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3 Physics at the Large Hadron Collider .




The Large Hadron Collider
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PP/pp cross sections
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The ATLAS Detector

: Tile calorimeters

E LAr hadronic end-cap and
forward calorimeters

Pixel detector

LAr electromagnetic calorimeters

Toroid magnets
Muon chambers Solenoid magnet | Transition radiation tracker

Semiconductor tracker



Inner Detector
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Calorimeter system

Tile barrel Tile extended barrel

LAr hadronic
end-cap (HEC)
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Z = Atomic number of absorber
A = Atomic mass of absorber

Calorimetry
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Muon spectrometer

Thin-gap chambers (TGC)

e The muon spectrometer measures the deflection

of the muon tracks in the magnetic field
o Based on gaseous detectors for precision
tracking and triggering

e Characteristics:

o Momentum resolution of 2-10% for muons
with a pT between 10GeV - 1TeV

o  Spatial resolution of 30 ym

Cathode strip chambers (CSC)
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Construction of muon chambers




Magnet system

end-cap
toroids

Toroids: barrel —
toroids

o Field strength: 4T

Solenoid
o Field strength: 2T

Responsible for bending
trajectories of charged particles
o Enables measurement of

momenta

solenoid
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Trigger system



Grid computing




Data taking

?'160_ LENNN N N N S N G N S ENL N R | g 80— T I T I I T T | I G
2160 £, _ ©  ATLAS Online Luminosity 3
= 5 ATLAS {s =13 TeV > 70 —— 2011pp f5=7TeV —
5140__Prellmmary % F —202pp Eurov -
- — " o - 2015pp fs=13TeV =
£ 1207 Wurcosiversd  puocns i g P=—ti E
E T [ ]ATLASRecorded P™ecs 140® S 5ot — 2018pp fa=13Tev E
3. anb - .
-8 100 - .Good for Physics -8 C :
S 80— g 40F I
2 D ant =
£ 605 TE: E
T 40— B = —
S 40 B 20: ]
- C g C 3
20— B 10p E
C — — ‘ ] | 0: | l ] -

o DB gD BT T a8 g8 yat o W oct

Month in Year Month in Year

UORRX(ED 8102 IBuy



Particle identification

Hadronic particle shower

o Cone shaped jets build from
calorimeter clusters or tracks
Muons
o Combined tracks from Inner
Detector and Spectrometer
Electrons
o Inner Detector track
o Energy clusters in calorimeter

system
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Jets

Jets: Collimated bunches of stable hadrons,
originating from partons (quarks and gluons)
after fragmentation and hadronization

Require collinear- and infrared-safety i.e.

jets are unchanged by:
o Collinear splitting
o  Soft emissions

LHC experiments preferrably use so called
sequential clustering algorithms
Application: Calculate for all pairs of
particles i an j:
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if d, < dg, for d < d, object 1'is called a jet
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Jets

Jets: Collimated bunches of stable hadrons,
originating from partons (quarks and gluons)
after fragmentation and hadronization

Require collinear- and infrared-safety i.e.

jets are unchanged by:
o Collinear splitting
o  Soft emissions

LHC experiments preferrably use so called
sequential clustering algorithms
Application: Calculate for all pairs of
particles i an j:
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The pair with the smallest d is clustered
if d, < dg, for d_, < d, object 'is called a jet




The CMS Detector

CMS DETECTOR STEEL RETURN YOKE

Total weight : 14,000 tonnes 12,500 tonnes SILICON TRACKERS

Overall diameter :15.0 m Pixel (100x150 pm?) ~1 m?> ~66M channels
Overall length ~ :28.7m Microstrips (80-180 ym) ~200 m* ~9.6M channels
Magnetic field  :3.8T

SUPERCONDUCTING SOLENOID
Niobium titanium coil carrying ~18,000 A

MUON CHAMBERS
Barrel: 250 Drift Tube, 480 Resistive Plate Chambers
Endcaps: 468 Cathode Strip, 432 Resistive Plate Chambers

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

FORWARD CALORIMETER
Steel + Quartz fibres ~2,000 Channels

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

HADRON CALORIMETER (HCA

Brass + Plastic scintillator ~7,000 channels



The CMS Detector
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The LHCb Detector

LHCb Detector .
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xf(x,Q)

Monte Carlo simulation

Observations in data are compared to SM predictions (Monte Carlo simulations)
Use factorisation approach:

o Parton distribution functions (PDF)
o Hard process (matrix element/scattering amplitude)
o Parton shower (fragmentation, hadronization, decay of unstable particles)
o Detector simulation (including overlay with pile-up)
CT14 PDFs NNLO
Q" — ]
1.8 3
16 =
1.4 =R
12 13
1 4 &
0.8 ER
0.6 4 3
0.4 4 8
0.2 =

16° 102 i 10 1




xf(x,Q)

Monte Carlo simulation

Observations in data are compared to SM predictions (Monte Carlo simulations)
Use factorisation approach:

o Parton distribution functions (PDF)
o Hard process (matrix element/scattering amplitude)
o  Parton shower (fragmentation, hadronization, decay of unstable particles)
o Detector simulation (including overlay with pile-up)
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e W boson decay (Lepton universality):

o

(@]

W boson production and decay

All three types of charged lepton particles interact in the
same way with other particles.

The three lepton types are created equally often in particle
transformations, or decays (once differences in their mass
are accounted for)

Decay Mode BR

W — ev (10.71 £ 0.16)%
W — uv (10.63 £ 0.15)%
W — 1y (11.38 £0.21)%

W — hadrons  (67.41 + 0.27)%

7
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Z + jets production and decay

Decay Mode BR

Z—s¢g'e (3.3632 + 0.0042)%
Z— uu (3.3662 + 0.0066)%
Z 11 (3.3696 + 0.0083)%

Z — invisible  (20.000 + 0.055)%
Z — hadrons  (69.911 = 0.056)%
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AI LAS Run: 267639
Event: 173263110

EXPERIMENT 2015-06-14 13:13:03 CEST

proton-proton collisions at 13 TeV
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Status: November 2019
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Charge asymmetry in W boson production

. PDFs of u and d quarks in the proton differ (as largely u Ve
due to there being two valence u quarks and one valence W+
d quark)
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Diboson production (WW, WZ, ZZ)
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ATLAS

EXPERIMENT

Run Number: 284420, Event Number: 546213887

Date: 2015-11-02 00:56:41 CET
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Triple-Gauge-Coupling (TGC)

Diagrams with the ZZZ and ZZgamma neutral TGC vertices do not
exist in the SM.
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Events

o -

Data / Pred.

Triboson production

e Rare processes with cross sections in the
order of 1pb
e Important background to Di-Higgs searches
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Top quark production

q (1’ q t

e Single top quarks:

b t b W=

e Top quark pairs: t-channel s-channel Wt-channel

15% 85%
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Single top-quark cross-section [pb]
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Inclusive tt cross section [pb]
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Top quark decay

e Top quark decays almost i
eXCIUSively Via t_>bW : - X proton-proton collisions at gtre‘r:t: igggégll

13 TeV centre-of-mass energy 2015-06-04 00:21:24
1
~

v |

e Top quark decays are
characterised by high pT

ATLAS

leptons, jets and missing EXPERTMENT
transverse momentum
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Top quark mass

ATLAS+CMS Preliminary

My, from cross-section measurements

LHCtopWG Sep 2019
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CMS, 13 TeV —t— 169.9 520115 F2) 3
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o(tt+1j) differential, NLO
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ATLAS, n=1, 8 TeV Hetq 1732+1.6(09+0.8+1.2) [g
CMS, n=3, 13 TeV ] 170.9 £ 0.8 [9]

my, from top quark decay

CMS, 7+8 TeV comb. [10]
ATLAS, 7+8 TeV comb. [11]
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Production of top + X

e Rare processes (observed for the first time at the LHC)
o  Single top quark + Z boson
o Top quark pairs + W/Z boson
o Top quark pairs + bb
o  Four top quarks




Production of top + X

e Rare processes:

O CrOSS Section ttV: ~ 1 pb g :I LML L I L L L B B |:
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Top Quark Production Cross Section Measurements Status: November 2018
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2 The Higgs boson (searches and measurements) .




Need:
Intro

Higgs searches at LEP and Tevatron

ttH



Higgs boson production at the LHC

Gluon fusion (86%) Vector boson fusion (7%)
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e All main production modes are probed at the LHC
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Higgs cross section: gluon fusion
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Higgs boson decay

- WW
g9

Y4

C o

M., [GeV]

o e.g. H->7ZZand H->yy

1 141111
LHC HIGGS XS WG 2013

21 122 123 124 125 126 127 128 129 130

Decay mode

Branching fraction [%]

H — bb
H — Ww*
H — gg
H— 71
H — cc
H— ZZ*
H =y
H— Zv
H — pp

57.5 +1.9
21.6 £0.9
8.56 =+ 0.86
6.30 = 0.36
2.90 £ 0.35
2.67 £0.11
0.228 + 0.011
0.155 +0.014
0.022 + 0.001

Some channels with low BR have a clean signature in the detector



Higgs boson decays

e Strength of the coupling between the Higgs boson and other particles
is proportional to the particle mass:

mf —
LHff = _Thff and LHVV =

1
v

e Thus decays to massless particles such as photon or gluons is only
possible via top quark (or W boson) loops

e The masses of the particles running in these loops are large and thus such
decay modes can compete with decays to fermions or W and Z bosons

(2 W W™ + 2m, 7, 7% )



H->bb

ATLAS 2011-08-12 20:16:51 CEST source: JiveXML_187219 19058020 run:187219 Atlantis

-20 0 Z (m) 20



H—-WW#*—evuv candidate and two jets with VBF topology

Longitudinal view
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45-  Projected n-¢@ view
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H-> tau tau

ATLAS

EXPERIMENT

y Run: 310969
, . Event: 1350461970
Jet 2016-10-20 01:37:40

/
4
my = 122.9 GeV
Py =464 GéV




H-> tau tau
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Run: 209109
Event: 76170653 el =AY =N EIWRE RN R
2012-08-24 09:31:00 cest http://atlas.ch
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H->yy
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Probe Higgs couplings to

2nd generation fermions
o LowBR

Here: Higgs production in VBF

channel

GATLAS
1A EXPERIMENT

Run 281411, Event 312608026
Time 2015-10-11, 18:4@ CEST

m(y, M) = 124 GeV
m(jet, jet) = 1237 GeV
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Measurement of differential cross sections

Measure number of Higgs signal events N9 in i-th p_"
bin (or of any other observable)

Background subtraction

Unfolding: Derive correction factor from MC information:

Ci — Npart 10-2:—E

4. Calculate differential cross section:

Differential measurements

With large statistics of full Run-II dataset, we can

explore differential distribution
To isolate phase space regions that are particular
sensitive to new physics effects
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Higgs boson mass

ATLAS ~-Total [ |Stat. only
Run 1: {s = 7-8 TeV, 25 fb™', Run 2: s = 13 TeV, 36.1 fb”' Total  (Stat. only)
Run 1 H—4/ - = 124.51+0.52 ( £ 0.52) GeV
Run 1 H-yy H——e——-  126.02 + 0.51 ( +0.43) GeV
Run 2 H—4] —— 124.79 + 0.37 ( + 0.36) GeV
Run 2 H—yy -—ol—- 124.93 +0.40 ( +0.21) GeV
| Run1s2 Hoal = 124714030 (£0.30) GeV
Run 1+2 H—yy ——e—— 125.32 +0.35 (£ 0.19) GeV
| RuniCombined = 4—e—h 12538 £0.41 (£037)GeV
Run 2 Combined —— 124.86 £ 0.27 (£ 0.18) GeV
Runis2Combined e 7 12497 £0.24 (£0.16) GeV
| ATLAS+CMSRun1 =N 125004024 (£0.21) GeV
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Higgs CP/Spin

Spin and CP state of Higgs-boson are determined

probing angular distribution of decay products
Data hints very strongly to a Spin CP state of 0+
Alternative models are rejected with a CL of more

than 99 .9 %

Spin-1 hypothesis was theoretically excluded by

observation of H->yy decay mode (Yang’s theorem):
A massive spin-1 particle cannot decay into a pair
of identical massless spin-1 particles.
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Di-Higgs and Higgs self-coupling

Higgs-mechanism of electroweak symmetry breaking and mass generation
does not only predict the existence of a scalar boson, but also its

self-coupling

Probing the self-coupling of the Higgs
boson allows us to verify the form of the
Higgs potential

Di-Higgs production mode is very
sensitive to contribution from BSM
physics
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Gor (PP — HH) [pb]
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Di-Higgs and Higgs self-coupling

So far, we can only set limits on the self-coupling
strength and the Di-Higgs production cross
section

Will need the full data from HL-LHC phase until
we can measure these observables
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Limits w. Syst.

Di-Higgs prospects
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