

Thickness in radiation length (%)

ATLAS

Polytechnique

|I"|'TFT]'rTT TTI"|'T|I'I'|FTT[T'I'I]"IIT

B Services
B TRT

B scT

B Pixels

| |Beam Pipe

.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
Y. Sirois, LLR Ecole Polytechnique Higgs@Warsaw 2010 64



The LHC Detectors

The CMS Electrpmagnetic Calorimeter

Polytechnique
- _I T T LI T 7T LI LI LI T 7T LI | L T T I_
20_.| T T .:| |. TT _..:|: T ..| T _.| T |,_.!__.._|. T .|.. T .| T |.._. T _.|. T z : :
L ' a5 A T 0.5 [ ¢ GSF tracks ]
151~ b) 7 B ---- default KF tracks N
: 7 0.2 - HLT electrons —
- 0.15— N —
B 0.1 -
BremCIuster\*f\"' o . N 4
“'\ _50—| L |5| L |1|0| L |1|5| L |2|0| L |2|5| L |3|0— 005_— —_
Radiated energy (GeV) - : .
Lov 1 l I I I I S B AT B B ]
00 2 4 6 8 10 12 14 16 18 20
Number of hits per track
- - I I I m 0.05 I T | IEI TT TTTT I TTTT I TTTT I TTTT | TTTT | TTTT | TTTT I TT IJE
= 22F i.«mco > oossdt ! N
8 o = © Vg —e— golden a) 7
= b) 4 —{3500 0.041 4 ® big brem =
1,8:— E ) é a'l_ 4 narrow é
16F = —3000 0.035¢ | v showering =
C . = L o bounda ]
145 = {2500 0.3 4 =
1.2 = e =
£ 3 —12000 0'0255 =
E =L . 0.02F- E
0.8 - = ¥ .
o 6:_ - 7 0.015F Mwﬂ
C 1000 C A
ol 0.01F o SR
0.2F 500 0.005E
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¢
E.,./P E* (GeV)
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The SM Higgs boson at the LHC

H- vy

Inclusive Modes

Solenoid . \. %\%’ \ Signal:
Ly Rare mode: Br~ 2 x 103

Polytechnique

Look for narrow peak on a
(locally) ~ flat background

¢ Important for low masses
ocx BR= 99 — 65fb
MH = 115 — 140 GeV/c?

QCD-induced background:

Irreducible: 2 real y
(Born + box diagrams)

B

'L

born box isol. brem

Reducible: 1 real y
QCD di-jets + y + jet(s)

CMS-Note 2006/112

Y. Sirois, LLR Ecole Polytechnique Higgs@Warsaw 2010 66



The SM Higgs Boson at the LHC

H — W Inclusive Modes ? itechnique
CMS-Note 2006/112
.."'2 goo n r T m T ! 4....1........ - WH. ZH, ttH (X10) .
s Signal x 10 | L) 4 Wekgosn Fuion (410 Background suppression
| e Hee gluon fusion .
G soof L N 0 e = v ID et vy Isolation
QY L T — % e o _
o lL[ . | Background properties
- _M 120 G'V/ - measured in “side-bands”
j_fLrI’Lr L=7.7fb! .
400 M s E E
300 B 35 s e — R e Wk B P G0
14 ,,E. Signal x 10 ... M L o on usion (10
200 - 49 E \ EI Jeijejt {1 prampt)
35 : ........... 0 v-jet (2 prompt)
100 = N Eox
30 ; S s I ¢ - .; Bcurln . =
%o 100 T 110 120 130 140 1%2”((36‘3061 o5t all - M, =120 GeV/c? =
; N L=17.7fbl =
Relaxed NN cut Stringent NN cut _>2[;E i : ... E
g e s 15} T - =
Neural Net exploiting photon classification i Il 1 Al E
(S/B per event) + specific properties of ; i :
. . u . 5-- ol s wd B (IR - N - AN YN - __
teh signal (implicit P, Ao, VBF/gg, ...) ; Um m ﬂ l‘ m E
-1 1) 11 2 140 15 0

Mass (NN>0.97, Cat. 0) Barrel

Hlggs@Warsaw 2010
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The SM Higgs bosons at the LHC L/I/@
H — W Inclusive Modes

Polytechnique

L required fora5o

. 8r | ' | ' —
discovery: st o s E
L 'E ATLAS C0 e tisssos i, bt -
At LHC eXperimentS: g_) 6 P -- k-~ Inclusive, fit based with M,, floated —
Low systematic error 2 Jr=t0m R E
on the background g i 3
(“side-bands”) & YE g
Awaiting for the LHC: 3_ _
Uncertainties of ~ 20% 2F E
on the signal 15 E
C | 1 | 1 | L | L | 7
Significance for a SM Higgs SM at 120 125 130 135 140
M,,=130 GeV for 30 fb1: Higgs Mass [GeV]
CMS CMS PTDR ATLAS
ECAL TDR
ECAL TDR NLO NLO TDR (LO) | New, NLO | New, NLO
NLO (count.) | cut based | optimized* Cut based | likelihood
~ 7.5 6.0 8.2 3.9 6.3 8.7

WIN 2009, Perugia - 09/2009
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Inclusive Searches

H — yy : Expectations for 2010-2011

Limits for h— vy v (5.4 fb™)

Polytechnique

s 90
n 805_ CDF Run Il Preliminary
—~ —=— Observed limit
< 70 —a— Expected limit Central Photons
N - [ ] 1sigmaregion
T 60 — I 2 sigma region
,.2 -
. 50—
Q -
X 40
© r
30
20—
- §/ LHC
10 1 fbl
e | —— W7 Tev
100 110 120 130 140 150
My guesstimate for the ratio 6(95%C.L.)/o(SM) M,

extrapolated from CMS published prospective _ _
Possible chance for Fermiophobic

Y. Sirois, LLR Ecole Polytechnique Higgs@Warsaw 2010 Higgs ? oW Br(yy)Ah



La Voie Royale: H — 4l

Inclusive Modes

Polytechnique

H— ZZ") — ee uu Signal:

4e, 4u, 2e2u (2x)

Narrow resonance,
low background

4 isolated leptons emerging
from a common primary vertex

Generally at least one Z on its
mass shell

Background:

Irreducible: continuum zZZ)
Reductible: tt , Zbb

Y. Sirois, LLR Ecole Polytechnique Higgs@Warsaw 2010 70



@ H - 2Z*% — 4] U/@

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 ¢ x )
< High efficiency for isolated and identified low PT leptons (o €% I)

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)

Zbb, tt (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 Goyst ~ 8%
R = (02254¢" €4¢ * JLAt ) 1 (0750¢" €3¢ * L)

Hlggs@Warsaw 2010
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H-> ZZ*% — 4]

Polytechnique

CMS Preliminary CMS Preliminary
J-!"-II.I-IIIIIIIIIIII: [ _IIIIIIIIIIIIIIIIII IIIIIIIIIIIIIIIIIIIIIIIIIIII_I_
T g 235 HoZzZsze ]
- v . . = - After Selection :
~ o T R i é 3 =
: R Y. s :
- = = | -
70 oW BHiggs | m2sF -
600 B o 0 E - -
- - e - 2 -
50— i 4 B ]
- - - = [ Z
A0 R - ‘B 16 -
- Fero. " - 1 m ]
3“:_ a-.;."ﬁ-" l.- . LI —: : |
- At . - ]
- . 05 —
1“:_ g - = _ 2
- - v .;-::._3-4 g i:;la:il-:"l-".h'l-; n .
% 10 20 30 40 m{_fnwﬂ %50 100 150 200 250 300 360 400 450 600
eyv/C
P, | m,_, [GeV/c?]
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Ho Z2Z2*% — 4]

Results

CMS Preliminary

E 15 L] l ¥ ¥ L) l ¥ L) L] I ¥ ¥ L) l ¥ L) L] l L] ¥ L) l ¥ L) L] l L] ¥ L)
» SRR bkgd-only: mean H+=ZZ7- 4| -
E i bkgd-only: 68% probability band y )
g _ bkgd-only: 95% probabilityband L =1 b _
Q systematic errors
(o)) B . -
o) included
10F -
O x
e o 1 "
© ) |
Y
5 = ."" ‘,:--h‘\‘ -
! "1‘ <} 17
B —1 14
0 1 i g a1 g a1 M | MR M T | g a1 4 L TeV
120 140 160 180 200 220 240 260

2
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Polytechnique

Possible chance for
h=> 2727 =>4l

with exotic h’, Z’' from
hidden sector ?
J.D.Wells et al. PRD 2008

Ounce observed:
Powerful SCP
discrimination

by exploiting the

Cabibbo-Maksymowicz
angles

A. De Rujula et al.
hep-ph March 2010
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The SM Higgs Boson at the LHC
e.g. Discovery Reach (Overview)

Polytechnique
Inclusive Channels:
o 20 +  H-— 7y, inclusive -1 .T_D l‘ I |
= o H+jet How CMS, 30 fb = | PTDR 2006
ig v WH, H — w,+ / +‘__> F+v, ) e ::: i [ CMS i
5 H— WW* — llvv el g ]
o 10 . b ks R li ] . ~ D /
—_ qoH, H— 't — lepton + 1 jet o
3 T ttH, H— bh_ . D
E : o WH, H— bb R s _E 10 / N
© R b - -
n [ S S LO - / .
5g at'30 fb° — - |
‘.3, E Ha _._._‘-H_HH_.J/
. sl = | d |
g L —e— Hoyy cuts .
c —=— H—oyy opt
E 1L e HoZZs4 .
2 — LO 3 - -
______ NLO F —-— H%WW%2I2‘J. :
| | [ L1 | | [ | | [ | | [ [ | L1 [ | | L L L L L1111 | I I |
100 110 120 130 140 150 100 200 300 400 500 600
my{GeVic?) M, GeV/c
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Higgs boson at the LHC './I/G
H—- WW®) - 212y

Inclusive Modes ., technique

A . .
g 7 T e SM Higgs can be discovered or
W | .
/ ;}/j i ﬁ oniz  €xcluded via H — WW* over a
& spin 1 QW+ wide mass range
(H T .
/Q spin 0 /&1 | e Best channel for early discovery at
W/ spin 1/2 MHNZMW
/ % i A [My ~ 165 GeV excluded at Tevatron 95% CL]
|/
& / spin 1/2 e No observable resonance peak
i - Ad, as most significant observable
/’ W together with M,
y o
' i Background: M,=160 WW*"Cont. tt

6uo 2.3pb  1l4pb 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®®) - 212y W

Polytechnique

.E-lus—l-llélpll IIII III|III|III|III|III|||4—E .5104? T T T .I .| ! T T T | T T T T =:
9 reliminary e’ u* Channel 1 o FCMS Preliminary
=~ - —s— Signal, m =160 GeV ] ~ N —s— Signal, m =170 Ge\l
£ [ 3 wadets, 1w _ ] @ [ W-Jets, t
o [ di-boson Sequential cuts 10k [ di-boson -
o 107 Il > F I :
- I Drell-Yan () - I Drell-Yan
I 12k Multivariate Analysis -
10 F | ]
10 E
++++ } . ]
‘ 1 E
it :
| } ]
107 I
0 20 40 60 80 100 120 140 160 180 A .
1071 0.5 0 0.5

Event Selection: Ad) [dg.]

2 is0. leptons £ at high enough PT Better exploit correlations
mid-range E™ss, Max M,

Central jet veto apc(:jl _mu_ltl-_dlm_en5|obnal sp?);:e
Small Ao, (e.g. Ad, < 45°) of discriminating observables

Neural Network Output

=
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Sensitivity vs Vs

Chamonix 2009 _
Polytechnique
For Exclusion For Discovery
CMS Preliminary Combination of 0j and 2j, H to WW to i

| ¥ 4 L4 | 4 hi ki I 4 i ' } ¥ 1
—a— HZZ+HVWW (6 TeV)

—a— HZZ+HWW (10 TeV) A
—a— HZZ+HWW (14 TeV)

o

m,, = 130 GeV o
|- laol A

m, =160 GeV v

m,, = 170 GeV *

~l

] :

g S

B, c

£ ot 18 F

o g 1% 6

> 1ie L

ﬂ.'l . .g'! C

) T B BT e

O B

X 1k 4 4

g,; -

Ke -

= 2

W 1k P | | . g -

g o1pEMs - |

= L = | ; - ATLAS estimate

g --|--||-|4I-..I...|. 1 ||||||||||||||V||||||||||||
120 140 160 180 200 2 4 6 8 10 12 14

- \'s (TeV)

m,, (GeV/cY)

~ 150 to 185 GeV excluded for 1 fb'l at 7 TeV
>~ 3g0bservation in that range combining inclusive channels
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The SM Higgs Boson at the LHC
e.g. Discovery Reach (Overview)

Polytechnique
Inclusive Channels:
o 20 +  H-— 7y, inclusive -1 .T_D l‘ I |
= o  He+jet Hor CMS, 30 fb = | PTDR 2006
; vy WH, H-y, %*—} [ +v, e f CMS
b= " HoZZ S ITIT o - - -
S P e )
N ¥ qgqH, H— vy N % - /
= 10 N\ qoH, H— Tt — lepton + T je 5]
S L 0 Winobe » 2
2 | T N © 10 =
® PE——a b [ i
n i Ay O - / i
5q at'30 b’ — s i
5 e » == ........................;,::..-..-..
‘.3, E Ha \ E_.J/
K osgant| 2| v/ |
g L —e— Hoyy cuts .
c —=— H—oyy opt
E 1L e HoZZs4 .
2 — LO =3 : ]
______ NLD —I : —— H%WW%2I2¥I :
| | [ | | I N | | I I | | I | | I | | | L L L L i1 14 | I I |
100 110 120 130 140 150 100 200 300 400 500 600
m(GeVic?) M,,.GeV/c
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Higgs boson at the LHC

Zeppenfeld et Rainwater (1997)

Forward

_q jet

Vector Boson Fusion (VBF) U/G

Polytechnique
= =
=] " ==
ke Va o V. =y
s e e ‘T Bl P
| 3 /! forward jet
forward jet 1;\‘;1:5:: i :e‘ I HTTTHT o s j

H

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
qq (V V*) - qq'H;
H - 1t — (Itvw) (I"'v)
— (IFvv) (Jet v)

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™Miss

Best with particle flow techniques

Y. Sirois, LLR Ecole Polytechnique

Hlggs@Warsaw 2010 79



VBF H — 2tau

Polytechnique
" F CMS Profiminary | | L Z#ets.Z = ee jot — Exclusion Limits
: - y [ Zijets,Z ~ee,e =< .
- ai_fL dt=11b" N yHets O 30— CMS Preliminary
8 r A ] f,ww — an 2 [
& 71 N '=i=SEiEiESE§ Wrjets, W —Iv @ o5 f Ldt=1fb"
> ¢ \\ QCD PYTHIA = -
Z 5 &\ Z+;et52—>tt o b
- N H — Tt (135 GeV/c?) x 10 © 20— 14 TeV
50 \\ = n
4 \\\\‘\T 4 BE
s E\\\\ S ] :
3E \\\ | - 10
5 o - // . -
20 // N Z Z N
- / % m 5 2
1= 5&5&5&:?‘ - expected ofa,,
L it | | L oo o |y Tt
' 115 120 125 130 135 140 145
% 200 250 . GeV/c

M(tr) [GeV/c?]

Considerable improvement expected with Particle Flow techniques
e.g. o(m.)/ m.. resolution brought below ~10% and
inefficiency for C.A. reduce by ~ factor 2 I!!
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Extended Scalar Sector in Minimal
SUSY Models




The MSSM Higgs Boson at the LHC 'JI/G
Minimal SUSY: Mass Spectrum

Polytechnique

MSSM Type II Two-Higgs doublet models

300 . . . . . * Five physical Higgs Bosons
50l /// | e Masse_s governed by m,, tanf3
Y ’ ///  Couplings governed by a,3
200 e
8 = — A H, H
=50 | tanB=2/10/¢/ ] —H —AH,H

=Y 50 v)
€100 | > 1 ©
/ 10 g
50| % 2 | _ — A, H*
7 —h —h
0 . . . . .
O 50 100 150 200 250 300 low m(A) high m(A)
m, (GeV/c?)
« There must be a light scalar: h Born: mpo < mz|cos(20)]

 A,H,H*are nearly mass degenerate at large m,  Loop*:
- For large m, it may be difficult to distinguish the
the MSSM CP-even Higgs from a SM Higgs boson *top, stop etc.

mpo S 135 GeV
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The MSSM Higgs Boson at the LHC './I/G
Minimal SUSY: Production and Decay

Polytechnique

Large tanf3: enhanced bb A/H couplings suppression of VVH couplings !

e 2 b b
g. g
e e
A Ya
& L'I' A = “oooin _
b
production cross-sections =»proportional to tan?f
tanf=5 » The CP-odd A does not couple
1 — - toZand W
H — bb
3 A=>T1T at large tan
N = g tanf)
;Z “w | «For h,H the 1T decay mode is
£10° o the most sensitive
[ | LK
103 / \ - H* couples strongly to tb et tv
80 100 120 140 160 180 200
Higgs Nass (GeV) » ¥ Higgs are narrow (I'<10 GeV)
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tanp

Search for SUSY Higgses at the LHC

H- vy &VBFH - 21

SM-like Modes

Polytechnique

| illllll]%ll%l'-llllllll |II||||||||||_ ﬁ E|§||||I]‘II III|||| III|IIII|IIII
B - Lo CMS | % "a CMS .
%"—.D g M scenario S mi3 scenario |
%E = "g' Myygy = 1 TeVic® - ..‘g Mg, =1 TeVic? |
S ES M, = 200 GeV/c’ = i e M, = 200 GeV/c’
101 o = : |4 10§ - & | -
B ‘E - E T 1 =200 GeVic ] : T 1t = 200 GeV/c -
i E < : < M o =800 GeVic® | i< Mo = 800 GeVic® | ]
_5 E : Stop mix: X, = 2 Mg, ., : : Stop mix: X, =2 Mg, :
m, =115 GeV/c?| m,=115 GeV/c?|
Excluded by LEP qqh, h—>t—l+jet, 30 and 60 b
1F . 1 ‘qgH, Hotr—l+jet, 30 and 60 fb” .
_|IIII|IIII|IIII|IIII|IIII|III||||||_ _lIIII|IIII||III|II|||||II|III||||||_
100 200 300 400 500 600 700 85)0 100 200 300 400 500 600 700 85)0
M,,GeV/c M,,GeV/c

SUSY Higgs
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Search for SUSY Higgses at the LHC

bbo; 0 —> 11

Polytechnique
Discovery Reach (14 TeV): Constraint on tan  using c(A—11)
ﬁ 50 —I t T T T r I T 11 | T 11 | T T ' a? 30'_
% B 1 & [ A =2450GeVic? Hgysy—= Tt Wj/jj
o~ i ] E o5/ 1 =300 GeV/c? — Hg,gy—tt—epljfj
401 - g’ L M, = 200 GeV/c? ALL = 5%
B 1 = B Aolo = 20%
: : <] sl msusv -1 TEVsz ABR/BR = 3%
300 . i Total uncertainty
i S cms, 30" | |
A pp — bbp, ¢ = h,H,A | [
20 B mimax scenario 7 I
5 10—
B MBUEY =1 TeV/c - -
I M, = 200 GeV/c’ i i
10 1L = 200 GeV/c® — 5 CMS
i Mg = 800 GeVic? | ] i 30 b’
- 0 > Tt oe+jet Stop mix: X, = 2 Mgy, | - Stat errors
_||||||||||||||||||||M|_ ghlnl|||||||||||-|||||||..||-||||-||-|.||
100 200 300 400 500 600 700 800 0 100 20 300 40 S0 800 700 GeV/cD)
M,.GeV/c ma(GeVie)
NOtE:Z benchmark for H Sensitivity beyond the Tevatron
use Z => Tt as benchmark for H = 1 at large M, — tanpalready for 1fb!
use bbZ as benchmark for bbH at 7 TeV
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Charged Higgs @ LHC

Jan Schumacher, WIN2009

Polytechnique

» Low Mass Case my+ < my

+ production via t — H*b Light Charged Higgs Boson my+ < my
» decay via H" — v -
ol tan B o s mostly covered at LHC
(ATLAS analysis in preparation) i
> High Mass Case my > m,  ~ Heavy Charged Higgs Boson my+ > mq
» production via gg — thH™ e . 7
and gb—» tH* » difficult except for the highest tan
» decay via H" — tb
5¢ discovery sensitivity 95% C.L. exclusion sensitivity
60 T T T T 60 T T T
55 F CDF Run i CDF Run Il
Excluded 55¢ Excluded
50| 95% CL 50| 95% CL
a5+ 45 I
a0t 40 1
L %] a5 |
g 30 T 30 1
25 -
25 .
20 30 b 1 % |
-1
5 -wfl: _ - [ Jso |
10  Scenario B 1 - 0 10 b |
5 1 5
. ! ‘ A TLAS 5 Scenario B -1 fbo ATLAS |
90 110 130 150 170 200 250 400 600 . . .
m, - [GeV] 90 110 130 150 170 200 250 400 600

m . [GeV]

WIN 2009, Perugia - 09/2009
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Search for SUSY Higgses at the LHC IJI/@
Global View (very long term)

Polytechnique

ATLAS - 300~
maximal mixing

0 B A'H

ATH? > xO%%
= 4| + missing ET

h only

L& th & <aEE0

LEP excluded

=

S0 100 150 200 250 30 350 400 450 S00

m (GeV)
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Search for SUSY Higgses at the LHC
Intermediate Tan 3 - M,

AYHO > x0,x%, > 4l + missing ET R. Salermo, €. Charlc, 1.5

----- SUSY back. -----. SUSY back. ----- SUSY back.
E:IE f_llI|III|III|III|III|III|III ;;‘5 [‘:]‘?‘ EIII'III|III|III|III|III|III EZE E:IE :III|III|III|III|III|III|III gﬁ
> o . S N > fPointc | |
@ gor Point A -1 2 [PointB —f @ 25__Pomtc -—1i
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S sl 2o - - 14 TeV
[ B [ B ] &1 ool .
— 60— E — : : — L i
I & a0 b 2 ] 30 fb-l
= = ] = L ]
& 50 = 2 r ] & 151 .
o E ] e B 1 - r ]
Sd 1T E R :
B ] r . 10k N
0 E 10 E i
20| J

10§ + - E 5? + é 5?
e :
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60 80 100 120 140 160 180 200 20 40 60 80 100 120 140 160 180 200
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2 2 2
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350 ey — \ T — — . I |
................... t g 20
7, LSP anB ..
300 1 300 ik B: _______ 450 GeV/c’
- Wnp=o o g tanf=10- - 18
ei > 250 e 250 16
-8 _________________________________________ ""-9.. ____________________________________________ 350 GeVic _14
> 200 % 2001~
é - e &) = Point A 34 1o
= PointC el m - Do e
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. . . . _
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@ Conclusions U/@

Polytechnique

e 20 years later ... the beam is now circulating in the LHC ! we have
seen first collisions at Vs = 900 GeV (and 2.36 TeV) in 2009 !
... and are preparing for Vs = 7 TeV and 1 fb'! in 2010-2011 !

[Major media event on the 30/03 at CERN !]

e The experiments are ready and partly commisionned using cosmics
collision 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 will partly takeover and extend the searches for
the Higgs(es) and new physics beyond the reach of the TeVatron
already in 2010-2011
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