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e the LHC physics programme still has a ¢ [we all hope that] (c) will be the most
long story ahead,; interesting;

e [the heavy ion programme is outside the ¢ however, it is outside the scope of these
scope of the lectures — see ALICE talks] lectures;

e until now, its results can be broadly e therefore, this chapter includes two

divided into three categories : parts :
a. "bread and butter", i.e. quantitative 1. a general discussion of the method of
improvements on soft & SM physics; analysis of LHC, mainly the problems

b. the discovery of the Higgs boson [still caused by the high ;

a tiny probability that the "bump" is NOT 2. a report of the Higgs discovery
the Higgs boson of the SM]; [noblesse oblige];
c. searches of physics beyond the SM; * the other parts are left to the next

semester, your Thesis and (hopefully)

e (a) contains beautiful and intelligent > "
your individual research activity.

results, from soft physics to jets, from
W= / Z to top; Enjoy it !

* however, they are too fresh [imho] to be
part of an institutional course;



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

e cross section for a s-channel process : » formation of a resonance (s-channel)
> o~Kg?/s; [e.g. Vs =m, =100 GeV]:
Ex. clete >y > prul =4/, a?/s. » g ~102

% K:adimensional factor ~1 & m. ~ 100 GeV:
e.g. 4n/3); " '
8 4773 > o ~Kgl/ml=

< g :coupling constant< 1 = [0.389 GeV2 mb] X 104/ 104 ~
(it depends on the dynamics); = 4 x 10736 cm2:

% s :(energy)?in CM sys;

[of course, it is too simplistic : parton structure

e u functions (pdf), decay BR, detector acceptance,
ceereggenas analysis inefficiencies are neglected; but all
. Y w these effects DECREASE the yield or the

identification of the effects.]
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* o, : s-channel cross section just defined,;
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* 0,,,/0, : if o, ® 100 mb, ratio between s
. . E+
number of events and interesting ones;
e lumi@.01Hz : £ to get a rate of .01 Hz 1E+32
for the m, just defined; 1.E431
= obvious, but concerning — 1.E+30
high £is a must. 1.E+29
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LHC physics: events at 103 cm2 s? =

[ i ? 34 events
How many (interesting) events: Process 5 (ob) rate (.?-110 /
an estimate of the order of cms+) year

magnitude: collisions (bc) --- 4 x 107 4 x 1014

e "average year" ~ 10’ s;
~ 34 -2 c-1.
o L~ 10°*cm=s,

> £~ 10* cm2=100 fb;

events 1 x 101 1x10° 1016

1.5 x104 150 10°

e last column roughly includes 1.5 x 103 15 108

the detection efficiencies;

o . 800 8 108
e clearly, it is NOT possible to

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

act on trigger/selection). —
88 (SUSY) 1 0.01 10
[m, =1 TeV]
Higgs 6
M, =125 GeV] 20 0.2 2x10

Di

QCD Jets 10 1000 1010

[p:>200 GeV]
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[G..«(PP) is @ fundamental parameter of the ¢ i.e. there are "waves" of ~1000 n* (+ as

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

an obstacle to observe high-py collisions] * the waves are on concentric spheres at
e £ ~10%*cm2s?t(actually higher); 7.5 m each other (e.g. at the same time
e 1, =25ns the muon chambers "see" previous bc's

respect to the inner detector);

foc =1/1,.=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 ?
> S = 2.5 x10%® cm?;
> Ny, =25 events / bc;
> Nieast < 20 events / bc;
> Nipartic_ ~ 1000 / bc;
> dN*/dn =~ 100/ bg;
> Wdetect. ~ 3 kW;
> As,. =25nsXc=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
3 kHz - SW|tChlng netWOI'k Sw|tch!ng network

Processor farms

igh Leve
@ Processor farms rigger

0O(100) Hz O(100) Hz
4 k10 Reduce the data C}'_’ S
volume in stages




The LHC Collider

1720 Power converters

| >9000 magnetic elements
7568 Quench detection systems
1088 Beam position monitors
”4000 Beam Ioss monltors

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

= g

: r ICERN My,

Ber Injectlon Bl

% CERN i ._.:‘..{l"“' r

=
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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 .
T 1976 (7 km)
N ATLAS|
HiRadMat )
m = TTaO
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m1 e
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G O7 >
RiBs

Linac2 0-50 MeV n-ToF

PSB  — 1.4 GeV w— PS

ahe N
PS —» 28 GeV LINAC 2 .
—> 450 GeV . - LEIR
lons —

— 7 TeV

REI!HIE

_ East Area

() (CTF3
O ¢




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™) | upto 233 4 . Interaction regions 4 total, 2 high
T 5.6 IS
Luminosity £ (10** cm™s7) T 37 | 77 | 52 | >10 Freespace . 38m
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 § Length of standard cell 106.9 m
Energy spread AE/E (units 107°) { 0.116 | 0.116 0.113 B Phase advance per cell 90°
. . 1232 main
Bunch length (cm) <& 9 9 7.5 J Dipolesinring dipoles
: -6
:3nei’3: Irjrilll:;(;g/ dz]c)at time > > o Quadrupoles in ring 482 2-in-1
’ . + 24 1-in-1
~/(d</dt) (hr) T i -3 A
Transverse emittance (10 g rad-m){ | 0.7 0.6 0.5 s.c.2inl
. : : 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) 1| 374 | 374 584 from [PDG]
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The LHC Collider: dipoles

1000t Dipole Installed (sep 5, 2007)

Paolo Bagnaia - PP - 12a 13



The LHC Collider: dipole structure

Fy
10

L MAGNET

L CRYOSTAT
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He &.5K
3 bar

101 19k

/

SC BUS BARS

HEAT EXCHANGER PIPE

IRON YOKE (COLO MASS, A.5K]

SUPERCONDUCTING COILS

SHRINKING CYLINDER - HE [1-VESSEL

BEAM SCREEN

96

THERMAL SHIELD [55 ko 75K]

NON-MAGNETIC COLLARS

510

VACUUM VESSEL

BEAM PIPE

RAOIATIVE INSULATION

He 50K
20 ber

SUPPORT P07
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The LHC Collider: dipole operations

Mike Lamont — CERN academic training — sep 2013 7 s DipOIGS
(read it ! it's wonderful 1) ' )

* Number 1232

e Field (450 GeV) 0.535T

e Field (7 TeV) 8.33T

* Bending radius 2803.95m
e MainLength 143 m

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

Force tends to "open" the
magnet, hence the Austenitic
steel collars.

[more info : http://Ihc-machine-
outreach.web.cern.ch/lhc-
machine-outreach/ ]
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from Mike Lamont
To LHC cIock-wige or
— = Field in main magnets counter clock-wise
—— = Proton beam intensity (current) T
T = Beam transfer 450
GeV
o A
2
CDT A
(@
L
SPS A
26 GeV
PS
PSR 1.4 GeV
«—> Time ——>
1.2 seconds




Energy [Gev]

FR =TTt

-3000

Beim dump o Squeeze Stable beams
) Turn around from s.table ' »
beams to stable beams : two
to three hours on a good day. | 3000 Collide
Ramp
Ramp down/precycle > mm=) Ramp down 35 mins
mmm) |njection ~30 mins
— mmm) Ramp 12 mins
Injection mmm) Squeeze 15 mins
‘1"1"1"1"1"1’ mmm) Collide 5 mins
mmm) Stable beams 0-— 30 hours
-2[;0'0 -160[} . 0 1ﬂl{]0 2[.‘;[]{] 3000
Time [s] Mike Lamont




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

= <

< I BEAM DUMP |<:.?
f

\-
=

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

(B2): 15ze+14

{ 1e30 cm-2s5-1

Intensity

luminosity 2

— ATLAS ALICE — CM5 — LHCb

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 *** Ptup Beam
Beam Presence
Moveable Devices Allowed In
Stable Beams

AFS: 50ns_1092b_1051_0_1032_108bpil2inj PM 5tatus B1 SRS ERPM Status B2 ENAEBLED
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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
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20

Total Integrated Luminosity (fb ')

0
\ N o o RO \%
AT S R LN

Date (UTC)

RS

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 !

o<*

T

x 50

N
o
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e
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Pre-Cycle
2%

Fault / Downtime
19%

LHC
perfor-

mances
2017

Stable Beams
49%

Operations
30%

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

ATLAS Online Vs=13TeV

Total Efficiency: 92.4%

90

80

Recording Efficiency [percent]

70

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

fort

L B B R B [ T T T 7 T 1
160—
C ATL.A.S (s =13 TeV
140F Preliminary
B Delivered: 156 fb™'
120 . LHC Delivered Recorded: 147 fb’!
" [ |ATLAS Recorded "Mscs: 1391
100 - D Good for Physics
80—
60—
40
20—
- ! |
ba(\"\a 5\}\|\653(\“\6 3\.\\‘\65@\“\1 5\_\\”\1 ba(\"\% 5\}\‘\8

08/08 05/09 03/10 30/10 Date in 2016




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

£=10%cm=2s?t..
e ... and in 2017-18 it doubled it (£ =
2x103% cm2s1);

e [1Hz/nb =103 cm2s1]

CMS Peak Luminosity Per Day, pp

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

F-
o

2010, 7 TeV, max. 203.8 Hz/ub
2011, 7 TeV, max. 4.0 Hz/nb
2012, 8 TeV, max. 7.7 Hz/nb
2015, 13 TeV, max. 5.2 Hz/nb
2016, 13 TeV, max. 15.3 Hz/nb
2017, 13 TeV, max. 20.7 Hz/nb
2018, 13 TeV, max. 21.4 Hz/nb

W
&)

w
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N
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.
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N
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o_—A_‘_‘rp.- :.:.-_ :- [ ] | | ..’ : ! -4 ! :g. e : -
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600 T T | T T T 1 | T T T 1 ‘ T T T 1T | T T T 1 | T T 1 | T T T 1 | T T 1 @ for fixed £’ I! (x Tbc; SO a decr‘ease in “ is
. _ -1 .
- ATLAS Online, 13TeV  [Ldt=146.9fb payed by a decrease in 1, the

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

processing time for the trigger and DAQ

400 (now 25 ns, the bare minimum);

EERO

® large 1 — many overlapping events
— systematics in trigger thresholds;
— systematics in vertex reconstruction;
— systematics in calo calibrations and
reconstruction;

300

200

Recorded Luminosity [pb "0.1]

6LE

100

IIII|I\II|IIII|III\|I\II|II\IJ_
IIII|I\II|IIII|III\|I\II|II\I]L

uoneIqIEs

% 10 20 30 40 50 60 70 80 — mistakes in assignment of heavy
Mean Number of Interactions per Crossing flavors, jets, muons to event;
—> (... many other problems ...)
n=(n_)= .0, = le.g ] © some of the LHC data have been taken
~ (10*34)x(25%10-%)x(8x10-26) ~ 20. with a different 7, (50 ns instead of 25

ns); for the same £, this fact doubles pu

SRRl (— 25 ns s better than 50 ns, but ...)

Pros and cons of the value of p at LHC: .
© anyway, large p is necessary, so you

© for fixed 1y, < &, so large p necessary better learn to survive with it.
for rare processes, like Higgs;




LHC operations: 2018...

Jan Feb Mar s et Cormmibsion ing
Wk 1 z 3 4 5 -} 7 8 El xk 10 | 11 1z 13
LHC SChedUIE 2018 Mo 1 12| z E 5| 2 1 " = 13} =
Tu

(the last year of operations = 1 I ]

before LS2, see later) =

Lol ko st
rit e 1300 besrches

Apr tmarma May June

Wk 14 Pl T 17 1% 18 20 1 e 23 24 T

> 65 fb—l Mo wtnr 2 5 16| senbbing 23 ! 7 14 whias 2 = 4 T 18| |
Tu ¥ Lt iy

B ninrissed
enremisiening & a5
—1— intaraity remg p B 0 ]

WMD1 -

keeping the LHC availability S N =
close to 50% (stable beams)

July Aug Sep
Wk 7 m | 2 30 3 1z 13 34 15 36 7 18 38

Mo Fremim = 9 16 Fc 30 E 13 0 7 3 0 17 24

o2

Fr Mo 3

Endof run
Oct Nov " 'Dec
26 ar | e | as sa | s 52

Wk 40 41

=
=]
L_
H

|t

knieming up ﬁ

il

LHC Pb- P& lan run

Powerng Tes

Magret Traning
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LHC operations: 2015-2023

2/4
2015 2016 2017 2018
JIFIM|AM|]|J|A|S|O|N|D|J|F|M|AM|]|]J|A|S|O|N|D|J|FIM|AM|]|]|A|S|O|N|D|J|FIM|AM[]|]|A|S|OIN|D
RUN 2
Shutdown/Technical stop s ol 2015-18: >160 fb™* @13 TeV
Protons physics aonine ® >2020 :300fb! @ 14 TeV ?
Commissioning s ' 7
Ions paenct ~
2019 2020 2021 2022 2023

25
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High
Luminosity
LHC

HL-LHC Plan

FP7 . ’
Hi-Lumi ;- | L |
DESIGN STUDY I.HC HJECT

2010 2011 2012 2013 2014 2015 2016 2017 2018 2019 2020 2021 2022 2023 2024 2025 2026

* March 2016: HL-LHC included in the ESFRI e "Full exploitation of the LHC physics

(European Strategy Forum on Research potential with the HL-LHC phase is the top
Infrastructures) roadmap as "landmark priority of the ESPP [European Strategy for
project” in March 2016. Particle Physics] and the highest near-term

large-project priority of the US P5 roadmap."

"LHC/HL-LHC is CERN’s flagship project for
the next 20 years."

[Fabiola Gianotti, CERN’s Scientific Strategy,
ECFA HL-LHC Experiments Workshop, Aix-
Les-Bains, 3/10/2016].

* June 2016: HL-LHC project formally
approved by CERN’s Council.
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-----------

25m

Tile calorimeters

LAr hadronic end-cap and
, forward calorimeters
Pixel detector

LAr electromagnetic calorimeters

esm-
_______
..........

Toroid magnets

Muon chmbers Solenoid magnet Transition radiation tracker

Semiconductor tracker



The ATLAS detector: inner tracker

21m
" 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 = om " e

scint-Fe

LAr hadronic
end-cap (HEC)

LAr electromagnetic

"accordion"

LAr - Pb LAr eleciromagnetic
' barrel

LAr forward (FCal)




Cells in Layer 3
Adxan = 0.0245%0.05

= X i} 4
: 8= 4.
L
Strip cells in Layer 1
~=— Cells in PS
AnxAp = 0.025x0.1

"accordion" LAr — Pb

cryogenic

hermetic

longitudinal + radial segmentation



The ATLAS detector: et id and measure =

hadronic calorimeter

third layer

A

T i

L second layer electromagnetic ,-7| !

é AnxAg—0.025x0.0245 calorimeter .~ E

first layer (strips) £ Ui ’

&?}XA(;J_U,UUB(I)(U.DQS) /'|i’! o ]

il |

iy !

presampler |||_||= E L-

.f’f . l. ¥ e -
TRT (72 layers) v E ol
: Ham DV [ [ ] ]
- 1 |- EEE Ry
SR 1]
SCT \ :

beam axis pixels o . ([ [

. . [ [ ]

S EEN

JN . mEm Ry
beam spot h A *." eProbabilityHT EEE

|

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 J«




89 The ATLAS detector: p spectrometer

X

3

5

_v_
.

Paolo Bagnaia - PP - 12a



ne»r-Ee»

Schematic view of:
A.
. asingle tube
. a muon hitting a tube
. the hit time distribution
. the r-t relation

a chamber of drift tubes

The ATLAS detector: p chambers

Precision locating surface]

& _,-/A'*,_ Ground Pin

Endplug Body d

0-ring ""

WIre T

Aluminum tube

Tungsten Wire

Muon Track

— .
ATLAS Preliminary ]

i 9
1500 2000

Time [ns]
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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

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 im "m im 4m 5m &m im
Key:

Muon

Electron

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

. \ Electrormagnetic
i :"1 lll Calorimeter

Hadron Supearconducting
Calorimeter Solencid

Iron return yoke interspearsed
Transverse slice

with Muon chambers
through CWS

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




24 m

; 10
)| f ’I"rf ! {’;/i W /

o L e
1RV

Si pixel + strip
detector
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The CMS detector: e.m. calo

———r JHE:E J =5 5 iL_ ; /

B Ekiviery 7 7

~":f Rn

AN

q - =

\ 5:]' & )

Preshower LES}

76 ~ i i— —:"_—_J_ el

. “ 30 Endcap
ECAL (EE)

PWO: PbWO,
about 10 m3, 90 t

suparcystals
(5x5 erystals)

EndCap “Dee™
3662 crystals

Super Module
(1700 crystals)

EndCaps: 148 <|n| <3.0
4 Dees
14648 crystals (3x3x22cm?)

Barrel: |n| < 1.48
36 Super Modules
61200 crystals (2x2x23cm?)
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e.m. calo:
PbWO, crystals




HCAL (tower structure): - Forward (HF): 2.9< |r]|. < 3.0 (not shown)
- Barrel (HB) |n| 14 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):
-5.1<|n <6.5, =22 X,, = 10 A,

16 1 | |
15 1
L] FT 3 J4& & ) ;
13 ! {
12 ! ! [ { 4
11 | | | /
10 | | | i -
9 1 4 —7 |
8 S iy ey — —
7 O T S S S S (W W :
6 T T S 7 [ - _
y =7 “
3
3 ) i e e e ) G &
2 A S S (N G S (I S “
1 e e e T i il
0 i o e e 1 7 T "
ma s =
i 1 29 |29

.-__-'-'4-5—-4---'- e g

% 10 11 12 13 14 15 16 17

hadronic calo:

Brass/scintillator/wls readout




The CMS detector: p system

800 |

:MBii"
700 :

eta=0.8 7/

DT

ra

R (cm)

RPC

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

Radiation shield

I 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
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 (PbWO04) 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

Paolo Bagnaia - PP - 12a
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Detectors comparison : performances

cMs.
ATLAS = CMS
Tracker/ Inner | TRD — particle identification No particle identification
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) %/E (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%/\E (GeV) ® 0.05
Muon air Fe
detector o/pr = 7% @ 1 TeV (spectrometer |G/p; = 5% @ 1 TeV (combining
alone) spectrometer + tracker)

(e.g. resolution vs robustness)
detector design:;

.
7

N : o
(— not miss major dlscoveries).

Paolo Bagnaia - PP - 12a



Detectors comparison : mag. spectrometers

e +
R - —_— 7 -
—

#

&
»/d
Lt}
<
e
»

<
<

e ATLAS CMS

ATLAS: CMS:

°* main magnet: toroid B=0.7T; * main magnet: solenoid B=4T;

e bendingin (r,z); e bending in (r,p);

* straight tracks in (r,); e straight tracks in (r,z);

e at smallr, a solenoid B=2 T — bending * more precise in extrapolating to main vtx;
also in (r,); e u-system in Fe — large multiple scatt. for

* |ess precise in extrapolating to main vtx; u's;

e u-system in air - no multiple scatt. for u's; e less bending for p's at large n.

* larger bending for u at large 1 — more
precise.
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Events / GeV for 4.2 pb’

220
200
180
160
140
120
100

ATLAS Preliminary

Z—see (s=13TeV

—e— Data 2016 4.2 pb™

—— Data 2015 134 pb™

m 0.1:| LI I LI I L I LI I LI I LI I LI T | L I T I:
& 0.09F- ATLAS Preliminary +High p (30 <1 < 35)=
(h) = =
+ 0-08E" {s=13 TeV, L =33.9 b =low p (15 <p <20)=
0.07 . —
_5 - 2016 calibrated data g 3
5 0.0 S =
T 0.05F - - -
- E - -
0.04F- . . =
- - -
0.03 P - —
= * =
0.02}— - - —
= ,!;I-'. Eeﬁ =
001 _g=* - E
E"'IIIIIIII%

%0 82 84 86 88 90 92 94 96 98 100
Mg [GEV]

e the classic benchmark of tracker +
e.m. calo.;

* no way to improve wrt LEP, used only

Events/0.5 GeV

for detector debug/calibration.

«10° CMS Preliminary 35.9fb™ (13 TeV)
L I DA B LI A N

T L B | .
0.7 ~ MCsmear -
* data ]

0.6 ]
0.5 —
0.4 —]
0.3 —]
0.2 —
0.1 —
20; : T ;
1 orosiait o eeition st 1910:01010r010
Bgp 85 90 95 100
M., (GeV/c?)



x10°
= T T T T ‘ T T1 | T T T | T T 7 ‘ T 11 | 7T T T
8 o7|- ATLAS Preliminary +oata .
S [ fs-13Tev. 106" e . * the classic benchmark of tracker +
g %o Syst. uncert. muon chambers;
ﬁ B — .
05 - e [no way to improve wrt LEP, used
- . only for detector debug/calibration.]
0.4— —
03— -
021 __NU 1800 == L LA I I I BN IR IR
- 13 - CMS, \s=7TeV, L=36pb" o
0.1— . 8 1600 —  — Collision data =
- ] - 1400— —— Corrected MC —
0,_ | | | | | _: E 1200 :_ —— Reference MC _:
7§ | T 80 I T | I [ T 95 L1 1 I100I [ I1—05 § 1000 :_ _:
my, [GeV] t 800 f_ _f
600;— _g
400 — —
200 | —

_\P
o

100

105 ;10
M, (GeV/c?)
o 4E L J —
S o E s @ sesssnmsesssesssasaasm s ssssanng . @ 3
S 0F *—y o—% Q e... =
E 2l g B @ S ST — .3
g 4 = =



Entries / 0.01 GeV

Data/MC

140

120

100

80

60

40

20

x10°

— ATLAS

~ \s=13TeV, 2.7 fb"

T
[
S—
<

J
=
=

LA L AL AL B B B

-4 Data

—MC

==-MC (uncor.)

[ Background
Syst. uncert.

fLfereee 7 RS

™ o900 N E

e - WWW_‘O_E

:_- | 1 PR y 1 PN S T -_;

9 2.95 3 3.056 341 3.15 3.2 3.25
m,, [GeV]

0.9
0.8

"]

Z— p'u-and J/y Z - ptu are ideal channels

for u studies :

« inner detector + muon spectrometer;

- agreement (MC <> data) — confidence in

analysis (including errors !).

>

D 450 CMS

P N — Total

2 30<p_.<32Gev  Lte; ... Prompt

& 350 T

L%’ 0.6<lyl<0.9 ---. Nonprompt
s00f— 4.55 fb (7 TeV) - Background

250

200

150

100

295 3 3.1 3.15 3.2

33

Dimuon invariant mass [GeV]



14000 Entries 154996
j CMS preliminary RMS 19.164
12000 [} x2/ndf 188.4 /94
1 Data 2011 mean -0.08852
] I sigma 12.71
10000—_ pt >12 Gev nu 3.154
i f area 1.553e+05
8000_- BG -3.645
6000 |
4000 [ \
2000 / \
o,—-G"',",ﬁ'T‘a-*,f
-150 -100 -50 0 50 100 150

Barrel pixel triplet residual Ax [um]

- resolution of few um necessary for impact
parameter — identification of secondary
verteces — heavy flavors — higgs;

- agreement (MC <> data) — confidence in
analysis (including errors !).
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* Vertex resolution as a function of the -
. o s P ATLAS Preliminary ‘ 99 ]
its track multiplicity. ER - Minimum Bias MC :

g L . -

* Expecto~ Go/\/ N®o,; g Tt

zm—l = *M E

* 6, and o, constants, different for xy {50 um| .

(transverse) and z (beam axis). i i
E1EIII
s F ATLAS Preliminary 11“: SR P I ! s
2 -2 M |
% _"" Y g 1 eten. —
% _.‘ a 1 —'ﬁtm'*'ﬂﬁﬂmwmﬂumim
g 107" — ""-._‘_ 08 = ) ) ) ) ) ) ]
g ; - 0e 25 30 35 40 45 50

1

ATLAS Preliminary 0% 0 |

X Vertex Resolution [mm]
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» 4
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= 12
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© 40004
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0.02

0.01

L L L L L B BRLENI
- A Data: 0g/E = (102 + 0.4)%NE® (0.2+0.1)% -
[ @ Simulation: o /E = (9.5 +0.1)%NE® 0.2% E
- ATLAS e.m. resolution .
- from test-beam data .
: L YRR N TN NN WA TR T SN WA SN T AN TN SO NN W N SN S W T ' :

% 50 100 150 200 250

Epoar (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~o,/E® o,/ VED O3,

* o, looks negligible, while 6; dominates at
high E.

o(E)/E (%)

1.4

1.2

0.8

0.6

0.4

0.2

— test

these
with real particles:

= 7 (previous slides);

" 7% 1, ... (next slides)

expectations

QO

— 3x3

| L

N=124 MeV
3x3 Hodo Cuts

N=124 MeV

PR el

CMS e.m. resolution
from test-beam data

’_-.zi—‘c-

S=3.63+/-0.1%
C=0.26 +/- 0.01%—]
S=283 +/- 0.3%
C=0.26 +/- 0.04% |

o0 100 150 200

250
E (GeV)



x10
The ©° and n widths are a measurement of L.
. . . rp = 250 CMS Preliminary 2012 c=4.8%
the electro calo resolution in a difficult % B /s =8TeV
environment (inside jets or in high 0 S/B,,, = 0.47
multiplicity events). E 200
Notice the good (almost perfect) % -
agreement with MC predictions. 0
—
(o)
-
L 100
; : LA L UL rr1rr|]rrr o roor [ rrt1 |: &
0 - ATLAS preliminary B
6000
E N 1 sk n—vy
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jet resolution as a function of pjt:
> measured for different event types;

> stat and (mainly) syst uncertainty
2%, almost independent on p;.

O E— T LA B B B ' ' ot _
o= 1TE antik R = 0.4, LOW4JES bR
S 1.08F pata2012 (s=8TeV, Iml <0.8 3
@ 1.061 =
T 104F E
& 1.021 E
= =
= = E
§ 0.98 = =
& 096F E
- A y+jet — Total in situ uncertain -
0.94 0 Z+jet o Y E
0.92F v Multijet — Statistical component -
09 - I L T B i I I T A .

20 30 40 10°  2x10° 1,33
Py [GeV]



W= —>8* v (jacobian peaks)

>106"'|"'|"'| RS = 6 AVEAEEEAR R R R LN RN R
8 ATLAS Pfeliminary —— pata 2010 s = 7 Tev) ] 810 AT Preliminary ESJEEETDNE=TTEW
m-105 W e E PP I:Ii:.w:[:oLl
Ry %QCD : N10 Bz
S W — v = S oy
_%104 -Z_"‘EE i _E .5104 E;ﬁ—!tt i
_'E -Z-—Pt‘l.' 7 -E B
UJ103 I = w4 )
, ., det=36 pb’ ] 10 | det=35 pb
10 fe,, o 1028
10 Nk 10
1 1
-1 i
10 0 20 40 60 80 100120140160180200 0 20 40 60 80 100120140160180200

A

E;" =E;sin0; (cos@, sing))

ET* [GeV]

ET® [GeV]
E =12 EJ-T |] for events with e* or p* with p; > 20 GeV :

 great agreement with predictions;

— reliable measurement



G

= Vi Total .
—_ 1 2 = O Spectrometer enfrance =
\O | [l Multiple scaftering _
&, L C Chamber Alignment ]
— 1 0 | L 4 Tube resclution and autocalibration (stochastic) _
o | Energy loss fuctuations |
~ B . |
-,
g 8 .
6 .
4 .
f= _E —
20 ~
i { |’f|--|||||| L Pl - | ]

0 L1 1111 1

10 10? 10°
p; (GeV)

Ap¢/p; vs py [project, low 1] :

Vv 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
(=veeOen)

A total at main vertex (= @ O).

»at low p; (pr < 200 GeV) vix
extrapolation () and scattering (O)
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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ATLAS Preliminary

*at low m,, low trigger
thresholds from low £ runs;

* also a technical challenge.

Data 2010,Vs=7 TeV .
1 1 IIIII 1 1 IIIIII| | | | I T | ;i
1 10 102 \ ﬂ CMS Preliminary, \s = 7 TeV
i L. . =3.1pb"’
m,. [GeV]| int
m ]; ¥ G = 70 MeVi/c?
g i <1
S 600
m —
400:—
zoo;mzﬂim%@’ k__a/\k_*h-"w
0_'"""""""""""'""""""""'
8 8.5 9 9.5 10 10.5 1 1.5 12

p*u mass (GeVic?)




+ +
2/15 Detector performa nces: Wt — g%y
10000 T 7T | T 2 T s 4000:'""'""'""""l""l""l"""":
> I ATLAS ] > 3500 ILdt=36 pb’ ATLAS E
) L _ = .
g 80001~ ILdt:Sﬁ pb’ et %30002_ \s=7TeV éﬂgaﬁggv _z
— - 4 C - ]
E Enng; Ns=7 TeV E j>j 2500;_ ety @l MC all background_;
o i e Data 2010 ] 2000F -
o L CIMCW —ev i - ]
4000~ Emaco - 1500F E
I 1 1000 3
2000 - : -
[ ] 500 E
L i o

40 50 60 70 80 90 100 110 120

20 30 40 50 60 70 80 90 100
pe [GeV]

4500 .[Ldt=36 ob’ ATLAS
> 4000 \s =7 TeV e Data 2010
O I MC W—pv
. . > @m MC QCD
> the jacobian peak of the e*; 2 =MC Z sy
Q I MC Wty
>
> the transverse mass for e®v = )
and pv. — KV

80 90 100 110 120
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e e*e : small cross section — [R = £o ~ few
Hz] — event trigger, i.e. trigger on single
bunch crossing, if it contains an event
candidate; @ LEP, 1-¢ ~ 103, negligible
dead time;

* pp(pp) : high hadronic total cross section
— [R = £o =~ 10° - 10° Hz] — rates too big
(and uninteresting events) — physics
trigger, i.e. select a (tiny) fraction of

characteristics (i.e. high-p;, multileptons,
high E; ...); use cuts (i.e. thresholds), user
defined in kinematical variables;

the thresholds are applied on a
kinematical variable "x" (e.g. py'eP®n),
measured in a rough and fast way by the
trigger  detector(s); therefore the
experimenters have to compromise
among rejection, efficiency, dead time,

events, which exhibit peculiar bandwidth ... and physics.
A ) N N/ a ~
©
5 nominal < nominal § : nominal
2 ®
L threshold threshold g threshold il
g S 1+ S events
= true" ¢ ® \ - S
] 3
5
trigger S
efficiency © Y74
M oo v S v R
X/ \_ X _J \ LS




Efficiency € at level 1 :

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

_—" threshold;

> vs n, integrated for p; > 14 GeV :
notice the flatness.

0.8

9

[
VX||:|| |

0.6 ' -e-CMs Prellmmary 2012 DATA (s Tev)

= CMs Prellminary 2011 DATA (7 TeV)

oo

0.4 ey Single Muon

Thrashold 14Gev with Inl <2 1

IlI]IIFIIlIllIIIIIIITIIIIllllllllllllillilllllll
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|
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e
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20 s0 80
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(] _|{}I;+|I|{| I il

o
o
—

" —8~ CMS Preliminary 2012 DATA (8 TeV)
-©- CMS Prellmmary 2011 DATA (7 TeV)

NB the effective yield N, = N *e: 0.4

L " Slngle Muon

produced
:Threshold :1468\:! with | < 2.1

|III||]|II]I|III

> the bulk of the data is near p; threshold 55

> ... where g is varying;

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

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




CMS Preliminary 2012, \/s = 8 TeV

y

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

o
oo

> 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/e, |n| < 2.1

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

HLT Mu40 Efficienc

—=— Run 2012A

O
N

. |~ Run2012B




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

65
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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?




pr(eemp)= 18.7,76,19.6,7.9 GeV, m(e‘e’)= 87.9 GeV, m(u*p) =19.6 GeV

@ATLAS
EXPERIMENT
hlfp'fj"mlu_li:_-t:h

p if

-h Lu. e h\\-'-v- -

F. Gianotti, ATLAHqum 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 <lem

Muon: blue
Cells: Tiles, EMC

v
R

Az

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

9/11
LHC events : Z - p'u-, Z - ptu-

EXPER | ,
nch-crossing, different interactions
ated by 67 mm.

| same bu
production vertices separ
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LHC events : H — vy

QATLAS

_‘iEXPERIMENT

" Run Number: 191
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[see also references on results]

Jacopo Robusti (Tintoretto) - The Forge of Vulcan, ca. 1578
Palazzo Ducale - Venice
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