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LHC (LEP) @ CERN




Lepton vs Hadron Colliders
Synchrotron Radiation

 Energy loss per revolution

2 3 4
AE =5 P ,B:X 7/:E R = orbit radius
3¢, 27R C m
L EY[GeV]

AE[GeV]=5.7%x10
R[km]

= Example : LEP, 2rR=27km, E=100 GeV (in 2000)
O AE = 2 GeV!!
O LEP at limit, need more and more energy just to compensate energy loss

= Note : for ultrarelativistic protons/electrons ( =1)
AE[p]/ AE[e] = (m,/m,)* = 10713 11



Proton structure

= (Anti-) Protons are a quark-
gluon soup - U

O 3 valence quarks bound by exchange of gluons

O Gluons are colored and interact with other gluons .

O Virtual quark pair loops can pop-up generating Proton
additional quark content (sea-quarks)

O Proton momentum is shared among all constituent <

partons (quarks& gluons) g ; g

Virtual quark loop



ete" versus pp

take e*e- annihilation to quarks

e*, e  are point-like particles (to our
present knowledge)

colliding particles do not carry colour

charge = no interference between initial

and final state because of strong
interaction (gluon emission)

= theoretical calculations are "easy” and

precise

take proton-proton collisions:

protons are made out of quarks and gluons,
actual interaction is between these partons

parton distributions cannot be computed

from first principles, only determined from

experiments

colliding particles carry colour charge =

interference

— theoretical calculations are very
“difficult”, and not very precise
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How much beam energy is really available for producing new
particles?

m In an ete collider : +
practically all of it

However: Photon radiation in the initial
state can reduce the effective E,

particularly important when close (in energy)
to a resonance A

m Advantages: 105

energy very precisely adjustable, for ¥y

example, to be at a resonance (e.g. Z: 91
GeV, Upsilon: 9.46 GeV) where the cross
section is large

m Disadvantages:
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When looking for new particles with
unknown mass: Have to scan “manually”
the beam energy
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How much beam energy is really available for producing new particles?

m In an proton collider :

hard interaction due to partons
I 2 — 2

Effective Ecy? = X, X, Ecym
Xy Xp <<'1

m Advantages:
because in every collision the x; are
chosen “at random”, there is a natural
scan of effective E,, : good for

exploration of new energy regime (for
new particles)

m Disadvantages:
effective E,, not adjustable by
operator

since in general x, # X, : centre-of-
mass system boosted w.r.t. to lab
system
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LHC parameters
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p-p collisions at LHC

LHC DIPOLE

CROSS SECTION
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CERN AC/DI/MM — 06-2001

9300 Superconducting Magnets
1232 Dipoles (15m), 448 Main
Quads, 6618 Correctors.

Operating temperature: 1.9° K
26.7 km tunnel
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The Large Hadron Collider (LHC)

Lowering one of the 1232

15m long dipoles 100m down into the LHC
There are another 8000 magnets of e/ _
different types as well el ZEmme
15t magnet lowered in March 2005 o

The laat Dipole magnet makea ite deacent towards its
final deatination in the LHC tunnel

18| GERN



The Large Hadron Collider (LHC)

—

Preparing to connect the magnets together — and
a cutaway showing the multiplicity of complex
services from one magnet to another

There are over 2000 of these magnet-to-magnet
joints to make around the ring




First beams around the LHC

ETVSLCHLZEL

Horizontal projection

== Beam

, (a single proton

i bunch) enters and
"”’7 does a complete

e circle around the
LHC ring

Joyous faces on 10 Sep 2008 at 10.23

CCD Camera .

Lens

Fluorescent screen to
detect the beam — like ()
that in a CRT television

Screen



Beam splashes at CMS

10° protons at 450 GeV dumped on collimator 150 m upstream
of the CMS experiment. ECAL total energy: 150-250 TeV

HCAL energy ECAL energy

G. Franzoni UMN - CMS ECAL 1



First beams around the LHC in CMS




ATLAS 4. 17

Atlantis ATLAS 2008-09-12 16:17:22 CEST event:JiveXML_88153 26862 run:88153 ev:26862 Atlantis

Beam halo event *

>

Beam halo events are
important for
Endcaps calibrations

Beam dumped on closed
ke . collimators 140 m far from

e

the IP, produced a splash of
particles, useful for timing-in
the L1 systems

Run 87863 . NN R O :
EVIE R ‘ N ; 5/25/09




One of ~1700 interconnections: busbars and tubes

CMS meeting 8 May 2009






CMS: cosmic ray event

Run 66533, Event 755832



CMS: cosmic ray event
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Run 66533, Event 1154729




CMS: Cosmic rays signal in ECAL

=  Minimum ionizing particles deposit 250 MeV in ECAL. Increase efficiency:
signal/noise enhanced (x4) in EB to the value of 20, by increasing the
gain of the APD.

= Pattern in reconstructed time: time of flight top=>»bottom and internal
synchronization schema for collision events

Run 66637, Event 405, LS 1, Orbit 70151, BX 1635

| Time cosmic clusters | | Entries 783781
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ATLAS: cosmic ray event

ST event:JiveXl 272_2065845 run:90272 ev:2065845 geomet <default> Atlantis




Temperatures around the LHC ring

§T~2K, ready for “cold tests”,

e commissioning, and beam

HHE-GDE  BDE- DK KA 4.1

POINT 4

~ SECTOR 45 _ POINT &

SECTOR34  ° CMS  SECTORE6

xﬁw
by YOU can follow this at SECTOR 67

http://Ihc.web.cern.ch/lhc/ '|

SECTOR 23

LHCh

Picture as of 4 Nov 2008




Collisioni protone-protone at
LHC
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Signal and background->1034

Fermilab SSC
CERN i LHC:l

Cross sections for various physics processes

vary over many orders of magnitude - %_y 10°

Und/5

Higgs (600 GeV/c?): 1pb @103 102 Hz '™
Higgs (100 GeV/c?): 10pb @10%4>0.1 Hz I

t t production: —->10 Hz E1unl
W— 7 v: —>10% Hz .
Inelastic: >10° Hz &

1nb -

Selection needed: 1:10%0-11 _
Before branching fractions... 1 pb |-

CDF and DO successfully found the top quark | ,
facing similar rejection factors A R e

Events /s for &= 10% cm2 s~



t>2GeV

Allchargedtracks WitH p

4 muons

—~
7))
o
c
)
>
.e...
)]
O
O
&
)
=
S
S
(@)
o™
+
~—

decay

iggs

H




28

Impact on detector design

LHC detectors must have fast response
Otherwise will integrate over many bunch crossings — large “pile-up”
Typical response time : 20-50 ns
— integrate over 1-2 bunch crossings — pile-up of 25-50 min-
bias
— very challenging readout electronics
LHC detectors must be highly granular

Minimize probability that pile-up particles be in the same detector
element as interesting object (e.g. y from H — yy decays)

— large number of electronic channels
— high cost
LHC detectors must be radiation resistant:

high flux of particles from pp collisions — high radiation environment
e.g. in forward calorimeters:

up to 1017 n/cm? in 10 years of LHC operation
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Basic principles

Need “general-purpose” experiments covering as much of the solid angle as
possible (“47”) since we don’t know how New Physics will manifest itself

— detectors must be able to detect as many particles and signatures as
possible: e, u, 1, v, v, jets, b-quarks, ....
Momentum / charge of tracks and secondary vertices (e.g. from b-quark
decays) are measured in central tracker (Silicon layers).

Energy and positions of electrons and photons measured in electromagnetic
calorimeters (+central tracker).

Energy and position of hadrons and jets measured mainly in hadronic
calorimeters (+central tracker for charged hadrons).

Muons identified and momentum measured in external muon spectrometer
(+central tracker).

Neutrinos “detected and measured” through measurement of missing
transverse energy (ET™ss) in calorimeters (+central tracker).
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The CMS Detector

CMS
A Compact Solenoidal Detector for LHC

FORWARD TRACKER CRYSTAL ECAL HCAL
s R | |
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Total weight

Overall diameter: 15.00m SUPERCONICTING
Overall length : 21.60m
Magnetic field : 4 Tesla CMS-PARA-QO1-11/07/97 JLe.pp
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Particles as seen in CMS

Om m m 3m am 5m &m

Key:

Muon

Electron

Hadron (e.g. Pion)
""" Photon

}]1]"  ormaer

Hadron Superconducting
Calorimeter Solenoid

Iron return yoke interspersed
with Muon chambers

Transverse slice
through CM5
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The ATLAS Detector

Muon Detectors Electromagnetic Calorimeters

; Forward Calorimeters
Solenoid
o End Cap Toroid
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Particles as seen in ATLAS

Muon
Spectrometer

Hadronic
Calorimeter
' Proton :
The dashed tracks
are invisible to
the detector

\/
\

NE

COATIAC

Electromagnetic

X
- A1 R Tal,
s CYPEDIMENT

Calorimeter
Solenoid magnet x
http://atlas.ch

“Transition
Radiation
Tracker
Pixel/SCT

Tracking
detector




Typical detector concept

m Combine different detector types/technologies
into one large detector system

Interaction

point
Precision vertex
detector

tracking Magnetic
detector spectrometer

S.10}0919p uoni

9jawI0|ed d13Rubewo4109]3
J9j2wWiojed diuoJdpeH
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ATLAS

LHC pp experiments

A Toroidal LHC ApparatuS

CMS

Compact Muon Solenoid




Quanto sono grandi
ATLAS e CMS?

ATLAS e CMS accostati
ad un edificio di 5 piani

= ATLAS  CMS

g CMS - ' Peso totale (tons) 7000 12500
Wagneticfield 4 Tesla CMS-PARA-DD1-11/07/97 SEPP Dlam etro 22 m 15 m
Lunghezza 46 m 22 m

2T 4T

Campo magnetico



The CMS Detector

Pixel + strip silicon tracker

PbWO, crystal ECAL

Copper + scintillator
sandwich HCAL

u-chambers

4 Tesla solenoid
Very-Forward-CAL

(Steel + quartz fibre)



Lavori di scavo a "Point 5"
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UXC/USCH: CMS caver'ns

Delivered to the experiment on
February 1-st 2005.
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Surface Hall: Endcaps
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Assembly of the Coil







Insertion of Barrel ECAL




First HF landing info UXC55 (2 Nov 06)




Lowering of Heavy Elements
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After Tracker insertion Pixel insertion
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Cabling and re-cabling one year later
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Spring 2008 8% , 9
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e pp collisions @ 14 TeV and L=103* cm2s!
o LHC collision rate = 40 MHz

F. Pastore - CERN

Tile calorimeters

\ = LAr hadronic end-cap and
forward calorimeters
Pixel detector

Toroid magnets LAr electromagnetic calorimeters

Muon chambers Solenoid magnet | Transition radiation fracker

Semiconductor tracker

11th Pisa Meeting on Advanced Detectors, La Biodola

5/25/09




ATLAS - A Toroidal LHC Appar'cn‘us

y

] am,-= m

'nthe vast ATLAS cavern




(o
s
i -
D
i -
c
O \
€ |
G

ATLAS










ATLAS - The Toroids
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éhuge Toroidal magnets in .place







Some slides are from a presentation at CMS Italia, Bari 2008 (C. Botta —N. De Filippis)

ATLAS

H— ZZ e ey it (m,= 130 GeV)
H—ZZ() — ee un

ATLAS




Detection strategies: CMS vs ATLAS

“No particle of interest should escape unseen”

\ 4

Need to absorbe energy of 1 TeV electrons (30 X,or 18 cm Pb), of 1 TeV pions (114 or 2m Fe)
Particle are produced over all the solid angle, need to limitate crack in acceptance. (|7|<2.5 )
Efficient identification in addiction to excellent purity of muons, electrons, photons arising from the
hard scattering are as important as the accuracy with which their four-momenta can be determined
( for pt 40 GeV the electron/jet ratio decrease from 10~ to 105 from Tevatron to LHC)

Different answers to these needs by the 2 collaborations expecially in
the choice of the magnet system which has shaped the experiment in
a major way

ATLAS e CMS chose different way to maximize the factor BL?> determining the
resolution on the momentum of the muons ( goal: 10% for 1TeV muon)

v
I




Different design concepts

THE MAGNET SYSTEM

Barrel End-cap

Parameter Solenoid  Solenoid toroid toroids
Inner diameter 59m 24m 94 m 1.7m
Outer diameter 6.5 m 2.6 m 20.1 m 10.7m
THE CMS CHOICE ) ) Axial length 129 m 53m 253 m 50m
one magnet for high magnet field in the tracker volume  yumber of coils 1 1 3 g
and high enough return flux for muon momentum Number of turns per coil ~ 2168 1173 120 116
measurement. Conductor size (mm?) 64 % 22 0 x425 5Tx12 41 x 12
Bending power 4T-m 2T-m 3T-m 6T -m
Current 19.5 kA TT kA 20.5kA 200 kA
Stored energy 2700 MJ 38 MJ 1080 MJ 206 MJ

THE ATLAS CHOICE:

-small-radius thin-wallet superconducting solenoid integrated into the cryostat of the barrel ECAL that provide a
2T field

-Barrel Toroid: 8 flat superconducting race-track coils, each 25 metres long and 5 metres wide, grouped in a
torus shape. The 8 coils in the torus are kept by 16 support rings.

-Two EndcapToroid positioned inside the Barrel Toroid at both ends of the Solenoid, provide the required high
magnetic field across a radial span of 1.5 to 5 metres.

—



Different design concepts

THE MAGNET SYSTEM (2)

ATLAS PROS: the muon spectrometer provides indipendent and high
accuracy measurement of muons over full coverage (|7 |< 2.7

ATLAS CONS: not uniform field in the limits of the tracker volume
(because of the lenght of the solenoid)

ATLAS CONS: the position of the solenoid in front of the barrel ECAL
.. limited in some extent the energy resolution in the region 1.2 <|7|<1.5

r(m)
CMS PROS: the higher field strenght and uniformity of CMS solenoid L T
provide better momentum resolution and better uniformity over the full eta
coverage

CMS CONS: the position of the solenoid outside the calorimeter limits the 4 —+—=-",
number of interaction lenghts to absorbe hadronic shower for |7 |<1

CMS CONS: the muon spectrometer system has limited stand-alone ——
measurement capabilities (problem for triggering with the LHC upgrade)




Different design concepts

THE TRACKING SYSTEM

For robust and redundant pattern recognition / High level
trigger capabilities for e, u, tau and b-jets / secondary
vertices and impact parameters/ electrons Id by matching
cluster and tracks...

Same geometrical coverage (over |n|<2.4—2.5)

Similar near the interaction vertex but differ in technological choices at larger radii

« small radii: PIXEL DETECTOR-> 3 hits, pixel size ((#m)R@x (1m)z) = 50x400 (ATLAS) /100x150 (CMS)
« intermediate radii: SILICON STRIP (=3004m , pitch 80120 m). SCT (ATLAS) -> 8 hits (30- 60 cm) /
TIB,TID and first rings of the TEC (CMS) -> 6 hits (20-55 cm)

« outer radii: (CMS) silicon strip technology with TOB and TEC->8 hits (55-107 cm) (~ 300 zm ,

pitch 120 —-180 um ). (ATLAS) TRT (56-107) cm ( set of 4 mm in diameter straw-tube detectors
operating at room temperature)

similar inner and outer dimensions (107 cm (ATLAS) — 110 cm (CMS) )

serious problem of the material budget that increased during the years ( (CMS) it reaches 1.8 X,
at n~1.7)

—




Different design concepts

THE TRACKING SYSTEM (2)

ATLAS  CMS
Reconstruction efficiency for muons with pr = 1 GeV 96.8% 97.0% Performance of CMS traCker iS
Reconstruction efficiency for pions with pr = 1 GeV B4.0% BO.O% )
Reconstruction efficiency for electrons with pr = 5 GeV 20.0% B3.0% UndOUbter Su peI'IOI' to that Of
Momentum resolution at pr = 1 GeV and 7 = 0 1.3% 0.7% ATLAS in term of momentum
Momentum resolution at pr = 1 Gel and g 22 2.5 2.0% 2.0% | .
Momentum resolution at pr = 100 GeV and » == 0 R 1.5% resolution
Momentum resolution at pr = 100 GeV and » == 2.5 1% 7% (more uniform and higher field and more
Transverse Lp. resolution at pr = 1 GeV and g 2 0 (um) 75 90 accurate measurements at large radii )
Transverse i.p. resolution at pr = 1 GeV and 5 # 2.5 {um) 200 220
Transverse i.p. resolution at pr = 1000 GeV and » =2 0 (pm) 11 9 : .
Transverse i.p. resolution at pr = 1000 GeV and g = 2.5 {pm) 11 11 VerteX| ng and b tagg I ng
Longitudinal i.p. resolution at pr = 1 GeV and 5 = 0 {um) 150 125 performance are similar
Longitudinal i.p. resolution at pr = 1 GeV and # = 2.5 {umj 200 1060 (the smaller pixel size is counterbalanced
Longitudinal i.p. resolution at pr = 1000 GeV and 7 & O (um) 20 2242 by the charge sharing and the analog read-
Longitodinal i.p. resolution at py = 1000 GeV and » 22 2.5 (pm) 150 T

out)

racker Material Budget |

R 2

Impact of material and B field is gv | o CM
visible on efficiencies L S

1.2

(the problem is more visible in CMS
because of the higher magnetic field which
enhance effect owing to interaction with
material)

1
0.8f-
0.6
0.4f




Different design concepts

THE CALORIMETER SYSTEM

Elettromagnetic calorimeter

ATLAS uses LAr sampling calorimeter
with good energy resolution and
excellent lateral and longitudinal
segmentation

CMS use PbWO4 scintillating crystals
with excellent energy resolution and
lateral segmentation but no longitudinal
segmentation

LA )

B 00'05. Sar'npl. Const. Term
1ol CMSECALtestbeam ] Test beam: ' AT
3 M L uti 0.0 10.1=0.1  0.17-0.04
_4f | Resolution in 3x 3crystals - CMS superior Intrinsic resolution 0. <iPata :
o ' o 3
S 18 crystal response carves | A1 LAS excellent uniform response 0. p¥ds nojos subiraoted -
% 0.0
< 08 : 0.02"
- H o) 3-5% o (E) A10% *7
0.2 y ~ ~ L o
{ E JVE EVE 0.005-
%50 oo iB0 200 250 :

Energy (GeV)




6logy
* Lead Tungstate Crystals (~76000)
 High density (8.2 g/cm3)
« Short radiation length (8.9 mm)
« Small Moliere radius (22 mm)

 High segmentation for precise position
measurement

* Acceptance to, |n]|<3.0,
o _Tz.ss%j +(124|v|ev

- Resolution: E JE E

2
] +(0.26%)




Interaction lengths

Different design concepts

THE CALORIMETER SYSTEM

Hadronic calorimeter

ATLAS: Made by Fe-scintillator (barrel) and Cu-liquid argon (end-caps) for a total of 11 4,

JQJ*

relative good energy resolution: o, / E =50%/+E/GeV ©0.03

CMS

. Made of Cu-scintillator with
energy resolution

. 1 E ~100%/E/GeV ®0.05

Due to the constrain of beeing
inside the magnet is not long
enough -> HO (7.24, (7 = 0))

30 T T T T l T T T T I T T ] | T T T ‘ T T T T | T
= = ME4] =
= " et St ‘ MS 5 |
- * ME32 ME31 T
251 = 5 : -
- MB4 Yoo ‘s ; —
- . . . $ ME2] —
L. e - . I = N
20 [~ e _.-";ﬁ'\ nany o .
1= . > MEIZ, Y "*-_; v ) 4
I ¢ MB3 % ki & B 0
N a4 L St R
[ -’ ~ P - -

P o

15/ P, vy =
B ~ ? > il

- CMS Sampling fraction 3 time worse than ATLAS

(fraction of ionizing energy deposited in active medium for MIP)

ATLAS

CMS

o
sl

llllll]l

Technology
Barre VExt. barrel

End caps
Forward

Abs. lengths {min.-max.)
Barre VExt. barrel

End caps
Forward

14 mm irond3 mm scint.

25-50 mm copper/8.5 mm LAr

Copper (front) - Tungsten
(back W0.25-0.50 mm LAr

97-13.0

9.7-12.5
95-10.5

S50 mm brass/3.7 mm scint.
78 mm brass/3.7 mm scint.
SteelflG mm quartz

7.2-11.0
10-14 (with coil/HO)
9.0-10.0

9.8




|

» Barrel and Endcap part (|n|<3)
* Brass / Scintillation layers Resolution: [%) =(
* Forward Region (3<|n|<5) 2 2
- Steel plates / Quartz fibers Resoluﬁon:(%j =(23(§/°j +(11%)°
* Absorber geometry

7 Interaction lengths at n = O
* 11 Interaction lengths at n = 1.3

2 2

115% +(5.5%)2

%‘
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(meters)

Barrel & Endcap:
E&H:72 x56
(In] < 3.0)

Forward: ——»
Honly:18 x4

(3.0 < |n| < 5.0)
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Different design concepts
e Csc THE MUON SYSTEM i -

1.2

ST the golden decay H—ZZ—4pu requires a [ [
TGC BN resolution of 1% of the two-muon states :
\ ‘-t-*.w-:s“hﬁi-;'-j‘;i‘l.ﬁ;lﬂ - both experiments aim at a 10% momentum
AN S Ll ol resolution for 1TeV muon
s g
:,“ /. wide rapidity region (2/3 of Higgs decay in

4u have at least one p with n> 1.4)

Trigger: ability to measure and select on line
u with pt > 5-10 GeV

ATLAS: 171 . large toroidal magnet with 8 coils , 3 cilyndrical layers of chambers (MDT and RPC)
1.4 < n|< 2.7 - muon tracks are bent in two smaller toroidal, 3 wheels (CSC, TGC and MDT)

1<nl|<1.4 : the magnetic fields partially overlap reducing the bending, chamber strategically placed
TRIGGER with RPC e TGC

CMS: chambers installed between the iron slabs that provide the return yoke for the field (big enough

to have 4 station in the barrel and 4 perpendicoular disk in the endcap)
TRIGGER with CSC,DT and RPC

Pseudorapidity coverage CMS < 2.5 — ATLAS <2.7

—




Different design concepts

/) THE MUON SYSTEM

M ATLAS opted for a high-resolution stand-alone measurement (large volume with low
material density)

B The required precision on muon momentum implies an excellent knowledge on the
magnetic field (modest in all the region (0.5T) but inhomogeneus — must be
measured and monitored with high precision (to 20G) )

B The high accuracy stand-alone measurements necessitates a high precision on the
alignment ( 30 um w.r.t 100-500 um requires by CMS)

B Finally these measurements relay on a detailed knowledge of the material-distribution in
the spectrometer, expecially for reconstructing with high accuracy intermediate-momentum

muons without a high fake rate (the corresponding effect in CMS is much smaller)

B The CMS muon system strong point is the effective matching with the tracker. The
solenoidal field outside the coil bends the tracks in the transverse plane effectively adding
points to tracker track

B The limited stand-alone muon resolution of CMS is dominated by MULTIPLE
SCATTERING in iron, while in ATLAS by calibration and alignment

—




Cathode Strip Chamber
NEE T wires | e A T
| . :
1 I | /—=e1 ] '
\l‘\ll !E i_—’ - . [T 4
a2 U 3’4.
_Sil-_.-l—u.“_ LL“'J ‘ | — g Meantimer CITA—--2
lllllll I:; 1 '_& Su-ip,s — ‘j._'—| recognizes 1—.“'”:“”
> v W T {I‘—él n tracks and form vector/quartet
w Comparatars = I
T ! give 0.5 strip i | P
L resolution ‘ | W - Resistive Parallel
Plate Chambers
I .
I ===

 Operation Princ“i'pl'es
* Muons are identified in Muon System
 For low P; muons, P, is assigned by the tracker

* For high P, muons, Muon system contributes to the
measurement

* All muon sub-detectors contribute to the trigger

* Layout
* Barrel
« Drift Tube chambers (DT) |n|<1.3
 Resistive Plates (RPC) |n|<1.3
* Endcap
« Cathode Strip Chambers (CSC) 0.9<|n|<2.4
* Resistive Plate Chambers (RPC) |n|<2.1




* Full coverage to &
Inl<2.4

* Overlaps with

Tracker Coverage. ™

* Three main o [ N
coverage regions
* |n|<0.8: Barrel
only 300
» 0.8<|n|<1.3: Barrel
and endcap
- 1.3<|n|<2.4:
Endcap only. 0

- fm(})

80




ATLAS vs CMS

[FE——e— AT LA —— | —— G De—
Magnetic fleld 2T solenoid + toroid (0.5T barrel I T 4T solenoid + return yoke
endcap)
Tracker Si pixels, strips + TRT Si pixels, strips
o/pr =~ 5x10p; + 0.01 o/pr = 1.5x10p+ 0.005
EM calorimeter Pb+LAr PbWO4 crystals
O/E =~ 10%/+/E + 0.007 O/E = 2-5%//E + 0.005
Hadronic Fe+scint./ CutLAr (10)\) Cu+scintillator (5.8\ + catcher)
calorimeter O/E ~ 50%/+/E + 0.03 GeV G/E ~ 100%/vE + 0.05 GeV
Muon Olpr=2% @ 50GeVto 10% @ ITeV  olpr = 1% @ 50GeV to 5% @ | TeV
(ID+MS) (ID+MS)

Trigger LI + Rol-based HLT (L2+EF) LI1+HLT (L2 + L3)



Higgs Hunting at LHC

ATLAS barrel
H— ZZ > ey (m= 130 GeV)

 wHC-B CERN
- ezaloint 8 -5 ATLAS
W 1 Point 1

)

'
"
L
L
L
"
.
L

s

/. /‘-'* S

Higgs hunters

ATLAS

H—ZZ(") — ee nu

LA
R



Higgs search prospects
rjpvf
. ~
—
z 0 He

?
;j i .



SM Higgs: what we know from

theory

One pseudo-scalar doublet ® (4 degrees of freedom)

Potential V = A|®[*— u?|®J?

After spontaneous symmetry breaking:

« W* and Z acquire masses (3 degrees of freedom)

* the last remaining degree of freedom (4-3=1):

scalar CP-even Higgs of unknown mass
m2, = Av?/3

A, as any other coupling constant, runs

up to a scale Q at which the model is

not longer valid:

* small m, at 1-TeV scale

at some Q, A(Q) <0V has no minimum

(vacuum breaks loose)

 large my at 1-TeV scale

at some Q, A(Q) = oo theory becomes
non-perturbative
cnirmney

my must be within ~ 50-600 GeV range
(if the SM is valid up to Q ~ 1 TeV scale)

My [GeV]

physical Higgs boson

_ /f B \
modes “eaten” by W,Z myy, myz 7 0
A O O B
600 T~ m; = 175 GeV ]
L o, (Mz) = 0.118 ]
400 [— —
— non-perturbative o
200 :— allowed —:
- Instable vacuum 7
O | | | | | ‘ N I R I N N S B
102 108 109 101% 1015 1018

Q[GeV]



Direct searches at LEP, et*e Indirect evidence is driven by
collisions, (1989-2000) radiative corrections

et HO First Hint of Higgs Lo woar,  H CHY o Mo
yASO N boson with mass 115 WNOWM rinnn, ninaionens My
GeV observed by Wy W Zwzw zw zw
_ 0 ALEPH.LEP CDF+DO0 Top Quark Mass = 172.7 + 2.9 GeV
e Z”  experiments together
] see about 2¢ effect 6 T
h‘JL’? gl | T 1T | T 17T T 17T T TT || - = :
© o Aoy, =
10 9] — 0.02758+0.00035 |
5f 1 *+= 0.02749+0.00012
10 ¢ 4 - *+ incl. low Q° data LI
10 _3__ ——— (Observed od |
£ By I3 ]
10
- 2 n
-5
10 & ]
: " 1- s
10 L1 1 | L1 1 | L1 1 | L1 1 | | i
100 102 104 106 108 110 112 114 116 118 120 o | Excluded Yy
my(GeV/c') 30 100 300

my, [GeV]
M, >114.1 GeV @ 95% C.L. M,=91+45,, <186 GeV @ 95% C.L.



Tevatron Combination
Tevatron Run Il Preliminary, L=0.9-4.2 fb”

T‘Irﬁ"rﬁrt T IIIIrr‘!r‘lr

lrr.

—— —
% Lt LEP Exclusion Jvn o Tevatron |
= A B W Exclusion
= 10 E 1y e glbc Ex:cted / =
2 il " 120 Expected
o b |
o, 2009
H
m n
Moriond
1 —
100 110 120 130 140 150 /160 17(\1'80 190 200
Jse latest theoretical : H(GeVic')
LS including: Bayesian 155 160 165 170 175 180 185 190 195 200
5(qg—+H) by de Florian [Expected 15 11 11 14 16 19 22 27 35 4.2
2 Grazzini Observed 14 099 086 099 11 12 17 20 26 3.3
v/ MSTW 2008 NNLO g5 155 160 165 170 175 180 185 190 195 200
°DF set Expected 15 11 11 13 16 18 25 30 35 39
Observed 1.3 0.95 0.81 0.92 11 1.3 19 20 2.8 3.3




95% CL Limit/SM

What we know experimentally:
Tevatron CDF & DO combined (March 2009)

Tevatron Run Il Preliminary, L=0.9-4.2 fb!

. T - 4 ¢ Tevatron:Runll Preliminary == 1_CLs Observed
LEF.’...EXC|USIOI‘I_§_____ TeVﬂll‘O"l 8 - 1.=0.9-4.2.fb" =i |-CLs Expected
| Exclusion | 105 -
Expected - March 5,:2009 “ Expected £1-6
1— ~ Expected £2-6
- 95%: C.L.
90%: C.L.
- o Marlf:hs 200%
100 110 120 130 140 150 160 170 180G1QVO/ 200 T R LT
my(GeV/c ) my, (GeV/c?)



Tevatron exclusion

Tevatron Run Il Projection

January 15, 2009
Preliminary

Tevatron Run Il Projection

January 15, 2009
- Preliminary

E = Analyzed L=10 fb""/Exp.
B ——  Analyzed L=5 b /Exp.

ol 20 Excess

Probability

— Analyzed L=10 fb"'/Exp.
— Analyzed L=5 fb/Exp.

O o™ T8 720 TIU~4Q_ 150 160 170 180 190 200
With Projected Improvements 2
m, (GeV/c")

» Improvement factor of 1.5 is assumed (besides plain increase in Lumi)
» Projections do not take into account the current actually observed limits

Probability ofi3c Evidence

LEP Exclusion

0.1 |




Production cross-section @ Js = 14 TeV

100

o(pp - H + X) |pb]
ﬁ = 14 TeV
MRST/NLO
my = 178 GeV
Leading Process (gg fusion)

GF H->WW, ZZ, vy

1000

My [GeV]

. — . A.Djouadi Phys.Rept.457:1-216
Typlcal uncertainties on cross-section

10 % NNnLO

5% NLO
WH,ZH 5% NNLO
ttH 15%  NLO



Main Decay Modes

114 GeV/c? 2Mz

[am—
TTT

(LEP2 limit)fl l
Close to LEP - A

limit: H—yy,7t,bb

_
<

|
2

For M,;>140 GeV:

Branching Ratio (Higgs)
S

o

10

H—>WW®),z2Z() N

< Atlowmass (m,<2m,) Higgs Mass (GeV)

* H=» bb : BR ~0.85 but huge QCD
background

e H=>1tT : accessible through VBF <  For Higber masses

® H=>yy : very important despite the low H>WW?* 2212v and H>ZZ2*->4l
BR (~0.002 ) due to the excellent y/jet
separation and vy resolution

* H2>WW®*-22|2v : accesible through gg
fusion and VBF, BR~1 at m,~160 GeV/c?

* H=>ZZ*->4l4v : also accesible



(dL/dS) / (same at Tevatron)

TEVATRON vs LHC
at the end of 2010: 8 fb-! vs 200 pb-!
factor of 40 in x-sections?

100 ‘ . ——
g — H o(pp — H + X) [pb]
/5 =14 TeV
1000 - T T 1 | T 11 || T T 1 |.'r |.' || .' T T 1 T1 ||: r}f}:"lT?i%NgR
[ Joey Huston and Jon Pumplin 4 H ll ] 0E
n I'] - rao— Hyg -
i " .. : 7 :qrﬂ » WH . L -
B ' " l 7] [ g — ZH . .'"..‘. B
' ' 1| pp— HH e, *
N ] [ ] M - F
s ! ]
factor of 40 S
100 — ' " ? —
- [ (] - 01— O Lo
N ' " M ] 100 o (GeV 1000
- { ] ] M (GeV]
B , [ 4 ] _ R tr T L
" " " 10 E_ N TeV 11 _
" { ' ot E qq — Wh E
» " ‘l '] _ L :
& L4 ! 102 _:
gg " " [ F |
aq —» qgh — 1
o’ o [ g ]
10 C " “ " - -‘"—».“_‘b;nah Te—
: " "‘ ‘ : 10 £ \\\ qq—Zh =
E_::" + — '0 . T~ ]
.qq — tth — 4
- gq -g-q-- -"' T I lvV4Ljf:1>vvﬂhn=mwn ) = 1
- - Ll Ll Ll Tl
;.-—"’:- - T ' oo 120 140 160 180 200
- 49 i Very roughly,
[ | ||||| 1 [ | | ||||| 1 [ | L1l .for gg_lnduced processes’
one can compete at m;,,>150 GeV

1 1
0.01 0.05 0.10 0.50 1.00 5.00 10.00
 for ggbar-induced processes,

Sqrt(s) [TeV] one can compete at m;,,>1 TeV



Events/500 MeV for 100 fb~!

Higgs Events in CMS

My, <150 GeV 130<M,<500 GeV My, > ~500 GeV

jet jet

8000 :ﬁLl 5 — -
H—=ZZ*—<e e e e my =130 GeVic b
o, 25— " an
: H— vy - oo 2 | H> ZZ — #jj
7000 £ 3 r m,, = 170 GeVic* &
~ 20— 22' 411+ Zbb T 5L
=~ F S — Signal
6000 e “>— 4 — Bkgd
- Higgs signal 'g_ 15 8 B
s o 3
5000 £ ol &
St — 2L
" 2
4000 | sk =
L =
] I : ’ I ’ N ’7 w ] ] i
110 120 130 140 I I
D P I TS N i ||||||||\|\|\|||‘|_I 200 6800 1000 1400 1800
100 110 120 130 140 150 160 170 180 1 200

Myy (Gev) m,, (Gev/c Mjji (Gev)
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Event selection: The trigger system

Mandate:
"Look at (almost) all bunch crossings, select most interesting ones, collect all
detector information and store it for off-line analysis"

The trigger is a function of :
REJECTED
» ACCEPTED

Event data & Apparatus
Physics channels & Parameters

Since the detector data are not all promptly available and the
function is highly complex, T(...) is evaluated by successive
approximations called :

IRIGCGER LEVELS

(possibly with zero dead time)




CMS

Trigger and readout structure at LHC

>
< 25 | | N OSity =
_ ns » Luminosity=103% cm? sec*
- 30 Collisions/25ns ‘ | y
(109event/sec) A
10’channels 5 A
(10tebit/sec) \ I\
Multilevel trigger and readout systems
Trigger Rate —L Trigger Rate —L
D
40 MUz Detectors 40 MHz etectors
25ns — | 25ns
Front end pipelines @ Front end pipelines
105Hz 105Hz
psec psec
Readout buffers Readout buffers
103 Hz Switching network - Switching network
Processor farms @ Processor farms
sec
10? Hz

10?7 Hz ‘
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Trigger levels at LHC (the first second)

10’s
) J
4

10%s
.
Ty
103s
}/
"’
10°s |

Collision rate 10° Hz
Channel data sampling at 40 MHz

Level-1 selected events 10° Hz

Particle identification(High p, e, , jets, missing B
* Local pattern recognition
* Energy evaluation on prompt macro-granular information

Level-2 selected events 103 Hz

Clean particle signature (Z, W, ..)
* Finer granularity precise measurement
» Kinematics. effective mass cuts and event topology
* Track reconstruction and detector matching

Level-3 events to tape 10..100 Hz
Physics process identification
» Event reconstruction and analysis

96



CRIS, /!
? CMS Level-1 : calorimeters and muons

Compare to Central tracking at L =10 3*
(50 ns integration, -1000 tracks)

97



Particle identification

MUON System
Segment and track finding

Use prompt data (calorimetry
and muons) to identify:
High p, electron, muon, jets,
missing E.

CALORIMETERS

Cluster finding and energy
deposition evaluation

New data every 25 ns
Decision latency ~ ps




Event selection and computing stages

6 LHC s=14TeV  L=10%cm’’ rate eviyear ON-line > :
barn F ) < OFF-line
3 ok do ® LEVEL-1 Trigger
——ocinelastic LT inpUtemm———y /)’ || Hardwired processors (ASIC, FPGA)
_ 1 ¥ I SO T N 0 LS S _ 0" | | s | Pipelined massive parallel
(— bb ] ; L/ &%‘:} I W ([
{MHz <10 TITES | AL (T
max Detector output 1 ,L:\‘\kﬁﬁ;’}”/} L HIGH LEVEL Triggers
BT gutputa 10 12 \" ,;\;ﬁ—i;' Vi _7 17 N *,‘ FarmS Of
max HLT input g | : \| Processors
: 10
IkHz 410
 HLT Quitpit e 10°
- ‘ ' Reconstructlon&ANALYSIS
1 " | | = WV TIERO/1/2
L Y I Centers
10° 7 W
ob 7 105 S| K| =K
i ] > K| K =X
3 <mHz 10 ; j J
1 A &
10° : JM oy
fh - 102
: 7 AL
S NE : ;qu 10
Loy scalar LQ\  Z,72\ 25ns 3us ms sec hour year
50 100 200 500 1000 200 500 | 109 1106 10 1107 1103 '10¢ sec
jet E. or particle mass (GeV) Giga Tera Petabit
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Particle-Flow Event Reconstruction

Reconstruct and
Identify all particles

« Charged hadrons
 Photons

* Neutral hadrons

* Electrons (also non isolated)
 Muons

Identify and utilize an optimal combination of all (CMS) sub-detector
iInformation

Provide a unique list of particles
« for aglobal, coherent, accurate event description
Particle-based objects: MET, Jets, taus, b jets, ...




Physics Object: Photons

Photons a.t 100 Gev 3 Aw0.015 | G A FERT] [ ATU R S TR (T TR 71 1 L O e s
ATLAS: 1-1.5% energy O Phatons ATLAS U_F 5 CMS ECAL Barrel
resol. (all y) g I : B X EG
£ g = b? = > -y x3)/E(5x5) > 0.943
CMS: 0.75% energy resol. = —? <ExmYE+EY  n=1.1 uf N (3x3) (~ )o ,
(8 ~ 70%) § 2 [ ® Unconverted ‘%, 0.01- \I\r;\u i SY =70% =
! = I 0=9.54£0.23 [%+vGeV] o ! Sl -
ATLAS: ~30% 2 : ' b=0.231+0.02 (7] : = 4_;.1 : _{7“}‘ { [j:
photons convert in 2 Ll P e e [ E
the barrel T b=0.19+0.06 [%] 0.005- _
CMS: 42% in the m
barrel, 59.5% in the L %'\l 3.65"/9)24_(%&)24_0'66%2
endcap i | | |
0 L 1 L L L 1 | 1 1 1 1 1 1 L % i : y | l i g | i i y L [ 1 2 | . q
I N N S M 0 500 1000 1500 0 40 60 80 100
__ i TATLAS Energy (GeV) Energy (GeV)
— 1 | Broadly speaking:
— — Y
________________________________________________________________ CMS has a better energy resolution
CMS is probabily worse then ATLAS in the 7° rejection.
“’Lﬁ” m ' ——» A rejection factor of 3.2 against 7° is found for a 90% of photon efficiency

a4 05 e 07 08 6
Fane




Physics objects: Electrons

Electrons:

at 50 GeV in the barrel region:
E theCMS effective resolution
Is estimated to be 2%

B the ATLAS energy
resolution varies between
1.3% (at n=0.3) and 1.8% (at
n=11)

- ECAL
GSF Track [ surface

\\ E

5 UUDF ]
éo.ms;- Al =03 ATLAS
$0.035}
$ 003} S
Soozs;- :
E u.oz: .
L 0.015F ~_0V ——— 3
: B ]
0.01F T
0.005}

2 T
® 20 a0 60 80 100 120 140 160 180 200
Energy (GeV)

lectronCluster

Extrapolated
track tangents

T T T T T T T T T T P T T T T T r P P T T P r T T T e T T Ty
T =g

E. CMS SO

008~ |,
+ ECAL Barrel . :

007~ ':
0.06 v ‘v ECAL | 4

b . " !

| \J .h | L 1
0'055‘ ": * Combined | 1
0.04f RS :

b LAl

t v 0 o* TqelTy 4
003F o’ 35,

' 11

k l.|'|........ 1
0.02iZ | s

5 10 15 20 25 30 35 40 45 50

Energy (GeV)



Resolution (%)

2 o= py oW e ot @ m @

Combined (stand-alone) momentum resolution at

_P —_—
_P —_—
_P —_—
_P —_—
ATLAS P =
_P —
E— & Muon spECTomater « ;'. #
E  rmerdeleclor : !
E~ a Muon spactromater only I
= |
E ml < 1.5 4
%— ,ff"
E— ,.'"I
2N .
= e
E e, 2
§||||| ] |||||||| ] ||||||||
10 102 1EI:3
P (GeV)

ATLAS: almost indipendence of the resolution from n
CMS: degradation of resolution at higher n

Physics objects: muons

10 GeV and = 0

= 10GeVand n == 2

100 GeV and 5 == 0
100 GeV and 5 == 2
1000 GeV and n == 0

= 1000 GeV and n ~= 2

12

=1 E e MUON BpeCTometar
s E rner delecior :
= 10 E- & Muon spectrometer only
E g E_ mi>1.5 ]
[at] e
c ?E
=
s E
s E
4 B »
. E A
E ah——
2 E o .
" E
o = Ll Ll
2 3
10 10

10
P: (GeV)

10!

Apip

ATLAS
1.4% (3.9%)
2.4% (6.4%)
2.6% (3.1%)
2.1% (3.1%)
10.4% (10.5%)
4.4% (4.6%)

0.0 = Iyl = 0.2
s
e [ =]
N e S -
o -
_
L
&
gl
. -
sFull sys=tarm
wMucn system only
ainner tracker only
ul ool v vl

10° 1o?

plGeVie]

CMS
0.8% (8%)
2.0% (11%)
1.2% (9%)
1.7% (18%)
4.5% (13%)
7.0% (35%)

1o

Apip

1

1.8 = Inl < 2.0 T

:—4]L4+*

e

s Full system
wMuan system only
olnner tracker onfy

10* 0’
plGeVie]

CMS : Superior combined momentum resolution in central region ->higher resolution tracking system
ATLAS: Superior combined momentum resolution in forward region -> better coverage toroidal system

Together with a recostruction efficiency of about 99% over almost all the pseudorapidity
range, these numbers are very important for the Higgs discovery golden channel




2/ Offline Reconstruction

* Electrons
* Calorimeter Reconstruction Er/pr cut ¢/

* Create “s%er‘-cluster‘s" of clusters to
include radiated photons

« Apply E; thresholds
 Tracker Reconstruction
* Electron is matched to a track.

* Cuts are applied on e/p and HCAL energy
deposits

* Muons

« Standalone Reconstruction

« Muon tracks reconstructed from the muon
system

« Combined Reconstruction

* Muon Tracks are matched to tracker
tracks and combined muons are created

* Isolation can be applied in both cases
 High Level trigger algorithms are similar.

%

Inner Detector
Track

Standalone Muon
Track 104



Physics objects: Jets

Particle Flow Algorithm

Photons

20% of the jet energy

ECAL cluster —» Ecal resolution
Charged hadrons

70% of the jet energy

Track + ECAL + HCAL — Tracker
resolution

Neutral hadrons

10% of the jet energy

HCAL (+ECAL) cluster - HCAL
resolution

Muons
. Track + muon resolution

Electrons

« Tracker + ECAL resolution + brem
recovery




Reconstructing Jets With Particle Flow

\ Jet Energy Resolution in the Barrel \ |__Phi Resolution in the Barrel |
A 04r —~ 0.1
Q& C 8 r
:‘f_‘ 0.35: . Calorimeter Jets %0.09E L] Calorimeter Jets
&I- E . ¥  Jet-plus-Track Jets -%0.08 ; ¥ Jet-plus-Track Jets
© 0.3- 4 Particle-Flow Jets, 02/09 s E s Particle-Flow Jets, 02/09
- B 20.07°
025 e X 085
C . £0.06 -
o Fully-corrected jets | = -
0.2 . 0.05
L . C
-y - A
0155 e 0.04= \
SRS N\ N 0.03"
01 L e - h\%ﬁ | '
- Y . . | 0.02: : i R ‘ﬁ IR
— I ’ ) e - R CCRT Y TR vy
0.051 TRV Yy vee 0010 !
D_ D: | | | | | | | | | | | | | | | | | | | | | | | |
102 10° 0 50 100 150 200 250 300
P; [GeVic] P; [GeVic]

Latest performance with cluster calibration and improved tracking
« Particle Flow Jet Energy and Angular Resolutions
o Substantial improvement over calorimetric jets all the way to ~1 TeV
~ Much smaller Jet-Energy-Scale corrections/uncertainties



Physics objects: Missing energy

The missing transverse energy is defined by the vector sum of the energy
deposits in the calorimeter towers (or cells):

E]‘?'l!- ol

i

At ZE, = 2000 GeV

e ATLAS: 6 ~25 GeV

e CMS: o ~40 GeV

Resclution (Eal)

eventually corrected .

for muons "

II|III|III|III|IIIIIII
B QCO Jets

& SUSY

| O I I W | IIIIII|IIIIII III|III|I-
200 400 600 800 10001200 14001600 18002000

TE. (GeV)

= E (E, sin ), cos ¢,1 + Ey sin 6, sin ¢y, j)

G (GeV)

S (Sa- T s

berA e TS MLOns mu depaosits
AR R R RN R LN AR b

CMS ’

SO0 1000 1500 2000 2500 00 500

3E, (GeV)




Reconstructing MET with Particle Flow

high density reco’d particles

S : 1800 . . C :
% 40~ QCD Dijets over all ||| (< 5) - ttbalr events with Ip Semi-ieptonc tbar event
- 1600~ at least 5 GeV of
9 = - real MET
— 35 C
% c 1400
% 30— = Fully corrected for
= n | 1200 jet Energy Scale
S— 251 B
C 1000 calorimeter MET
r ~ also corrected for
20; CaIOMET 800~ muons
15;_ PFM ET 600
10[ -
=/ Fully corrected for Jet Energy Scale 4001
50 200(
= Co b e L :Illll\l\l‘_L (AN ANR A lwl_x_|u_\|_
% 500 1000 1500 2000 900 150 -100 50 0 50 100 150 200
True Sum ET [GeV] MET(reco) - MET(true) [GeV]

P-Flow MET in QCD (zero MET) & ttbar (real MET) events

« Substantial improvement in absolute resolution over calo MET

o Both for events with zero MET (QCD) and for events with real MET
(ttbar); result does not yet include latest cluster calibration or
improved tracking

~ Improvements in p-flow MET performance expected



Reconstructing Taus With Particle Flow

Optimal use of the tracker and of the granularity of the ECAL in Particle Flow Reco
« Reconstruct all charged hadrons and photons from 0°%s

Taus with E; = 50 GeV. Reconstructed Energy - True Energy
o 200
s —
? 180 — Calorimeter Taus
11 —
160 :_ Jet-plus-Track Taus
140 E_ Particle-Flow Taus
120
100
-&45: -
-o.si— D+ 80 :—
o + EE'J ; —
4:.55g [] E j,,,s""i 60—
-O.EE— E, ’,é’?ﬁ ? —
-0.65;— @EE@E ! D— 40 :_
ot - 20—
o7sf = - e
otbr %0 20 10 10 20 30




Fake Rate

ldentifying taus with Particle Flow

P-flow reconstruction: new possibilities in tau ID

« Use of [I”’s as leading particles
« Exclusive reconstruction of tau decays Combined in a NN

« Improved tracking efficiency at low p;

= [ tradiional— > ® Performance for jets
2 | approacheS\. with 20 < p; <50 GeVi/c:
fo2 efficiency (per tau): 60%
: efficiency (per QCD jet): 0.2%
! [— Now J
I Background
_ | rejection: factor 20
e M larger than with
0701 02 03 04 05 06 07 08 08 1 traditional tau ID

Signal Efficiency



Main Decay Modes

114 GeVic? 2My
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Close to LEP limit:
H—yy,tT,bb

For M,>140 GeV:
Ho>WWO,ZZ®)




Low Mass SM

Higgs: H—yy

14 r

expected significance

ATLAS
L=10fb

— Combined
---- ZE!T] — 4l

——— Y

IS £ 4

WW0j — eviuv
- WW2] = evuy

100

120 140

200 220
m,, (GeV)

180

Significance

—e— H->7y cuts
- | === Hoyy opt
—— H->ZZ-41 i
—s— H-WW-212y
—— qqH, HWWlvjj
—o— qqH, Hott—l+jet
—— qqH, H-yy

B
200

300 400 500 6290
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o/ H—vyy

— O+ (CMS ECAL TDR)
/ 1 -
Eet :
Narrow peak over “smooth" background ém; g"’"
Key points: n =
- (Good mass resolution (Intrinsic width is :ol :
negligible) => Energy resolution of e.m.

calorimeter + primary vertex determination
- Good photon identification: To reduce jet
background below true photon background

Very fine segmentation (472AS) to allow
photon/n° separation event by event

Isolation cuts
Recovery of conversions:
- ~30% of photons convert in tracker

Matenal 1D DC3-G4 layout

Services

= Atlas

T B SCT
N Pixels

F All Tracker

Beam pipe

m Common

If vertex unknown add 1.4 GeV to

mass resolution

Calo pointing in ATLAS gives
vertex resolution of 1.7 cm while
) o(beam)=5.6 cm

Thickness in radiation lengths (%)
8 § 8 8 8 8 & 8




H — yy

Most important channel for Higgs discovery (from LEP limit to 150 GeV) because
clear signature with respect to bb decay but small B.R. (0.2%)

Cross section x BR: 99.3 fb ( M(H)=115 GeV), 41.5 fb (M(H) = 150 GeV )

_ Intrinsic resolution of calo
Mass resolution: NIW2 =2 Ey,Ey,(1-c0s0,,) — calibration/uniformity of calo

Meas. of interaction primary vertex

c L e ..(52400: L L L e L L L L
‘5012 . B 22400 _
% L All photons o, = 688.(680) MeV | :%22583_ ATLAS Mean=(119.72+0.01) GEV_E
“ | ] = —
S 01— i o, 4) MeV — © ;_ . -
g ' @ 1 518005 At least 1 converted y Y @ ) Ge -
B 0.08 i - <1600F- E
¢ CMS | 1400 E
0.06 - 1200 ATLAS E
: ] 1000F :
0.04 - ol :
: ] 600[- E
M ] 400 E
; | P - 200F E
910 115 120 125 130 BEEWE™T10 115 120 125 130 135 140
o G0 M,, [GeV]

ased), 8.2 NN
: 6.3 cut based




SM Higgs: H2>yy

’:\ 12IIIIIIIIIIIIIIIIIllllllllll!llllllll
Backgrounds: 2 I IntL=30fb""
* prompt yy B :J:( T O
. 0 - = - R CMS 2006
« prompty+jet(brem y, n0-=>yy) | j 5 g ;
- dijets ::.g: ;g' s 1.4 ]
SOt I s =
C M 8'2006 a.n al yS | S 4 | == Cut-Based Analysis (with syst. prr.) v
o cu t'based 2: +3-iCut-Based Analysis (no syst. erir.) i
. | =/~ iOptimjzed Apalysi$ (withisyst. érr.) 1l
o events sorted by “em shower quality” T SNV S m— - -
o kinematics, isolation, M,,-peak 016 975120 125 130135 140145150 155
o My (GeV)
* optimized ,
o loose sorting and kinematical cuts ATLAS 2006
S=6 @ L=30

o Neural net and Likelihood Ratio
with bkgd pdf taken from sidebands, signal pdf from MC
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130

e NLO cut based (TDR-ZOOG) 600 ) mass (GeV) distribution 30 th—1
NLO neural net (TDR-2006) 820 [ 5 300 [
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ATLAS | NLO cut based (2006, stat. err.only) | 6.3c
NLO likelihood (2006, stat. err.only) | 8.7 ¢
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GF

H— WW, vy, bb

o(pp — H + X)) |[pb]
V5 =14 TeV
MH.ST‘/NL(}
me = 178 GeV

1000

W.Z Forward Higgs
H tagging Decay
""""" jets
W.Z

* n
2 high p; tag jets at large rapidity



ATLAS
Discovery potential of H>YY
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Results for H>YY

Discovery Significance (No)
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CMS optimized : NN with
Kinematics as input ,
(n , cluster size, conversions)
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ATLAS : combined fit using
variables ( p; .,# jets, cos6*)
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Events/GeV

Low mass X—yy

» Tevatron limits in terms of the expectation for SM Higgs:
= DO limit r~12 for 4.2 fb1 (lucky stat. fluke, expected r~18)
= with additional 4 fb 1, expect r~10

220,
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Low Mass SM

Higgs: ttH—bb

Complex final state: ttH(—bb)—lepton+v+bbbb+j

Signal ) Background q,b «J

........

*Analysis very sensitive to b-tagging efficiency (¢,*)
»Parton/Hadron level studies — ¢, =60% needed

#*Need ~100 times rejection against light jets and ~10
times against charm to suppress ttjj



b tagging

B hadron properties can be exploited
to tag b-jets:

= |ong B lifetime (1.57+0.01 ps)
* Can travel few millimeters
before the decay

Jet

« Secondary vertex displaced few =
millimeters from the interaction Secondary vix
vertex L. ‘0:‘,". displaced track
= high mass ( ~ 5.2 GeV/c?) >

Primary vitx

= high charged decay multiplicity e &
(4.97 + 0.06)

A variety of algorithms is available
IP- & sec. vertex based; combined with kinematics: soft leptons
Identified robust subset for startup: tagging available at HLT



S
""" " ttH, H>bb

CMS
ATLAS
(M=115 GeV) (M,=120 GeV)

g‘i d j i

o

=350 £200F " U ATLAS
SS'DG D180F L =30 fb1
= eor ™ B tH ;
Y50 - Clitbb (QCD)
Q 140 ] ttpb (EW) B
%&2{)0 120F tj 3
@ 100F .

2150 -

T+ 80 C

100 60F

40F

50 I.l St T 20 -

Higgs mass [GeV/c?) m(bb) [GeV]

Early projections: might be observable already at L=30 fb-1

More recent analysis (CMS & ATLAYS):
systematic error control at a percent level is needed—not feasible...




s/\B+dB?

|ttH, H—> bb |

Very difficult
large background , similar to signal
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Tau lepton decays & identification

> Leptonic decay mode Tau identification=

TV +V, e (17.4%) electron/muon identification
TV +V, @ (17.8%) (e=80/90%, rejection q(g) jet ~ 0.1%)

o Hadronic decay mode

\ Tau jet identification
1_prong n° o 1 - 3 tracks,
L

TVt (11.0%) Tt impact parameter,
T—>Vv. + 7t + 70 (25.40/0) shower Shape’
tov tmtrnd+n®  (10.8%) " secondary vertex,
Tov+n+n+ 0+ 10 (1.4%) > energy shgring of neutral and
charged pion component
1> v + K +nnd (1.6%)
3 prong €=50%, rejection q(g) ~ 1%

T v, +3 71t +nnd (15.2%) /



Two algorithms
CaloTau Algorithm

Associates tracks to
Jets
Identifies t by track
isolation

Particle Flow

The algorithm
« Reconstructs particles

Applies Pt corrections in
particle level

Forms jets from particles

Cone Isolation

Signal Cone

Leading Track axis

A Jet Axis

AR=0.15

Isolation
Cone
AR=0.5

Jet cone

Require no charged, y candidates in isolation annulus

127



Low Mass Higgs: Hott

Missing Energy

‘UT Outstanding issues
Missing E; reconstruction
Lepton Identification
.

Tau tagging (likelihood, NN
methods)

\
\/IX
Missing Energy

Hadronic t



VBF ggH, H — 1t — |+ets

B Both experiments are focusing on VBF ~ 'mportantchannel in 115 < m,, < 145 GeV.

. . . 140 | ey e S R T AT SR Sy R e
production channel, since it allows to a0 b Lt | FEE Hor qﬂf,m
improve s/b ratio. wkb 1 1 e

B ATLAS performed studies on all final states (I |, | + jet, jet jet : :t:

B CMS focused in the recent past on | + jet decay channel 0

B Main backgrounds: ’:E'
=5

Z + jets, W + jets, tt and QCD -> detailed study
done in CMS about background estimate from data

Cross section x Br=0.4 - 0.5 pb

Rapidity gap
—@ T
T *®
— 1" o o

Characteristics of signal : ’
+ Central tau decay products e
+ high p; forward quark initiated jets, separated in n
+ other jets between the two quark initiated jets suppressed .
(no colour flow between two quark jets) Invariant mass of the o
+ missing energy in the transverse plane (due to taus) T pair reconstructed via
the collinear approximation




Rapidity gap in VBF processes

PRELIMINARY PRELIMINARY

-g DI1:IIII|IIII|IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII:

= VBF H(120)—1"t— up = 0.09 — VBF HUE_O)—H:*t'—wu =

Z(—pn) +ets 50.085— !-_, " - z_'(_m“} +_!ets =

v== f(—pu) +ets = 0.07E g b, 7 tH(—pu) +jets 3

< E K th :

0.06c 14 |} E

0.05F =

0.04F 3

0.03;—[ 3

0.02E =

ol } 0.015

0 E L]

5 4 3 -2 -1 0 1 2 3 4 5 IR T
M A
1
e T T T 1 T
« Find central taus S B — VBF HO120)>tr— i
. . = 10_1 —— T U] +Hjets -
* Look for first and second highest pT e ) et ]
jetin the event = i
ATLAS
1079 E
High pT forward jets § ]
-|u=-'! i
il B RN L U N R N A |=‘|ﬂ'_u

-3
107,

500 1000 1500 2000 2500
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=Reconstruct Higgs mass with collinear approxim /},\

Nevts (30fb™) / 5GeVic’

Low Mass SM H—tt+jets

H(—vt—lh) +=2jets

CMS

100 150 200 250

I LR RN
_l =] Signal (135GeVic’)
EWIQCD 2t+jets
s B tthar Wejets

-------- Fit to Signal

-------- Fitto Ziy* (— 21)
=== Fit to tthar W+jets
—— Sum of fits

30 fb-!

P
.....
......
.....
xxxxx

M,, EGEUIGI]

J2 w

H(—=tt—2l) +=2jets

o llllrl'l1llll ITII 'Illll

3 ATLAS

VBF H(120)—tt—I|
Js=14 TeV, 3015’

B0 100 120 140 160 180
m,. (Ge

= ="
e

R



Nevts (30fb™) / 5GeV/c’

)
o

S Signal (135GeV/c?) | = of i 3

S EW/QCD 2ekets | S Tf \'?_Tf"}pr ff' 3'0‘1;_’1 :

CMS ttbar W+jets 1 8 8F S = SV, -

g wm Fit to Signal = E llI-channel =

1 = _E ]

-1 . . . 4 = lh-channel 3

30 fbt ] - Fit to Z/y* (= 21) - c%j - combined .

I [— Fit to ttbar W+jets 5 6F E

1| =—— Sum of fits 1 © 5: .

1 & 9F .

1 2 F .

4 4 4f E

: 3 z_ i = ] _E

. - . s o - E

] 2 - em

U —;
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similar in CMS , slightly
tighter cuts (pile-up included
L=210%cm?2s1)

Significance at 30 fb-1:

= ATLAS: tt> |+ jet M,;=130 GeV, Sign. 4.4

=CMS: 1t |+jet M;=135 GeV, Sign. 3.98



ATLAS
L=10fb"

— Combhined
----- Zzn} — 4
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Significance
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Intermediate and Heavy Higgs:
(M;>140 GeV) H—oZZ—4]

Fully reconstruct
Higgs kinematics

Outstanding
ISsues

Lepton Identification
and Isolation

Suppression of
backgrounds coming
from tt and Zbb




H.ZZ .4l analysis

B Sighatures: 4e,4mu and 2e2mu final state

B Backgrounds:
* rreducible ZZ (each virtual or real Z in p*p)

* reducible Zbb (Z in p*u and semilept. decay of b)

* reducible tt (each t in bW and semilept. decay of b)

« and tt+jets, Z+jets, W+jets, QCD

B Preselection strategy: (to get rid of QCD bkg with

fake leptons)
m Single & double lepton triggers
m 4 loose isolated leptons opp. charge and eleld
mm>12 GeV, m,>100 GeV

E Main selection observables:
W tight isolation (against tt, Zbb)
B impact parameter (against Zbb and tt)
m 50<m,<100 GeV, 20<m..< 100 GeV

—> Baseline cut-based analysis, m-independent, able
to get rid of main bkg - first observation with
reasonable lumi

Significance

M AR AN RN RAR~ RARK AR AL LARLS RARRS RAARS
D..‘*,-*_“:— H—ZZ*—202u =
¥ [ Afer Sslaction ]
(3 - Mz -
s mz
E C B H1=0 .
'EE:_ [ JH1s0 3
St .
=t 1

osf

CMS Preliminary

150 200 250 300 350 400 450 G500

m,, [GeV/c’]

CMS Preliminary

= o syslamalic errors . .
i —wlthsyste natic errors H 22 4@” |
— -1
[ Significance de-n tgdl1h L=11fb

| “look-elsewhers® effect is nat included

m,, (GeV/c")



SM Higgs—ZZ(")—4|

% Able to reconstruct a narrow resonance, with mass resolution
close to 1%. Can achieve excellent signal-to-background > 1

> Major issue: Lepton ID and rejection of semi-leptonic decays of
B decays. Suppress reducible background Zbb,tt—4|

H[130 GeV]>4e H[130 GeV]>4u
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e o =(2.16 « 0.07) GaV 250 o = (1.78 = 0.04) GeV E

60[- =00 E
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Higgs decay to Z°Z°

Z
i

'z

Irreducible Z9Z0 backgrounds  Reducible 4l backgrounds

ZZ*/ y*—4l

|
Continuum
Irreducible
|

reducible

v

e

Backgrounds
Higgs—ZZ(")—4|
(I=ew)

Zz*/ y*—2l 2t



SM Higgs: H>ZZ>4/
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Events/(2.5 GeV)

Signal significance

H—>ZZ—>4l, update 2008

eeuu 4u 4e
Main backgrounds : ZZ (irreducible) , tt and Zbb (reducible)
Tools for background suppression : lepton isolation and impact parameter

CMS Preliminary

=ML I R I L I I L L~ — T [T
205 M Hozz 4 ATLAS 3 ”.5“; Hozz" s 202 3
18 3 F After Selaction ]
16E- -isb - jL=30fb‘ 3 s Ezs 3
oE M preliminary E st Wz ]

- E 2 [ CMS [+ .
12 = — oF [ JH1s0 3
10E E St Mo

sE- = BF W
6E E = 3
4= — -

= = 05|
2 — - — C

E L s el 1 1 = u 3
‘pOD 110 120 130 140 150 160 170 180 190 200 % 50 10 10 200 250 a0 30 400 480 00

m,, [GeV] m,,, [GeV/c]
I . . . CMS Preliminary

_146 : ® _IIIIII[IIE'IIIIIIIIIIIIIIIIIIIIIII

= === Na sSyslemallc errars
4,Ll E 4 ——+—with 1‘Isg,-mi.l}.nm‘tir: BITOIS H=Z2Z-4/ |
M 262!.1 E :Signtianl:c de-rating dua o the L=11fb"
® Total 7 = | “look-elsewhere” effect is not included
5 o ]
10— - w i . J e

C 7 VA Ir

C ] o /o .' ]

[ B : -'l-‘ IIl |II

L - L I:| I|

= - 1L \ ' ]

L Il.ll ;‘.
I s
L : ‘ ‘ . . 100 120 140 180 180 200 230 240 260
100 200 300 400 500 600

Higgs mass [GeV] m, (GeV/ic’)



HoZZ->41 (10 TeV 200pb%)

» currently no limits from Tevatron

o for my;>200 GeV, LHC10 x-section >40 x (Tevatron)

» projection: we can reach limit r = 6950, /o5 ~ 5-10 (m,~200-400)
» meaningful in context of 4-generation models

which boost the gg-fusion x-section by a factor of ~9
(4th generation with Higgs m,;<200 is excluded by Tevatron)

CMS Preliminary

w
o

H-= 27 - 4/ ]
10 TeV
200 pb™

scaling down PTDR
and CMS-AN2008/050 _
down to 10 TeV and 200 pb* ) 0}

» ~3 bkgd events in the full spectrum [
- 0.7 signal events for the best m,;,~200 5t
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Intermediate mass Higgs:

wioem,<200cevy H>WWO—=2]2v

Missing Energy

\\1

W+

vV~ Missing Energy

Main search channel for range
140 <my < 2m,

Highest branching ratio for my> 140
GeV/c?: 95% at m, = 160 GeV/c?
Signal: 2 high prisolated
leptons, missing E-and no

central jets

Background: WW, tt, W+jets,
Z+jets, tW, WZ, ZZ..

No mass peak (undetected
v’s)=»needs a good background
understanding




Difficulty:

« Counting experiment, essentially no mass

H>WW*

reconstruction and no mass peak
* Rely on accurate estimate of background rate

« Strategy: Use control region(s) to estimate

background(s) and extrapolate to signal region
Backgrounds: two main discriminants

e t-tbar production: rejected by jet-veto (i.e.
reject events with central jets since ttbar process

slightly favors central jets )
« WW continuum: Use spin correlation to

distinguish signal from background

Angle between leptons 1

L AL
rW

W5 20 a0 60 &0 100 120 14:1111£+111m
Ady [da.]

in transverse plane
(small opening angle
for the signal due to
spin correlations)

EIII IIIIIII LI} rrryTrrryprTrr T
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H—> WW — pe + vv

H —-W W(*) is the dominant Higgs decay mode in a wide mass range
for: 2my, <my <2m, the BRis ~ 1.

pp—H—WW—lviv Signal: clean signature of two high pT leptons and missing energy
mH1[;ev] U”;”;fh] Main backgrounds:
170 2:26 Di-boson production, especially WW (but also WZ, Z2Z) ,
180 199 ttbar (tW and bb alsc_:-), _
Drell-Yan, W + jets (jets faking electrons)...
Process Ww WZ ZZ tthar tw
onco [pbl 114,4 49,9 15,2 840 62
= — H—WW = 2edv, m = 180 GeVf
Q The jet reconstruction is fundamental to -
ensure an efficient background rejection. =
O The kinematics of the ttbar process slightly “E
favors central jets - jet veto (i.e. reject 02l
events with central jets)

0 1 2 3 4 3 [ 7 g 3 10
jet multiplicity

Other cuts on: lepton isolation, p; of leptons, MET, A®,, Inv. m of lept



H—->WW* - llvv analysis strategy

ATLAS ( ep final state, H+ 0j, H+2j analysis )

* Preselection:

» 2 opposite-sign isolated and identified leptons
e Cuts on m;, MET, Ag,, , Z | | removal

» Central Jet veto & b-tag veto

 Final selection:

2D Fit of transverse mass and p+in 2 bins of
di-lepton azimuthal angle A, to extract S/B ratio
in signal region

CMS (ee, yM, ep final states, H+0j analysis)
* Preselection:
» 2 opposite-sign isolated and identified leptons
e Cuts on m, MET
* Central Jet Veto
 Variables used to reduce background :
p; of the leptons, m,, A¢e,,, MET
* Final selection:

Mass dependent cut based & multivariate analysis

e Control regions: fake leptons, background
normalization

Ewants ¢ { 10 )

Weets

i
— Signal

—— Pseudodata

ATLAS

det=1ﬂfh"

00 200 300 400 500 €00
M {GeV)

| -
= Signal, m_=170 GeV|
[ Wtldets, t b
[ di-boson —=

tt
I Drell-Yan

1 3

events / bin

-0.5 0 0.5

Neural Network Output



could be a discovery channel at modest L

Signal Significance

CMS Results for H > WW* = llvy
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Luminosity needed for a 5¢ discovery [fb

systematic effects

Important (especially at high L)

- CMS full simulation
- NLO cross sections
H— WW= Ivilv

T
el

Statistical uncertainties

A Statistical and systematic

uncertainties included

140

150 160

Updated CMS result:
Sensitivity to a SM Higgs improved using a
mass dependent multivariate analysis

Improvements on Lepton ID ,

mass dependent cuts,

more data driven approaches

170 180 190
m,, [GeV/c]

Cuts have been optimized separately for
1fb-t maximizing the expected statistical

significance.



H->WW*-> e vv, ATLAS update 2008

ATLAS updated only ep-channel

 Inclusive WW is now better than VBF
o this order now agrees with CMS
o Isreverse to ATLAS simulations in 2003

« Combined significance (10 fb-1 @ 14 TeV) above 5c level
for = m > 140 GeV/c?

o 20¢
E 185 —e— H+2j, H—> WW— ept
§ 16 ATLAS —a— H+0j, H— WW— ep
tn ~
c 14 _ 1 —— Combined
g F det-Wfb
w 12—
= -

10— —&-

81—

61—

4

2

U:I | | 1 | | | 1 1 | | | | | | 1 | | | 1 | | | 1 1 | | 1 | | | | |
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M,(GeV)



H—>WW-—>2I2v (10 Te

» Tevatron (CDF+DO0) just excluded m;=160-170

o CMS vs Tevatron:
= CMS can exclude m,;=160-180 (important crosscheck)
= for my=200-500, limit r~2.,5-5
= expected to be even better than ZZ for exclusions at low luminosity
= certainly outperforms Tevatron in this mass range

L = 200pb” at\'s = 10 TeV

Tevatron Combination

L ° Multivariate Analysis, H+0/1jet  — WW — 212y
Tevatron Run Il Preliminary, L=0.9-4.2 fbll B . Multivariate Analysis, H+0jet — WW — 2I2v
— { I — — l vl == .". ° Multivariate Analysie, H+1jet — WW — 212v

aE; LEP Exclusion Tevatron F
‘\.' ‘/ i 6 5 ".
= ap,ﬂ,; ;xclu sion : C M S
=10 | _ servi ‘ N B
-1 o Expecte: & — \

3 e L HWW current status
0 :“g 4 :_ ~ . . |
2 SRR (very preliminary!)

o :Dm 3 :_ ‘.‘:::‘ ““‘ x"’r
E . ’,:i.
1 E \::: “\ 7'..-*"' ,»"‘,“"")
; March 5, 2009 1= o T
100 110 120 130 140 150 /160 170\ 180 190 200 T T
mrvestinal H(GeV/cz) 0 140 160 180 200
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Significance with 1fb™"

CMS last updated analyses (1 fb1 @ 14 TeV)

120

H>WW-—2I2v H—>ZZ—-4l CMS Preliminary
bg 10 S A
S H-2Z =4/
3 sf L=1fb"

= " ] F ]

S systematic errors

/ o - included ]
© Sf
\ 14 E
) 5F
' 4 —
‘ N
Cm 2 E_
- . 1}
:\ [ | 0 E
120

| ‘ 1 1 | 1 1 1 ‘ 1 1 | ‘ 1
140 160 180 200
Higgs mass, GeV/c? ,
m,, (GeVic’)

1fb!@ 14 TeV

VBF Ho>t1—5/ 47, +MET

© 30~ CMS Preliminary

:_det=1fb'1

B

5 2

CHotm=lw b v ——_expected /o,
C L1111 I 1111 I 1111 | | I I I | I - I 1111
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WW: has enough sensitivity for a discovery (160-170 GeV)
ZZ. has enough sensitivity for exclusion (190-230 GeV)

TT. only high upper limits are possible




Combining channels

CMS Preliminary CMS Preliminary

' 14 TeV ' 14 TeV
10k L=11fb" 4 10| L=1fb" .
[ H—=-WW channel ] [ H-+=ZZ channel ]

—=— Bayesian combination
o CL_-based combination (RootStats)

Ratio CgscL / O

+

—e— Bayesian combination
© CL_ -based combination (RootStats)
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180 200
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\s: 14 TeV>10 TeV

LHC will start working with Vs lower

than 14 TeV (around 10 TeV)

® Cross section for signals and background

goes down

® Signal (Higgs production) goes down

slightly faster: Higgs is mainly produced from

gg and backgrounds from qq

® Higgs decay products become relatively

more central for smaller LHC energies

Signal and bkgd yields re-scaled

\s: 14 TeV—10 TeV:
* loss of afactor of 1.51in
sensitivity, or a factor of
2 in luminosity
« with roughly ~200 pb-1,
reach sensitivity for a SM

Higgs with m,~160-170
GeV (but region just
excluded by Tevatron)

10

Ratio CgscL / G

0.1

Process | - totev [ %5 sfev
_ 0% = 1aTev | %% = 14Tev
tf 0.450 0.113
wt 0.450 0.113
Www 0.650 0.320
WZ 0.650 0.320
Z7Z 0.650 0.320
Z - 0.681 0.371
W—rv| 0681 0.371
gg — H | 0540 0.190
Example : HWW + HZZ combined
JLfor 5¢ 14 TeV 10TeV
my =200 GeV 0.6 fb-1 1.3 fb-1

CMS Preliminary
——

H-—-WW)/ZZ channels, L =1 fb™

CMS AN-2009/020

—a—10 TeV Bayesian
o 10 TeV CL,

- —e— 14 TeV Bayesian

o 14TeV CL_
1 i \ ! 1 1

120

140

180

200

2
m  (GeV/c")

L N A L L
Bayesian vs CLs: assumed correlations between errors are not the same



SM Higgs CMS combined

But a lot of work still to be done to combine all
channels...

T [ rrrr [ rrrr T
- 77 10 TeV |
—2y 200 pb'1
10 } —— Combined
T e NS .
PR W N N N N WO T WA (N TN W TN WA NN TR WY AN WA NN NN WA SN SN N NN NN NN NN SN T N 1 .-
100 150 200 250 300 350 400 450

plausible result (educated guess; no real studies available)

m, (GeV/c)

we heed to

* put in place tools for proper
treatment of cross-channel
correlations

 coordinate the three analyses
to ease the combination
exercise



Significance
o
|

Electron/muon

SM Higgs discovery potential

/ CMS, 30 fb”
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Mass measurement
— Limited by absolute energy
scale

* |leptons & photons: 0.1%
(with Z calibration)

e Jets: 1%

— Resolutions:
* Foryy & 4/ =1 GeVI/c?
* For bb =15 GeV/c?

— At large masses: decreasing
precision due to large I',,

— CMS = ATLAS

1073

1074

@ H, WH, ttH (H = vy} 7

A WH, ttH (H — bb)

¥H—=WW—=1vly
B H-zz" 41

A All channels

ATLAS
300 fb-

1
102

M,, (GeV/c?)

1
3



SM Higgs properties: width
(for M,;>200 Gev)

o Width:
— Direct measurement for
M,>200 using golden mode

(4¢)

11—

Ez ® H-2Z2Z - 41

107 3
ATLAS
300 fb-1

0% 0

200 400 600 800

M,, (GeV/c2)



Conclusions

» If the Higgs boson is there, ATLAS and CMS are ready to find it...
...unless it is discovered or excluded first at the Tevatron!!!

» To find a SM Higgs, with a combination of ATLAS & CMS @14TeV,
between ~ 1 and 5 fb-! are needed depending on mass value.
Benchmark luminosities:

% ~0.1 fb-1 = exclusion limits will start carving into SM Higgs cross section
% ~0.5fb1-1fb1 = discoveries start to become possible in the region near
the one excluded by Tevatron ( M,;~160-170 GeV/c?)
% ~5fb-1-10 fb! = SM Higgs could be discovered (or excluded) in full
mass range (~110-500 GeV/c?)

» Post-discovery questions that would need to be answered.....
** what is the Higgs mass, width, quantum numbers?
* is it a Standard Model Higgs? Is there only one Higgs? or MSSM or other
models...?

> If the Higgs is not found, the ATLAS and CMS detectors are anyhow
able to search for signatures of a new physics






Problems with the SM HIggs

« Quadratic divergence of its mass

/{\:1 J=1/2 OJ=0
_ () -
mEEmS g U

m?(p?)=m?(A?)+ ngj::dkz

1 Ais a cutoff momentum
— In other words: why is the Higgs mass low?

« With SUSY, quadratic divergences disappear:

* Aslong as M =M,

« SUSY requires more Higgs-like particles



ce of paramer ol
choice of parame!
« 5 Higgses in Minimal Supersymmetry (H*;H°,h° Af)

« 2 charge, 3 neutral: 2 CP - even (light h and heavy H), and one
CP —odd ( heavy A)

« SUSY has a lot of parameters, but only 4 are important for the
Higgs sector in MSSM!

— Attree level, all masses & couplings depend on only two
parameters ( usually M, & tanp)

— Modifications to tree-level mainly from top loops

— Additional parameters:
1: SUSY particle masses:

(a) M>1 TeV (i.e. no decays of the Higgses to sparticles); well-studied
(b) M<1 TeV (i.e. allows decays of the Higgses to sparticles); “new”
2: stop mixing:

Maximal-No mixing



Fermions
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Families of matter

Force carriers

Questions:

why masses of matter particles and
forces carriers are so different ?
The bare SM could be consistent
with massless particles but matter
particles range from almost O to
about 170 GeV while force carriers
range from O to about 90 GeV.
The simplest solution:

all particles are massless !

A new scalar field pervades the
Universe (the Higgs field). Particles
interacting with this field acquire
mass: the stronger the interaction
the larger the mass...

BUT

the Higgs boson have not yet been
found !



The Standard Model is one of the most successful theories
tested so far but many questions are still without an answer.

* What is the origin of the mass of quarks, leptons and
force carriers ?

* What is the origin of the mass of quarks, leptons and
force carriers ?

* What is the dark matter (and dark enerqgy), which
pervades the Universe ?

* Why our World is made with matter and how the
antimatter disappeared ?

* Why the interactions are so different in strenght and
why Gravity cannot be included in our SM theory?

* Are quarks and leptons fundamental particles or have
they internal structures ?

We believe that the answer to some of these questions is probably
hidden in the so far unexplored TeV region which will become
accessible with the CERN Large Hadron Collider (LHC)



SM Higgs: production

e  Production mechanisms & cross section
« 10 000- 100 000 Higgses produced /year at high lumi
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Higgs Production Cross-sections
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