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* the LHC physics programme still has a
long story ahead,;

* [the heavy ion programme is outside the
scope of the lectures]

e until now, its results can be broadly
divided into three categories :

a.

C.

"bread and butter", i.e. quantitative
improvements on soft & SM physics;

. the discovery of the Higgs boson [still

exploring the compatibility of the particle
with the Higgs boson of the SM];

searches of physics beyond the SM;

* (@) contains beautiful and intelligent
results, from soft physics to jets, from
W= / Z to top;

* [we all hope that] (c) will be the most
interesting part;

5

* it will be reviewed in the next chapter;

* this chapter includes three parts :

1. a general discussion of the method of

analysis of LHC, mainly the problems
caused by the high £

. a report of some SM "not-Higgs"

studies

. a report of the Higgs discovery

[noblesse _oblige], followed by a
discussion of the present status of
the Higgs analyses;

 the idea is to allow you to enter
smoothly in the next section of the

game, namely your Thesis and
(hopefully) your individual research
activity.
Enjoy it |



Such a large £is a must or a luxury ?
Compute two toy processes :

* cross section for a s-channel process :

> o~Kg?/s; * formation of a resonance (s-channel)
Ex.ole'e >y > prw]=*%/3na?/s. [e.g. s = m, = 100 GeV]:
< K:adimensional factor ~1 g ~107%
(e.g. 4mt/3);

% m, ~100 GeV;

> o ~Kg2/m?l=

=[0.389 GeVZ mb] x 104/ 10* =
v s (energy)z in CM SYs (=4 Ezbeam in =4 x 1036 sz;

e*e, * x,x, for hadrons);

% g :coupling constant (e.g. o, 0.)
(it depends on the dynamics);

ot u* [of course, it is too simplistic : parton structure
functions (pdf), decay BR, detector acceptance,

>Y§‘ """ < analysis inefficiencies are neglected; but all
e w these effects DECREASE the vyield or the

identification of the effects.]
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LHC physics: events at 103% cm2 s o
How many (interesting) events?

34 | events
) Process G (pb) rate (_S@_llo /
an estimate of the order of cm2st) year

magnitude for pp at \s = 14 TeV: collisions (bc) 4 % 107 4 x 1014

» "average year" ~ 10’ s;
~ 1034 ~r-2 -1
* L~ 10> cm=s;

> £, ~10* cm?2=100 fb?;

events 1x 101 1x10° 1016

1.5 x104 150 10°

* last column roughly includes
the detection efficiencies;

1.5 x 103 15 108

o : 800 8 108
 clearly, it is NOT possible to

record all these events (— act 5 x 108 5 x 106 1013

on trigger/selection). —
88 (SUSY) 1 0.01 105
[m, =1TeV]
Higgs 6
[m, =125 GeV] 20 0.2 2x10

Di

QCD jets 105 1000 1010

[pr>200 GeV]
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[c...(pp) is a fundamental parameter of the ¢ i.e. there are "waves" of ~1000 ©* (+ as
tot

Nature; however, here we study it only as many y's) every 25 ns;

an obstacle to observe high-p; collisions] * the waves are on concentric spheres at
¢ © ~10%*cm2s? (actually higher); 7.5 m each other (e.g. at the same time
T, =25ns the muon chambers "see" previous bc's

respect to the inner detector);

foc =1/t,.=40 MHz;
* G~ 100 mb (= 102> cm?);

* the detectors must have an adequate
bandwidth to cope with it (and the

* therefore : do you see necessary radiation resistance !!!).
> Rin =1 GHz; the paradox ?
> Soc = 2.5 x10% cm?;
> Ny, = 25 events / bg;
> Nienst = 20 events / bg;
» N* . = 1000/ bc;
> dN*/dn = 100/ bg;
> Wdetect. ~ 3 kW;
> As,, =25nsXxc=7.5m;




Trigger Setup

40 MHz 40 MHz
A A i
Detectors Detectors
Front end pipelines 0 Front end pipelines
100 kHz 100 kHz
Readout buffers Readout buffers

Processor farms

igh Leve
@ Processor farms rigger

0O(100) Hz 0O(100) Hz
4 k19 Reduce the data C}'_» Sl
volume in stages




The LHC Collider

1720 Power converters
.| >9000 magnetic elements
7568 Quench detection
systems
1088 Beam position monitors

150 tonnes Helium, ~90 tonnes at 1.9 K
140 MJ stored beam energy in 2012
450 MJ magnetic energy per sector at 4 TeV

"“, - i

: .05 r ICERNu”nx

Ber Injectlon Bl

% CERN i ._.:_2..{!"‘" >

=
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The LHC Collider: a view
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The CERN Accelerator Complex
CMS
— —_—
I_Hc Morth Area
2008 (27 km)
( Auce .
T2
A ATLAS
HiRadMat )
m = TTeO
ELENA AD
_ ISOLDE
(2016 (31 m) |
e BOOSTER [ 1992 |
G O7 >
ElBs
<Vl m““” HIE EastAvea
Linac2 0-50 MeV n-ToF e | ;
F _— PS
PSB —> 1.4 GeV ‘_____F__‘r__———‘_lti_d_ [_ T c Tl—i
PS — 28 GeV A 4 :
N QO «
—> 450 GeV e f LEIR
loins —
— 7 TeV




The LHC Collider : parameters

Date 2009 | 2012 | 2015 [nomin. Parameter
Maximum beam energy (TeV) T 3.5 4 6.5 7 Circumference 26.659 km
. . . . -1 .
Delivered integrated luminosity (fb™) | up to 233 4 . Interaction regions 4 total, 2 high
T 5.6 5
Luminosity € (103 cm™2s7Y) 1 37 | 77 | 52 | >10 jFreespace 38 m
at interaction point
. - Magnetic length of
Time between collisions Ty (NS) <> 49.90 | 49.90 | 24.95 |24.95 dipole 14.3 m
Full crossing angle (u rad) <> 240 | =300 = 300 B Length of standard cell 106.9 m
Energy spread AE/E (units 107) 4 0.116 | 0.116 0.113 | Phase advance per cell 90°
1232 main
B : Di inri :
unch length (cm) < 9 9 7.5 ipoles in ring dipoles
; -6
:Snei:i:; Irjrc::il:\s‘o(s}g drenc)at time > > o Quadrupoles in ring 482 2-in-1
’ . + 24 1-in-1
_§/(d£/dt) (hr) 1 8 1 8 14.9 in
Transverse emittance (10'97c rad-m) d 0.7 0.6 0.5 s.c.2in1l
. . X Magnet type _
B*, ampl. function @ i.p. (m) { 1 06 | 0.4 |0.55 cold iron
Beam-beam tune shift / crossing (107™%)| 23 60 34 Peak magnetic field 83T
Particles per bunch (10%°) T 15 15 11.5 | Injection energy 450 GeV
Bunches per ring per species T 1380 | 1380 | 2244 | 2808 @ RF frequency 400.8 MHz
Average beam current / species (mA) T| 374 374 584 from [PDG]
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The LHC Collider: dipoles

1000™" Dipole Installed (sep 5, 2007)
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The LHC Collider: dipole structure

Fn
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The LHC Collider: dipole operations

Mike Lamont — CERN academic training — sep 2013 ; . D| o | as
(read it ! it's wonderful !!!) ’ . p

* Number 1232

* Field (450 GeV) 0.535T

* Field (7 TeV) 833T

* Bending radius 2803.95 m
* MainlLength 143 m

Horizontal force component
per guadrant (nominal field)
1.7 MN/m.

Force tends to "open" the
magnet, hence the Austenitic
steel (YUS 130S) collars.

[more info : http://Ihc-machine-
outreach.web.cern.ch/lhc-
machine-outreach/']
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http://lhc-machine-outreach.web.cern.ch/lhc-machine-outreach/

from Mike Lamont

— = Field in main magnets

= Proton beam intensity (current)

To LHC clock-wise or
counter clock-wise

,T

T = Beam transfer

>
=
Q
[
Ll

SPS

PS

PSB

—
1.2 seconds

450
GeV
A
26 GeV
1.4 GeV
Time ——>




Energy [Gev]

PR =T=Tet

Beam dump

W

Turn around from stable
beams to stable beams : two
to three hours on a good day.

Ramp down/precycle

U

3000

Squeeze

Stable beams

2000

Ramp

Injection

22222}

.

Collide

mmm) Ramp down
mmm) |njection
m) Ramp
mmm) Squeeze
mm) Collide

mmm) Stable beams 0—30 hours

35 mins
~30 mins
12 mins
15 mins

5 mins

-3000

-2000 -1000

Time [s]

1000

2000

3000

Mike Lamont




Globally the machine state is fairly well described
by machine mode/beam mode combination

= <

< I BEAM DUMP |<:.?
%

\-
=

Mike Lamont -—;{. “




The LHC Collider: the user view

LHC Pagel Fill: 2514 E: 4000 GeV t(SB): 00:57:54 14-04-12 17:13:53

PROTON PHYSICS: STABLE BEAMS

Energy: 4000 GeV I(B1): 1.31e+14

intensity 1

——

intensity 2

’—

energy

—

luminosity 1

l

I(B2): 15ze+14

/ 1e30 cm-2s5-1

Intensity

luminosity 2

— ATLAS ALCE — CM5 — LH(b

06:00 08:00 10:00 12:00

06:00 08:00 10:00 d- .

luminosity ...
Comments 14-04-2012 16:19:52 : BIS status and SMP flags Bl B2
Link Status of Beam Permits
Global Beam Permit
cx+ STABLE BEAMS *** ®tup Beam
Beam Presence
Moveable Devices Allowed In
Stable Beams

AFS: 50ns_1092b_1051_0_1032_108bpil2inj PM 5tatus B1 ENABLED (oS I) 111 ¥ ENABLED
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CMS Integrated Luminosity Delivered, pp

Data included from 2010-03-30 11:22 to 2018-10-26 08:23 UTC

100

80

60

40

20

Total Integrated Luminosity (b ')

0 |
< X o

2010, 7 TeV, 45.0 pb !
2011, 7 TeV, 6.1 b !
2012, 8 TeV, 23.3 b !
2015, 13 TeV, 4.2 fb !
2016, 13 TeV, 41.0 b !
2017, 13 TeV, 49.8 b !
2018, 13 TeV, 67.9 M !

\
AW w2 g o
Date (UTC)

oV e
AN 49

100

80

60

40

20



Pre-Cycle
2%

Fault / Downtime
19%

LHC
perfor-

mances
2017

Stab

Operations
30%

le Beams
49%

An almost impossible achievement:
efficiency > 90% for many months [the
hole is just a period of LHC maintenance].

ATLAS Online  {s=13TeV

Total Efficiency: 92.4%

90

80

Recording Efficiency [percent]

70

60
18/04 16/05 13/06 11/07

T T T T T T T T T ] T 1
160
D - ATLAS _
2 140 Preliminary fs=13Tev 3
= Delivered: 156 fb’' .
120 [CJLHC Delivered  Recorded: 147 b -
- [ JATLAS Recorded FMsics: 1391 -
100 :_ D Good for Physics _:
80— —
60F -
40 —
20 -
- | | | I | I | I | I | .
5a0"5 50\'“55910"6 50\'“65@\"1 T oo \B
'\
" ;
act m% counts is nok th,, ; N

08/08 05/09 03/10 30/10 Datein 2016




e In 2016 LHC has achieved the < for Vs = 14 TeV, wait another couple of
luminosity foreseen in the project, i.e. years.

£=10%cm=3st.. o [1 Hz/nb =1033 Cm-zs-l]
e ... and in 2017-18 it doubled it (£ =
2x103% cm2s1);

CMS Peak Luminosity Per Day, pp
Data included from 2010-03-30 11:22 to 2018-10-26 08:23 UTC
:'g‘ e 2010, 7 TeV, max. 203.8 Hz/ub
5 e 2011, 7 TeV, max. 4.0 Hz/nb
=i e 2012, 8 TeV, max. 7.7 Hz/nb
; e 2015, 13 TeV, max. 5.2 Hz/nb
- + 2016, 13 TeV, max. 15.3 Hz/nb
3 ¢ 2017, 13 TeV, max. 20.7 Hz/nb
€ 25f e 2018, 13 TeV, max. 21.4 Hz/nb
£
3 20 . § A
T ® o om
Q15 ) e TR
q>, ﬁ: o;.'.‘f " . °
- K bt L
31 FE T DR
o, °® ... ) 3

2 s Pl MR S S A
(] [} ° °® ’° ° % e ° °
9 P f :

o__A_‘_‘lr ® I e o e .8 | I —’ | -. | ° . ° L . .

o o o o o o o
A ¥ 4 ¥° A ¥ A ¥ A ¥ A ¥ A ¥ A ¥
Date (UTC)

40

135

130

125

120

115

110




600 I I I Y O Y O O

ATLAS Online, 13 TeV det=146.9 fio 1

2015 <u>=134
2016: <u> =251
2017: <u> = 37.8
2018: <> = 36.1
Total: <u> = 33.7

500

400

EERO

300

200

Recorded Luminosity [pb "0.1]

6LE

100

IIII|I\II‘IIII|III\|I\II‘II\IL
IIII|I\II‘IIII|III\|I\II‘II\I]L

uoneiqIEs

OO

10 20 30 40 50 60 70 80
Mean Number of Interactions per Crossing

H= <nint> = £Tbc6inel = [e'g' z]
~ (10*34)x(25%107%)%x(8%1072°) = 20.

Pros and cons of the value of p at LHC:

© for fixed 1, u oc & so large p necessary
for rare processes, like Higgs;

© for fixed £, u o 1,; S0 a decrease in L is

payed by a decrease in 7t,, the
processing time for the trigger and DAQ
(now 25 ns, the bare minimum);

® large u — many overlapping events

— systematics in trigger thresholds;

— systematics in vertex reconstruction;

— systematics in calo calibrations and
reconstruction;

— mistakes in assignment of heavy
flavors, jets, muons to event;

—> (... many other problems ...)

© some of the LHC data have been taken
with a different 7, (50 ns instead of 25
ns); for the same £, this fact doubles pn
(— 25 ns is better than 50 ns, but ...)

© anyway, large p is necessary, so you
better learn to survive with it.
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-----------

25m

Tile calorimeters

LAr hadronic end-cap and
. forward calorimeters
Pixel detector ™\

LAr electromagnetic calorimeters

emm=
_______
_________

Toroid magnets

Muon chambers Solenoid magnet Transition radiation tracker

Semiconductor tracker



The ATLAS detector: inner tracker

e g F ol e
.......................

2.1m
\ \ Barrel semiconductor tracker
i Pixel detectors
S| Barrel transition radiation fracker
’ V End-cap fransition radiation fracker
" End-cap semiconductor tracker
Pixel SCT TRT

3 cylindrical layers 4 cylindrical layers 73 straw planes

2x3 disks 2x9 disks 160 straw planes
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Tile barrel Tile extended barrel

sandwich

eSS,

: - '
scint-Fe —

LAr hadronic
end-cap (HEC)

LAr eleciromagnetic
end-cap (EMEC)

"accordion"

LAr - Pb LAr electromagnetic
barrel

LAr forward (FCal)




Cells in Layer 3
Adxan = 0.0245x0.05

= x ¥ §
. 8=4
L
Strip cellsin Layer 1
~=—Cells in PS
AnxA¢p = 0.025x0.1

"accordion" LAr — Pb

cryogenic

hermetic

longitudinal + radial segmentation



The ATLAS detector: et id and measure = -

third layer hadronic calorimeter
>

electromagnetic ,-*
calorimeter .-

second layer
AnxAp=0.025x0.0245

neEr-=e

first layer (strips)
AnxAp=0.0031x0.098

TRT (72 layers)

sCT BE R

.--  *." eProbabilityHT -
[ [ [ ]

beam axis pixels

beam spot

t
do

insertable b-layer

an electron is detected many (>> 100) times after the interaction point; even
the non-detection in the had. calo is important (cfr a y in the pixels/SCT/TRT).
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"tiles" Fe — Scintillator
WLS readout
hermetic

b4

Dauble|

high segmentation
readout

—/

Scintillating

Eiles

Hadrons

Interaction point \L
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nBepr-<p>

Schematic view of:
A.
B. asingle tube

a chamber of drift tubes

C. a muon hitting a tube
D. the hit time distribution
E. the r-t relation

Precision locating surface

i Signal cap
_O-rings
& Ground Pin

@’/ ‘IE\I Vi L

Gas jumper /

Endplug Body
0-ring :"

_Nut M25

__ Lotk washer

wire —

Tungsten Wire

Aluminum tube

4000

Entries / 6.25 ns

N
a
S
S

T

Muon Track E
2000
1500
1000

500~

T
ATLAS Preliminary ]

G'.

e N
500 1000

R
1500 2000
Time [ns]
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X
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[T

F ATLAS Preliminary
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[
Big Wheel EM
I |
I
El c
Mew Small Wheel
[ ~
oy A
end-cap (_‘
toroid

in>2021 £ much larger (see later):
* new detectors must be built;
* Roma builds the NSW:
A. layout;
B. principle (e-drift in Ar-CO,);

C. test-beam performances
(current real life not so good ... working)

Pillars

electrodes

Micro Mesh

PCB

Drift Cathode

Pillars

Read-out electrodes

resolution [um]

700
-~ —e— uTPC mode
500:—“ —»— Centroid
- —&— Combined
500
400}
300}
200}
100} °
0::|r:|||||| PN T T I T O I I A I
10 15 20 25 30 35 40
angle [deg]




The ATLAS detector: NSW nice (?) photos
'CERN oct 21 § %w =

(by M.Kado)

.3 fo —B—

0
A
W
R e

¥ L
24

R
CERN OCt 21
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CMS DETECTOR

Total weight : 14,000 tonnes

Overall diameter: 15.0 m STEEL RETURN YOKE

Overall length  :28.7m

Magnetic field 3.8 T 12,500 tonnes SILICON TRACKERS

Pixel (100x150 um) ~16m? ~66M channels

Microstrips (80x180 pm) ~200m? ~9.6M channels
_ SUPERCONDUCTING SOLENOQOID

P Niobium titanium coil carrying ~18,000A

MUON CHAMBERS

PRESHOWER
Silicon strips ~16m? ~137,000 channels

FORWARD CALORIMETER
Steel + Quartz fibers ~2,000 Channels

CRYSTAL :
ELECTROMAGNETIC

CALORIMETER (ECAL)
~76,000 scintillating PbWO, crystals

Y,

HADRON CALORIMETER {HAL)

Brass + Plastic scintillator ~7,000 channels




| | | | | | | |
Om m m im 4m 5m am im
Key:

Muon

Electron

== Charged Hadron (e.g.Pion)

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

Silicon
Tracker

. \ Electrormagnetic
] }|1 lll Calorimeter

Hadron Supearconducting

Calorimeter Solenoid

Iron return yoke interspearsed

Transwverse slice

with Muon chambers

through CW5

I'D.ﬂ'ﬂ-l"l"lﬂoy. CERM, Felwicmay 2004




24 m

A\
i \l‘{|1 W'I
1

i
N
" i 1 I
| LD

iy
o

Si pixel + strip
detector




The CMS detector: e.m. calo

Emme | =S T —— T
e /\ﬁl =

_diEn_dcap
ECAL (EE)

PWO: PbWO4
about 10 m3, 90 t

suparcystals
(5x5 erystals)

Super Module EndCap “Deg™
(1700 crystals) 3662 crystals

e.m. calo:
Barrel: |n| < 1.48 EndCaps: 1.48 <|y| <3.0
36 Super Modules 4 Dees PbWO4 crystals
61200 crystals (2x2x23cm?) 14648 crystals (3x3x22cm?)
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HCAL (tower structure): - Forward (HF): 2.9< |r]|. < 3.0 (not shown)
- Barrel (HB) |rI| < 2304 towers — 2 X 900 towers (Quartz fibers, = 10 AN)
— AnXA® =0.111 X 0.175 — 0.302 x 0.350

- End caps (HE): 1.3<|n] <3.0, , towers
- Qutside coil (HO): |n| < 1.26 (tail catcher)
— 4608 towers (Plastic scintillator tiles, = 10 A,
— An x Ag = 0.087 x 0.087 — 0.350 x 0.175

CASTOR calorimeter (not shown):
-51<|n| <6.5, =22 X,, = 10 A,

16 1 | |
15 1 1 )
1w _ 1] 2] 3 J4d 18 1} i 1
13 | fi | X
12 ! | [ ! * .
11 | | | /
10 | | | i b
9 — 3 I . R Y M |
8 T T S i e s — y (— —.
7 O S S S ! (W W S :
6 T G T — T R _
y =7 “
3
3 T S e (S S ]
2 A I T (G (S (I S “
1 e e e T i il
0 e e e e 1 7 L “
a2 5
5 g e ; _‘39“

el SN R el g

% 10 11 12 13 14+ 15 16 17

hadronic calo:

Brass/scintillator/wls readout




The CMS detector: p system

DT eta=0.8 7/

1.04

s

RPC

muon system:
drift tube (DT) chambers
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Detectors comparison : ATLAS vs CMS

Radiation shield

I I I [
24 22 20 18 16 14 12 10 8 6 4 2 0 2 4 6 8 10
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2/4 Detectors comparison : structure
i ATLAS . CMS
Magnet(s) Air-core toroids + Solenoid in inner Solenoid
cavity Calorimeters inside field
Calorimeters outside field 1 magnet
4 magnets

Tracker/ Inner

Silicon pixels, Silicon strips, Transition

Silicon pixels, Silicon strips.

Detector Radiation Tracker. 4 T magnetic field
2T magnetic field
Electro- Lead plates as absorbers with liquid | Lead tungstate (PbW04) crystals both
magnetic argon as the active medium absorb and respond by scintillation
calorimeter
Hadronic Iron absorber with plastic scintillating | Stainless steel and copper absorber
calorimeter tiles as detectors in central region, | with plastic scintillating tiles as
copper and tungsten absorber with | detectors
liquid argon in forward regions.
Muon Large air-core toroid magnets with | Muons measured already in the
detector muon chamber form outer part of | central field, further muon chambers

the whole ATLAS

inserted in the magnet return yoke
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Detectors comparison : performances

N

i ATLAS

ner-=»

% cms

o
— 1 |

Tracker/ Inner

TRD — particle identification

No particle identification

imho (

Detector o/p; =5 x 10%p; (GeV) & 0.01 o/p; = 1.5 x 10p; (GeV) @ 0.005
Electro- 6/E ~ 10%/NE (GeV) 6/E ~ (2 + 5) %/VE (GeV)

magnetic Longitudinal segmentation No longitudinal segmentation
calorimeter

Hadronic >10 A > 5.8 A + tail catcher

calorimeter | 6/E ~ 50%/VE (GeV) ® 0.03 o/E ~ 65%/VE (GeV) ® 0.05

Muon air Fe

detector o/pr = 7% @ 1 TeV (spectrometer |G/p; = 5% @ 1 TeV (combining

alone)

spectrometer + tracker)

" coOmmon, but not unanimous):
wo complementary Strate

gles almost eéverywhere-
V4

(e.
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Detectors comparison : mag. spectrometers

pt
rz ro rz wt ro N
o )| i -
— =
(e ] —
Ce— ATLAS cMs
ATLAS: CMS:
* main magnet: toroid B=0.7 T, * main magnet: solenoid B=4T;
* bendingin (r,z); * bending in (r,p);
* straight tracks in (r,p); e straight tracks in (r,z);
e at smallr, a solenoid B=2T — bending * more precise in extrapolating to main vtx;
also in (r,o); e p-system in Fe — large multiple scatt. for
* |ess precise in extrapolating to main vtx; u's;

* u-system in air — no multiple scatt. for u's; ¢ less bending for pu's at large n.

* larger bending for u at large 1 — more
precise.
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e.m. calo.;

no improvement wrt LEP, used only
for detector debug/calibration (e.g.
to show the independence from £).
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Detector performances : silicon trackers
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* Vertex resolution as a function of its
track multiplicity.
* Expect 6 ~ 6,/IN @ o;;

* 6, and o, constants, different for xy
(transverse) and z (beam axis).

1

107"

¥ Vertex Resolution [mm]
l
L]
¥

ATLAS Preliminary

Z Vertex Resolution [rmm)]

Data/ MC

= ATLAS Preliminary

—— Data 2011, Random Trigger

L 11111

Minimum Bias MC

ATLAS Preliminary 10?2

FTTTTTY

3

X Vertex Resolution [mm]
I
]
Data / MC

107 —
(&) 1.3 T
= 12
& 14 —
17} R 2 5 X 2 3 2]
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w 0.05 T T T
L - A Data: 0/E = (10.2+0.4)%NE® (0.2 +0.1)% 1
[ @ Simulation: o /E = (9.5 = 0.1)%NE ® 0.2% )
0.04[ -
0.03— ATLAS e.m. resolution .
- from test-beam data -
0.021- .
0.01F -
L ST N S S | N ST T N S | NP N N SN S| I T S S N | ST

% 50 100 150 200 250
Epeam (GEV)

e although real life is somewhat different
(sys from cell-to-cell calib, control of
temperature, etc), test-beam results are
impressive;

* expect6/E~c,/ED G,/ VE® O3;

* o, looks negligible, while o, dominates at
high E.

— test these expectations

with real particles:
= 7 (previous slides);

" 10 n, ... (next slides)

o(E)/E (%)

—

0.8
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0.4

0.2

1.4

; T T T T T T T T T T T | T T T T | T T T T |

— 3x3 —
$=3.63+/-01%
N=124 MeV i
C=0.26 +/- 0.01%—

------ 3x3 Hodo Cuts ]
S=2.83+/-03% |
N=124 MeV —
C=0.26 +/- 0.04%

CMS e.m. resolution
from test-beam data

OO

50 100 150 200 250
E (GeV)
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The n° and n widths are a measurement of L .
. . e — 250~ CMS Preliminary 2012 g=4.8%
the electro calo resolution in a difficult % i /s=8TeV
environment (inside jets or in high @G S/B,,, = 0.47
multiplicity events). E 200
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jet resolution as a function of pJet:
> measured for different event types;

> stat and (mainly) syst uncertainty
2%, almost independent on p;.
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092F v Multijet — Statistical component 3
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 great agreement with predictions;
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Qo

o Fal Total —
— 1 2 - Q Spectrometer entrance &
\O | | Multiple scaftering _
&/ L O Chamber Alignment ]
— 1 0 | L J Tube resclution and autocalibration (stochastic) |
Q. | Energy loss fuctuations Yy |
~ L , _
& of -
g 8 .
6 1
41 .
f= _E —
20 .
i 1 I 11 IMI 11 I 1 | [ 1 | 1T L1 i ]

0
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pr (GeV)

Ap+/py vs py [project, low 1] :

v meas. error + calib (oc p;);

O chamber alignment (o« p; );

[0 multiple scattering (oc =const);

AE (calo) fluctuations (tail at high
loss measurable from brem
shower);

O at spectrometer entrance
(=veoO@O)

A total at main vertex (= @ O).

»at low p; (pr < 200 GeV) vix
extrapolation () and scattering (OJ)
give the main contributions;

»at high p; the accuracy of the
spectrometer (v @0O) dominates;

> at fixed p; and high n (not shown),
Ap; gets worse.
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*at low m,, low trigger
thresholds from low £ runs;

* also a technical challenge.
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» e*e™: small cross section — [R = £o = few characteristics (i.e. high-p;, multileptons,
Hz] — event trigger, i.e. trigger on single high E; ...); use cuts (i.e. thresholds), user
bunch crossing, if it contains an event defined in kinematical variables;
candidate; @ LEP, 111 ~ 107, negligible  « the thresholds are applied on a
dead time; kinematical variable "x" (e.g. p;'P®n),

* pp(pp) : high hadronic total cross section measured in a rough and fast way by the
— [R = £o ~ 10° - 10° Hz] — rates too big trigger detector(s); therefore the
(and uninteresting events) — physics experimenters have to compromise
trigger, i.e. select a (tiny) fraction of among rejection, efficiency, dead time,
events, which exhibit peculiar bandwidth ... and physics.

B N a N a p

5 nominal < nominal : nominal

S~ S .,

[2) threshold ® : *. threshold .

ie) threshold acquired
oo 1 @

0 ' events

e (o) r\

/ trigger
efficiency
v v

x'/ _ X/

log do/dx (acquired data)

-

X




Efficiency € at level 1 :

> vs p; : notice the "size" of the

_—"threshold;

> vs m, integrated for p; > 14 GeV :
notice the flatness.
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e
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+ CMS Prellmanary 2012 DATA (8 TeV)
-6- CMS Prellm:nary 2011 DATA (7 TeV)

0.6
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" —8~ CMS Preliminary 2012 DATA (8 TeV)
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NB the effective yield N, = N *e: 0.4

L1 Slngle Muon

produced :
Threshold 14Gev with n| < 2 1

> the bulk of the data is near p; threshold

|III||]|II]I|III

0.2

> ... where g is varying;

IIIII[IIIII!IIII!II]IIIIIIII!IIII lI]lIIIIIII!I

> ... and the physics less interesting. 2 15 -1 05 0 05 1 15 2
n




CMS Preliminary 2012, \/s = 8 TeV

y

Efficiency € vs p; at the highest
trigger level (HLT):

o
e

> notice the sharper "size" of the
threshold (— less useless data);

> ... at the price of a much higher
threshold (— no recovery of

events lost in Ivl1); | o4

P, > 45 GeV/c, |n| <21

> ... with the advantage of (much)
smaller rates :
O(10 KHz) @ Ivl-1 — O(10 Hz).

—=— Run 2012A

O
N

. |— Run2012B

HLT Mu40 Efficienc
T T T




Run Number: 169206, Event Number: 310336
Date: 2010-11-14 18:20:52 CET
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jets, p; =2 TeV

LHC evens

Run Number: 201006, Event Number: 55422459

Date: 2012-04-09 14:07:47 UTC
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LHC events : a multijet event

CMS Experiment at LHC, CERN

Data recorded: Tue May 25 06:24:04 2010CEST
Run/Event: 136100 / 103078800
Lumi section: 348
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' CMS Experiment at LHC, CERN
CMS E Run 133874, Event 21466935

" 1 Lumi section: 301

Sat Apr 24 2010, 05:19:21 CEST

Electron p=35.6 GeV/c
ME = 36.9 GeV
M:=71.1 GeV/c?




?ATLAS
EXPERIMENT
Ellfu'fj"mlu:::[:h

f . ; _. ! = - - —\..___\_\_-_‘_-_
Yoy % % |
A" W &5
YRR i I &l

F. Gianotti, ATLAS Higgs paper, LMC, 8/8/2012
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Run Number: 189280,
Event Number: 143576946
Date: 2011-09-14, 11:37:11 CE’

EtCut>0.3 GeV
PtCut>3.0 GeV
Vertex Cuts:

Z direction <lem
Rphi <lcm

Muon: blue
Cells: Tiles, EMC

Parsint
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9/11
LHC events : Z > p*u-, Z - ptu-

Run: 338220
gvent: 2718372349
017-10-15 00:50:49 CEST

EXPER |

ossing, different interactions |
ted by 67 MM. |

I same bunch-cr

production yertices separa
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LHC events : H — vy

QATLAS

_‘iEXPERIMENT

" Run Number: 191

Paolo Bagnaia - CP - 5a



Paolo Bagnaia - CP - 5a 71



Paolo Bagnaia - CP - 5a

References: collider & experiments

LHC : JINST 3 (2008) SO8001.

LHC : L.Evans, Ann. Rev. Nucl. Part. Sci.
2011. 61:435-66.

LHC (recent) : J. Wenninger, PoS
(Charged 2018) 001.

ATLAS detector
S08003.

ATLAS events :
https://twiki.cern.ch/twiki/bin/view/A
tlasPublic/EventDisplayPublicResults/

JINST 3 (2008)

CMS detector : JINST 3 (2008) S08004.
CMS events : https://cdsweb.cern.ch/

[see also references on results]
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https://twiki.cern.ch/twiki/bin/view/AtlasPublic/EventDisplayPublicResults
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SAPIENZA  End of chapter 5a
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