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Disclaimers

The physics output of the LHC experiments has been huge,
particularly in the last months
= |tis very difficult to cover all those high quality results in detail
In three school lectures

= The weight of Tevatron results will be necessarily minimal in
these lectures, mostly due to lack of time

= Ditto for Heavy lon results

| have tried to balance simplicity and completeness, trying to be
as useful and self-contained as possible. I'll do my best, but this
may be difficult in some cases

Since | belong to the CMS Collaboration, | may be a bit biased in
the choice of figures to illustrate the different analyses

= This does not mean that the results of other experiments (and
ATLAS in particular) are less important/accurate

e ————— LHC and Tevatron Results, Natal 2011



Outline

= Hadrons colliders, detectors, environment

= Introduction

The LHC

= The LHC detectors

= The current performance and understanding of LHC detectors
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What we know experimentally
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And our theoretical understanding
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Some experimental limitations of the SM
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Higgs?
Not enough
CP violation
What about

dark matter?

Is SM the right
place for neutrino
masses?
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Some theoretical limitations of the SM
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The Large Hadron Collider (LHC)

Large Hadron Collider - e
27 km circumference et iy Lake

Geneva

s

LHC - B CERN
mf,_lipomt 8

= Major objective: discover/study the Higgs particle:
= For all masses up to 1 TeV in a Standard Model scenario

= |tis designed to look for generic new physics signals at the TeV scale:

= High center-of-mass energy (>~ 1 TeV) in collisions between elementary
constituents
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The Large Hadron Collider (LHC)

; : *.-.-m-; . Proton-proton collisions at vs = 7 TeV
e T T i "o From March 30th until 6th November
s~ (initial tests & physics at Vs = 0.9, 2.36 TeV
by end 2009)

Pb-Pb collisions at 2.76 TeV/nucleon during
1 month (8th Nov-16th Dec 2010)

Dipoles:15 mlong, 35 Ton
Provide 8.3T in LHC

Bunch t 'h-“ » ”"'f' :"-
Largest superconducting magnet system: ~8000
magnets (1232 dipoles, 400 quadrupoles,....)
refrigerated with liquid He at 1.9 K Proton

: g Parton
Great technological challenge in many  (guark, giuon)

aspects (magnets, cryogenics, vaccuum, ...)
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The Large Hadron Collider (LHC)

Parameter (pp Run) 2010 Nominal
Beam Energy 3.5 TeV 7 TeV Five orders of magnitude in
eak lumi in 200 days!!
Inst. Luminosity 2.1032cm2s1 104 cm2s P Y
Squeeze 3.5m 0.55m LHC Delivered Lumi:
Transverse emittance 2-3 um rad 3.75 um rad 47 Pbl: PFL !
-1 pPh-
Protons / bunch Up to 1.2 10 1.15 1011 9.5 b Pb-P
Bunch separation 150 ns (2) 25 ns
2011105 0834
Nb of bunches 368 2808 I LHC 2010 RUN (3.5 TeV/beam)
_ g i0 PRELIMINARY (+10% scale)
(a) Fills at 75 ns and 50 ns have also been g
achieved but mostly not for physics At
; 0] bi-’:’rm : J
Excellent understanding §” i ©- aTuas
: : i 'md £ . -=- ALICE*
of the machine achieved!! 48 a3’ cws. ToTeu
. 10 s+ LHCb
100 150 200 250 300
e e day of year 2010
i LHC and Tevatron Results, Natal 2011
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LHC vs Tevatron

* Proton-proton collider * Proton-antiproton collider
e Max. Vs = 14 TeV (currently Vs=7 * Max. Vs = 1.96 TeV
TeV)

* Peak luminosity ~ 4 10% cm= s
* Peak luminosity 10%** cm2 s
(already reached: 2 10%2 cm2 s™)
Ciemalt
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LHC vs Tevatron

_ Luminosity (pb”)

50 Total Integrated Luminosity 2010 (Mar 30 10:00 UTC - Nov 03 00:00 UTC) _ 01403 01/04 o1 D1fl1? 01410 _
- T = | \ \ T T T T ‘:I T T T ‘:\ T T \:l : : : T T I:\ T I:I T | T T T T
o — Delivered 47.03 pb™! r : ! ! ! ! ! | ! ! :
:_ —_ Recordedl43.17 pb~! r’ |00007 | | | | I I ]
QO o B i
8000 —
. : —
6000_ ........................................................................ |
20 s T S | - o !
' ' : : 4000 — ! : | ; | : —
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o 200 Aoaied / / -
: ; ; L : i

20/05 12/05 25/06 08/08 2/09 04/11 1%00 2000 3000 4000 5000 6000 7000 8000

Date
store number

> 10 fb' / experiment delivered until
2010 (factor of 250 with respect to

z 1 fb'/ experiment (ATLAS, CMS) current LHC integrated luminosity)
expected in 2011

> 40 pb / experiment delivered in 2010

* This should increase to 12 fb-' or so until
September 2011 (end of Tevatron)

Despite the limited integrated luminosity, the LHC is expected to beat already
Tevatron in most new particle searches = 1 TeV (see next slides)
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Proton-proton collisions

* Let us exploit the factorization properties of the cross section in
terms of parton distribution functions (pdfs) and the hard
elementary process. For a process AB — H (at leading order):

G(pp_)H-I_X;Q):ZA’BIdxAI depdfp—»A(xA’Qz) pdfp—»B(xB’Qz) O-(AB_)H;Q)

« Here x, and x; are the parton

momentum fractions from each
proton carried by the partons A and
B. A and B can be quarks, 0.8
antiquarks or gluons

« Ingeneral Qis the typical energy
scale involved in the AB — H 0.4

g for x<0.1is ‘e

process - as important
o.2~ as valence
* Pdfs are universal (they can be [ quarks u,d
determined at any experiment) and ol — i =
their evolution with Q is predicted 107 107 107 107 2
St LHC and Tevatron Results, Natal 2011
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Cross sections and parton luminosities

« Fora process AB—H+X, the hard interaction scale is s= X
s, and we can rewrite the expression as:

dL
0(pp—>H+X)=ZABId3‘ ng o(AB—H)

partonA Xpartonb

dL .y ., 1 Udx 2 S
h = A d , d —,
where ~ (=g [ P00 @) 0 (00
gd luminosity at LHC (s =7 TeV)
. 5 19, AL R A
dL,_/dM? (M) is the 2 o

‘parton luminosity
function' at the mass M.

This plot allows back-

of-the-envelop —— msTwos
estimates of cross : (Qribsad
sections at a hadron Hit HERAPDF1.0
collider b0y INNUOTINN P IS P DO
10 102 M, (Gev) tt 107
s/s
Ciomat LHC and Tevatron Results, Natal 2011
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What do we expect for a new resonance?

« If His a narrow resonance, with mass M, width I" (M? = x, x; s):

dL ..
c(pp-oH+X)~D, ng(s=M2) MT o (AB- H)
dd luminosity at LHC (\s =7 TeV)
dL,_/dM2 (M) is the F 0T
Q.
'parton luminosity -
function' at the mass M. ¥,

dL,

-
= DS
== B = I = [ = I = [ = [y}
Wk U O N O W O

Since o(AB—H) it does
not depend on the

center-of-mass energy, 102 S—
it is enough to use 12 Lt CTEQE.6
dL,./dM? (M) to compare 10° S22 NNPDF2.0
. - H+ HERAPDF1.0
the physics reach of 107 SEn
; : 10 SR
different colliders 10+ e
10 102  'm,(Gev) tt 107
s/s
Sl :‘:!; LHC and Tevatron Results, Natal 2011
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LHC vs Tevatron
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« Cross sections via qq — X at LHC 3 times larger than at Tevatron

events / sec for = 10% cm’s”

* Cross sections via gg — X at LHC 10-100 times larger than at Tevatron

* Reach for pp — X with mass(X)> 500 GeV much, much larger at LHC

Centro de Investigaciones
Energéticas, Medioambientales
v Tecnologicas
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LHC @ CERN (G

Ciemalt
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LHC multipurpose detectors: ATLAS

Detector characteristics

Width: 44m
Diameter: 22m
Weight: 7000t

Muon Detectors Electromagnetic Calorimeters

ATLAS

Solenoid CERN AC - ATLAS V1997
Forward Calorimeters

End Cap Toroid

LW’ 7= :____' z.’ Ei‘_?—;__t;:_;_:—;_‘. e
i:‘)j—-'i“ﬂ-’: ST R =

S ——— ¥ =
ANy 2

%

Barrel Toroid Inner Detector ) ) & g
Hadronic Calorimeters Shielding
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LHC multipurpose detectors: CMS

ECAL Scintillating PbWO, CALORIMETERS
" HCAL Plastic scintillator/

brass
sandwich
SOLENOID —ff5—/*&_% -
TRACKER
MUON
ENDCAPS

Silicon Strips EE
Pixels EE
Drift Tubes Resistive Plate ;
(DT) Chambers (RPC) Cathode Strip Chambers (CSC)
Resistive Plate Chambers (RPC)
Eiwmmmt LHC and Tevatron Results, Natal 2011
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The ATLAS and CMS design goals

= Good muon identification and momentum resolution:

=  Redundant measurements to avoid reconstruction inefficiencies
n AMW/sz 1% at 100 GeV

= Unambiguous determination of the charge for pTH <1TeV

= Precise and efficient inner tracking, including vertex capabilities:
= Efficient triggering and offline tagging of taus and b-jets
= Pixel detectors close to the interaction region

= Good electromagnetic identification and photon/electron energy resolution:
= AM,, /M., AM /M =1% at 100 GeV

= Large coverage and good granularity, 1 rejection

ee’

= Good jet and missing transverse energy resolution:
= Hermetic coverage, fine lateral segmentation

Ciemalt
Centro de Investigaciones
Energéticas, Medioambientales
v Tecnoldgicas
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ot

= CMS has a huge and powerful solenoid (3.8 T) covering tracker and calorimeters, and a
huge silicon tracker volume (1.2 m radius). ATLAS has a less powerful solenoid (2T),
silicon up to 0.5 m radius and a transition radation tracker up to 1.2 m radius. CMS has
better resolution in inner tracking.

=  ATLAS has external air toroids for precise muon measurement up to |n|=3. CMS
measures muons precisely in inner tracker(|n|<2.5), less precisely in the return iron
yoke of their solenoid, but it has redundant muon trigger systems.

= ATLAS has a precise electromagnetic lead-liquid argon calorimeter, with high
granularity and sampling. CMS has a crystal calorimeter (PbWO,), with an excellent

energy resolution.

= ATLAS has a very precise, granular hadron calorimeter. CMS has a more conventional,
hermetic calorimeter. ATLAS has better hadron calorimetry.

CoAnnmat LHC and Tevatron Results, Natal 2011
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Studies in the b sector at LHC: LHCDb

LHCDb is General Purpose Detector

in the forward direction (2 < 1 < 6)
( designed to take data @ 2 x 10?2 cmr?s?)

Detector Accepiance LHCDb is fully instrumented to provide:

e e e Gt AR B e B m o 2 TR

14]

CLF | -
b i— ey » Vertexing
41:;— —_— = [Jracking
= :_ - PID [’had'f?"on, muon, electron, photon)
LHCH

ot 7 Y "y % Hexible Trigger to low P, particles

. Muon Chambbers RICH systarm
Trigper & @ D P E.x D =

In particular well suited Precise vertexing |
for flavour physics:

- Large bb (& cc) cross secfions

- All B hadron species available

Interaction poink

- Long decay flight
~ 1cm for b hadrons

Trackimg stations =

[ 1 Dipole magret

HCAL, ECAL and Preshawer fSPD e rtum 4T
Trigger = yfe energy and 1D

(Andrey Golutvin, talk at La Thuile 2011)
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Heavy ion collisions at LHC ALICE

Size: 16 x 26 meters

Weight: 10,000 tons
Detectors: 18

PHOS) j
( ABSORBER )

* Many different sub-detectors, some of them covering small solid
angle, but very specialized in particle identification/counting for
heavy ion collisions (TPC(dE/dX), TOF, RICH counters, TRD, ...)

CM: ;Em'w"m:'t LHC and Tevatron Results, Natal 2011 >3
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Trigger systems

Ciemalt
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Life is not easy for experiments...

* The total inelastic hadron-hadron cross section is enormous
% 10°
% fotal
1y PP
10 "p,H elastic
LTk s
107 1 10 10° /R T/
{2 GeV
ig 2 10 i 10

o (inelastic, s =7 TeV) ~ 100 mb
~2%10’ events /second at a luminosity of 2%10” cm ™ s~ in 2010
1 crossing/150 ns= ~ 3 events /crossing ="' PILEUP'

R LHC and Tevatron Results, Natal 2011 55



Triggering
= We can not register all events from all crossings, ~20 MHz (2*107 events

per crossing). We have to choose only the relevant crossings in terms of
physics.

= This is done by trigger systems that decide if a collision should be
recorded or not

= There is always a 'Level-1' trigger implemented via custom hardware
processors near the detector that pick up parts of the raw event information.

= Later, there are higher level triggers, either of hardware type (but using more
information: Level-2 of ATLAS) or of software type (using the full event
information and standard computer CPUs: HLT, both ATLAS and CMS).

= \Which are the constraints?

= What matters is what is called 'throughput' (bytes/second), ~ 100 MB/s; in

practice, for typical event sizes (1 MB/event, like those of ATLAS/CMS), one
can not record more than ~ 300 events/second

= Level-1 triggers get stuck for output rates > 100 kHz or so

o o LHC and Tevatron Results, Natal 2011
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Triggering well is critical

= Level-1 systems should reduce the rate by a factor of 10° and higher levels
by another factor of 10° at 10° cm= s™'. This is critical and challenging:

= At Level-1 this is due to the limited precision of the available information

= At higher levels, where more information is available, time is
nevertheless more limited (~ 40 ms for CMS High Level trigger)

CMS Level-1

CMS HLT

[ Calorimeter Trigger ] [ Muon Trigger ] ) .
ECAL HCAL RPC hits CSC hits | [_DthEJ—v Level1 | Detector Frontend
Tﬁqg_er Trigger Trigger |
Primitives Primitives Link Segment Segment + Readout
@ system finder finder
2 Regional v v : Systems
3 Calorimeter Pattern Track Track
8 Trigger Comparator finder finder 3
N
= drau  Ju / D Event . Run
) Global A Manager Ulcer vtwor Control
< Calorimeter Global Muon Trigger » Q
Trigger
e, J, Ey, Hy, E;m f"ﬁt— .
Global Trigger J 4 Filter
" L1A ¥ FStatus | Systems
CMS [ TTC system [ TTS system
experiment | 52 partions Computing Services
[ Detectors Frontend ]—'
Ciemalt
o e I LHC and Tevatron Results, Natal 2011 57
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LHCDb trigger system

LHCb '

HEE

HLT1

40 MHz

1 MH=

HLT2

LHC and Tevatron Results, Natal 2011

LHCD is also structured in two trigger
levels (LO and HLT). It presents a few
challenging differences:

= LO output rate 10 times larger (1
MHz)

= Final output rate is 2000 Hz

The differences with respect to ATLAS
and CMS are anyway not so big, taking
into account that what matters is not the
event rate, but the throughput rate
(bytes/second)

28



ALICE trigger system

Hijing ddy = 8000
.84 185

[ Detector raw data via 300 optical links

FPGA co-processor

Local pattern
recognition

Vo Ve I
Wy
HLT retwork
[ Layer 3 ] Sector/detector merging
- v Vay
ﬁ 1 ﬁ ﬁ Global Layer Trigger decision

= ALICE has a typical trigger logic, but with special constraints: less collision
rate, but huge events (ion interactions), long readout time for their precise
gas tracking chamber (Track Projection Chamber)

= Sophisticated “trigger hand shaking” at the early levels

= The High Level Trigger system does the tracker reconstruction
regionally via parallel processing

&

yer 2

Track finding on
sector level

CoAnnmat LHC and Tevatron Results, Natal 2011
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And we take data efficiently (CMS)

Total Integrated Luminosity 2010 (Mar 30 10:00 UTC - Oct 29 10:46 UTC)

PIXEL TRACKER |

STRIP TRACKER

PRE-SHOWER _
ECAL END-CAP _

ECAL BARREL

HCAL FORWARD |

HCAL ENDCAP

HCAL BARREL |

MUON-RPC

MUON-DT |

MUON-CSC

90

100

MUON-MUON-MUON-

CSC

DT

RPC

HCAL
BARR
EL

HCAL HCAL
ENDC FORW
AP ' ARD

ECAL
BARR
EL

ECAL
END-
CAP

PRE-
SHOW
ER

STRIP
TRAC
KER

PIXEL
TRAC
KER

30 ' ! ! !

- — Delivered 45.92 ph™ . . .

2 || — Recorded 42.08 pb™' J
40 ..................... ..................... ................. [
o >90% recording

efficiency
AN N S W N
10 -------------------------------------------------------------------------------------
20/03 12;'05i 25f05j 08/08 21;'09i 04/11
Date

Series1| 98.5

99.8

98.8

99.9

100 99.9

99.3

98.9

99.8

98.1

98.2

= ~ 45 pb! delivered, ~40 pb collected, >98% operational detector

= Also in essentially 'nominal’ conditions: Level-1 trigger rates > 50
kHz, HLT rates > 300 Hz

Centro de Investigaciones
Energéticas, Medioambientales
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SIMILAR FIGURES FOR THE OTHER LHC EXPERIMENTS

LHC and Tevatron Results, Natal 2011
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Tracking performance at the LHC

Ciomat LHC and Tevatron Results, Natal 2011
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CMS inner tracking system

2.0 0.1 02 DS 0.4 DS L. D? DE ag 10 1.2 L3 14 - A8
: .' 1 / : S : : . . L s - L T —_ L B L L L |
: ; 17 E 1“._—0—,_.p1-13e'u'
P A— [] —— 5. pt=10GaV
s & H —o— 5. pie 100GV
- n""
B P
T .20 ®
- 2 "
T LaR2 e
23 -
—"--F___-E.d- ----- '.. ..-..'-'
Hlol--25 g BRI ORT
- 1 !"
) |
—
[]
0 05 1 15 2

A huge, ultra-precise silicon tracker system:
= For p;< 100 GeV, Ap;/ p; = 0.5-2% (|n|<1.6)
= Muon resolution dominated by inner tracking resolution for p;,<=100 GeV

= Ad, =10 pm resolution at very high p;
= Az=20-40 um resolution at very high p;(|n|<2)

?: .'e LHC and Tevatron Results, Natal 2011
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CMS: tracking performance

CMS Preliminary (7 TeV, = 200 nb™)
LI T ] T LI 1

I CMS Preliminary, \'s = 7 TeV ", sl WAAT S0 BERR DD BARS Bk £504 R8T BAL LSS RARN ERAT I
5‘.11000— Y(ls) Hi K \(_ 1 :'-""‘._ = resolution fitted on data _
¢ [ L.,=31pb a | | /\If
E B _ 2 o) —=— resolution from MC truth
S 800— 0 =70 MeVic
= i h‘llL | <1 resolution fitted on MC T
2 [
S 600
L L
o Y(2S) |
: | Y(3S) _
200 . J |
r ERIENTIRRRE NN ESRRIENNE RS FENE ERRREANE NREE RERN
ﬂ 8|| L 1 Iallsl L 1 |9|| 1 1 Ig|5| L 1 |1|ﬂl | |1|0|.5|| | |1|1| | |1|1|.5| L1 |1|2 U DIE Ul4 u.s‘ ﬂ.a 1 1;2 1-.4 1I-6 1‘8 2 2‘2 2‘4
it mass (GeVic) muonm

= Tracker resolution working 'almost' as in the simulation

= Resolutions extracted directly from data (narrow
resonance widths)

CoAnnmat LHC and Tevatron Results, Natal 2011

Centro de Investigaciones 33
Energéticas, Medioambientales
v Tecnoldgicas



CMS preliminary 2010

CMS: tracking performance

{ *'-I‘- r-. liminary II_IH]

vg=T7TeV

H11EIIIIIIIIIIIIIIIIIIIIIIIIIlI

s

Transv.Impact Parameter Resolution ([um

1uJJJJIIII|||II|||I.I.I.I.I.I.I.I.I.I.E.|.

Data track In1<0.4

Simulation track Iv1<0.4

JJJJJJJJJI

2 4 6 8 10 12 14 16
rm:kp{GaWn}

= High accuracy of impact
parameter and vertex
measurements, in reasonable
agreement with simulations =>
b-tagging already operational !!
Ciemal
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LHC and Tevatron |

Z{um
P
th
=

150

Primary Vertex Resolution

200

100

50|

& Data
= Data
« Data

WE =T TeV
IIIII""'IIIIIIIIIII"'

o Simulation 0 <F_ < 0.6

Simulation 0.6 =p_ = 1.2

. Simulation 1.2 < f_

10 15 2{::'"2'5" f‘m ";35 40

CMS Preliminary 2010

10*

MC Normalized to Data

103§
102§

10

l l - D.L\TA l
BMC (light)
AMC (charm) _|
BMC (bottom)

o 10 20 30
3D IP significance
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CMS: tracking performance
J/Psi Tag and probe

ey, 2200 pr——rr

, Irnna We= ?Ta‘u*
Probes passing i

the matching

b passing probes |

GMS F'l'nallrrnrmrg.I l_]l_ﬂnhes
L o108t failing the
. matching

dwm
== 1400
%‘IEDD
E‘IEJDD
800
ERE. - o .
400 i
200
ﬂE““E‘.EHHE-I“:BEISHHAHEHHE.EI ”3““3.5””4“
dimuon mass (GeVic®) dimuon mass (GeV/c?)
Region Data Eff. (%) SimEff. (%) Data/Sim
00< |y <11 mnn:gg 1m0:g§' 1.000 *3001
L1<|yl<16  99.2708 998101 0994 +10W
16< |y <21 976773 993133 0983+
21< |y <24  985*13 97602 1,010+0015
Combined 98.8 702 992701 099% 7y
Ciemal
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Very high efficiency of
tracking (measured also in
data on J/W samples). Even
in the presence of pileup!

ey e ——r—"
CMS Praliminany, s = 7 TaV

100 '_T_‘

g 3 +

8085
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ATLAS: similar level of understanding
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= Rather impressive level of reproducibility of the tracker material in simulations:
= This is important to account for effects like multiple scattering or electron

bremsstrahlung

= Plus good understanding of position resolution in the tracker:
= |mpact parameters in agreement with simulations, b-tagging OK

i LHC and Tevatron Results, Natal 2011
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LHCDb tracking resolution

Evolution of J/y = u*u™ mass resolution with time (MC ~ 12 MeV/c?)

November: o ~ 13 MeV/c?

May: o ~ 18 MeV/c? August: o ~ 16 MeV/c?

— B ' ' 3 20000, Mgy = 15608 2 714
LHC oo LHCh M-t Eronp LHCD R~y
Preliminary Myge, = 208 21 Preliminary eeeoseioe | @ Preliminary = 0BT 0,08 Mewe®

iy = 3003.2 = 2.3 Mave" A0 ‘\.'l & T Takl Dita i, = J0FF3 + §.008 Ma\s g & 1330 1 0.0 Wen

W T T :" y
E"‘“““. I.'\.. ™ iy ..

E:,
- ]

2000

e =T TeV Data . ] . 3
L] =77 £ 11 Maic oy ® 15.0 2 07 MeWlE

Events / { 10 MeVic® )
Events/5Me\ic’

2boo i00a oo 3200 130 1000 3000 00 X0 Aco Tes0 9000 2060 D199 D160 D200 60 2300
pu invariant mass (MaVic') \*" invariani mass (MeVict) 07 Inovarmen mass [Neic’)

= Many tracking detectors, high B field, A9 sfuzicinbeens

= 33 long,
long level arm — excellent resolution 19 T tracks,
6 upstream,
. T 14 downstream ) ] M
= F a) s o s — Total 106 reconstructed tracks Assigned Hits
=ooe - pobastmecs fest - Reconstructed Tracks
oS - i
osf ==
[ - =
g b e
oo
03 F
0.z f—
o1 f— 20 to 50 hits assigned to each long track
0 : 1 1 1 1 1 1 98.7% correctly assigned
0 20 40 &0 B (L1} 1200 1 <4y
P [GeWic]
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Ciemalt

Performance of dedicated
particle-id
detectors at LHC
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ALICE dE/dx

250 Y . - ,120_TPC _5|gnal forall candidate tracks | ‘
- pp @ 900 GeV - SE 3 3 I1u
— [ % I SM0E = Wy, =
32003 1 e -
© i ALICE performance o F - ALICE Performance: | = 10°
~ [ work in progress ] & F “menoro - |0
E 150 [ ] - 4
= : : g e
= ' ! - :
= 1007 § e 5
S e o :
T 1 u 10
T 00 Feesm— . 501
T I -
i 40 - i —ha R | 1
o————ul T 02 03 0405 1 2 3 4 5678
p [GeVic]

1 10
momentum p (GeV/c)

= Most effective sampling of the energy loss per unit length (dE/dx) in
the TPC chamber (> 100 points per track)

= Good separation between electrons and pions (in relativistic regime)
C'.'E'". maE LHC and Tevatron Results, Natal 2011
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ATLAS: elp separation using TRT

Barrel SCT = 0.3¢ m
Forward SCT = -
[is] I
0.25 =
E [ ATLAS Preliminary . d* .
& [ adl :
a .f '
2 02-  TRTbarel g g
= C :-,‘ ]
@ 0.15- @ Dala2010 s =7 TeV) ‘3'
£ - O Monte Carlo -
o .
o -
T =

. Y factor ]
UF L1 131 1 1 III 1 1 II 1 1 III 1 1 1 III ]
il o W0 o W, 0
1 10 1 10
Fion momentum [GeV) Electran momentum [GeV]

= Half of the radius of ATLAS tracking is filled with a Transition
Radiation Tracker detector (TRT) (straw tubes mostly filled with Xe)

= Besides measuring the trajectory coordinates with decent precision
(170 um), it can differentiate electrons and pions in the 1-100 GeV
momentum range (charged particles emitting significant X-ray
radiation when traversing the different media for y=E/m=1000)

LHC and Tevatron Results, Natal 2011
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RICH detectors

— O e e e i s Ur—T—7Tr
Detectors @ LHCb K'->K*: (95.46 + 0.25)% ] 2 [ LHCb K K':(97.08:4 0.08%
§ 12 Preliminary .k 7.06:008p% ° 3 126 Monte Carlo 7 k. 59+ 001
\ s E & \s=7TeV Data ; & b \s=7TeV
porogl ¥\ _ At “soneica W T : W T M T
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o T ’ . C‘_sz { | Beam pipe 03 "Fh 0'8'- ]
06 : 04f
VELO exit window | / [
o 02 ] 02 -*-*"“"1
0. . ||5<103 c ||5<103
2 40 60 80 100 2 40 60 80 100
Momentum (MeV/c) Momentum (MeV/c)

0 100 200 z (cm)

= Ring Imaging Cherenkov detectors (RICH) are typically used (at LHC)

to differentiate pions and kaons in order to:
* Do dedicated studies for strange production, ... (

ALICE)

= Identify exclusive bottom and charm decays (LHCb)
= Rather good agreement between data and MC expectations (LHCb)

Ciemalt
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Electron and photon resolution and
performance at the LHC

Ciomat LHC and Tevatron Results, Natal 2011



Electromagnetic Calorimeters

Towers in 3ampling 3
Aqeciny = 00245 0.05

- ATLAS, £ |\ |
== |=lalsl SIERSTS //\ il
97 7 77 . ‘
g ’,”’_ : ;I\’ééfb o :"1;38%?;:-:2
y CMS //,\ N\, ~ :”’ @fg‘/’u.mu
A ’ Preshower (ES) A
I L Y D Endcap " )
-f":‘=_:=::;-‘z-ﬂ- ECAL (EE) .-11]=qu|3“:'11 Ship towers in Samping 1
= CMS: a crystal calorimeter (Pb WO,) = ATLAS: a liquid argon calorimeter
with extremely good resolution, (active medium) W'thOQOOd resolution,
granularity and low noise (+preshower fine segmentation (x° — yy .r.eJec.tlon)
in the endcaps): and photon pointing capabilities:
2 o/ 2 2 2 10% .2
(F) =) +HT5) +03%) (3) =) +(07%)
E’ " JE E (E in GeV) E
ff.: !Emwm::': LHC and Tevatron Results, Natal 2011
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ATLAS and CMS: electrons

Good resolution confirmed in data
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ATLAS and CMS: electrons

Both for low masses ...
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ATLAS and CMS: electrons

. and at high energies as well
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ATLAS and CMS: photons

: Expgj CMS graliminaqw@ =7 TeV

o > C
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Good agreement with expectations
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Muon resolution and performance at
the LHC
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ATLAS: a precise muon system

J The ATLAS muon system (barrel and also endcap) is optimized for:

» Precise muon identification and stand-alone momentum measurement, even at
very high rapidities and up to TeV momenta (<10% resolution)
» Muon triggering (RPCs in barrel, TGCs in endcaps)

Thin-gap chambers (T&C)

Intrinsic position
resolution per
chamber better than
100 microns (good
S alignment is critical)

Cathode strip chambers (CSC)

Air toroids of 4 Tesla
|' (no material between
| chamber layers to

keep high resolution)

Air toroids in the
Barrel toroid endcap ensure good
Resistive-plate momentum resolution
chambers (RPC) even at very high
End-cap toroid rapidities

Monitored drift tubes (MDT)

Coverage Inl<2.7

Eidefmmm::t LHC and Tevatron Results, Natal 2011
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CMS: a special muon system

J The CMS muon system (barrel and also endcap) is optimized for:

» Robust, efficient and redundant muon triggering system (chambers+RPCs)
> Efficient muon identification and reconstruction (|n|<2.4, redundant coverage)
» Precise measurement (< 10%) for TeV momenta (good alignment + level arm)

Drift tubes
used

in the bar'r'el__

L F. -",._ 4 £ & . . oy
i A Intrinsic position
resolution per

chamber ~ 100 .'-'l.:-hif-:{ 20 500 800 : mnu = 1200
microns Cathode Strip Chambers (CSC) used in the end-caps
RPCs for fast timing and trigger response
Eﬁ':m'ﬁ';m‘:" LHC and Tevatron Results, Natal 2011
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ATLAS and CMS: muons

Good resolution confirmed in data

—
L —)
[

i IIIII|T| T TTIT T TTTTI T TTTTIT LILBLLLLLL T TTTI T TTIT T TTIT

‘;I E I T TTTT I II\III| I I IIIIII| % E pm¢ ‘J/
3 10’ W fmo b’ S0L o '
S EF mut5 g
E:L 104 ..' . . IP' Y(1S - Lﬁﬂ]s
T f' ) Yzzs)
Zi 1031 10*
° i
10

—
L =]
X

CMS Preliminary

i 10
15 ATLAS Preliminary Ns=7TeV, L =40 pb’
0 " Data 2010,\s= 7 TeV
é | |IIIII| L l II\|||| | | | |||| ] |||||||| | ||||||||
2
1 10 10° 1 " u”;ﬂ'?'nass (GeVic?)
m,, [GeV]
?: !n;_o_w“’:_(_:_ LHC and Tevatron Results, Natal 2011 51



ATLAS and CMS: muons

... and at high energies as well ...

%103 CMS preliminary
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Ciemalt

Hadron calorimetry and jet
performance at the LHC

LHC and Tevatron Results, Natal 2011
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ATLAS: precise calorimetric jets

= Hadron calorimetry: Iron-plastic scintillator tile calorimeter (barrel); extremely
hermetic and segmented, with a very linear response (<2% deviations)

= Jet energy resolution:

(2) =(52) +(3%

Ciomat LHC and Tevatron Results, Natal 2011
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ATLAS: precise calorimetric jets
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ATLAS: precise calorimetric E.™*

Data 2010 Vs =7 TeV

det=0.34 nb’
nl<4.5

ATLAS Preliminary

% 10E T T T T | T T T T | T T T T | T T T T T T T T T T T T T T E
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= Missing E. resolution according to expectations

50 100 150 200 250 300
T E, [GeV]

St LHC and Tevatron Results, Natal 2011

Centro de Investigaciones

Energéticas, Medioambientales
1

v Tecnoldgicas

56



i g o
T
B355-— -’"Tv-
'1‘4.'»?%_ 3
Tl 2
ngd | |l JW_N
e TTHELEL |3
§ e 2 [T
0 _ : _|_£
e B e
LTI

._l_',1 EF‘.—, o I i L
!

= Scintillator-brass/steel tile calorimeter: compact, hermetic, good segmentation
and coverage (|n|<5.2)

= Jet transverse energy resolution (using ECAL+HCAL only, barrel):

(2) =12 +(58) + (33 %)

ot de Invesigciones LHC and Tevatron Results, Natal 2011
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CMS: particle-flow techniques

By HCAL

> Clusters
& -

=

00

hadron 4 HH detector

charged :
hadrons Q}amcle-ﬂow H‘

In CMS, charged particles get well separated due to the huge tracker volume and the
high magnetic field (3.8 T)

CMS has an excellent tracking resolution, able to go to down to very low momenta
(~few hundred MeVs)

CMS has also an excellent electromagnetic calorimeter with good granularity
In multijet events, only 10% of the energy corresponds to neutral (stable) hadrons

Big improvement in energy resolution and
identification using particle-flow techniques

CoAnnmat LHC and Tevatron Results, Natal 2011
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CMS: particle-flow techniques

x10° |
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= Factor of two improvement in energy resolution with respect
to measurements using calorimeter information only.
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Summary

" The LHC accelerator has shown an excellent
performance in 2010

= The LHC detectors have accompanied this
performance with an also excellent behavior,
confirmed with the first data taken in 2010

= This already suggests high quality physics
results with those data. This will be discussed
In the next two lectures

Ciemalt
Centro de Investigs
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