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Overview of these lectures

Intro

Higgs boson

Searches for physics beyond the Standard Model




First goal of LHC: Measure and test the SM
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Particles and interactions of the SM

leptons
< ‘O

photon

Higgs boson

weak bosons



In the Feynman picture

Standard Model Interactions
(Forces Mediated by Gauge Bosons)

X X X
Z Y g
X X X

X is any fermion in X is electrically charged.  Xis any quark.
the Standard Model.
D v g
N WNVXA< 9
L
. g
U is a up-type quark; Lis alepton andv is the

D is adown-type quark.  corresponding neutrino.

W- W
W Wj}{i
X Y
X
Xisa photon or Z-boson. X andY are any two

electroweak bosons such
that charge is conserved.

Goal: Measure these interactions and compare to the SM predictions!



The SM free parameters

9 fermion masses (+ 3 my)
3 CKM mixing angles + 1 phase (+3+1 for my != 0)

1 electromagnetic coupling constant o

1 strong coupling constant as

1 weak coupling constant Gr
1/ mass
1 Higgs mass

Goal:
Measure them
Measure redundant parameters and test the SM
relations between them by doing a consistency
check (see end of this lecture)



First step at the LHC: Rediscover the W/Z bosons 7

protons collide at higher energies than ever before
are the SM predictions valid at these high energies?

check if the detectors are working properly

once re-discovered, can use the known particles as standard
candles, for calibrations

Afterwards go beyond previous measurements at Tevatron/LEP
test processes with smaller and smaller XS
IN many cases: improve the precision



7, boson measurement

Filter collisions to find events with 2 leptons (electrons and muons easiest)

ATLAS

EXPERIMENT

Run Number: 327265, Event Number: 117236869

Date: 2017-06-19 19:59:16 CEST




Di-muon spectrum

Events / GeV
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7, boson measurement

...and comparison to simulation (Pythia, normalized to NNLO)
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Signal extraction: could just count events in data, or do template fit



7, boson measurement
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Z+jets: test of QCD predictions

Other things one can use Z
Cross sections for:

measurement of Weinberg
angle through asymmetry
lepton universality checks
PDF constraints

important background in
many searches

Prediction Prediction

Measurement Measurement Measurement
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Z, boson as standard candle

Energyymomentum calibration
- adjust the position of the Z peak until it corresponds to the value we expect
=> done by adjusting the energy/momentum scale

Lepton efficiency measurements
need clean sample of leptons to measure reconstruction/identification/
Isolation/trigger efficiencies
“Tag and Probe”

Some other standard candles are the dilepton resonances, plus:

g t
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‘ W bosons

Events / 2 GeV

charged lepton and neutrino

(missing transverse momentum)
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mr = \/QpeTp?}”SS(l — cos Ag)

Backgrounds

/->|l with one lost lepton
- from simulated samples

QCD: Dijets, with one jet

misidentified as a lepton

- from data control region with
transfer factors

Measured XS [pb]

10720 + 3 (stat) £ 60 (syst) + 190 (Jlumi) + 130 (acc)



‘ W+ vs W- charge asymmetry

CMS,L=188fb'at s=8TeV
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Going to rarer and rarer processes
- LHC discoveries

Standard Model Production Cross Section Measurements

Status: July 2019
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Vector boson scattering

V =W or Zbosons
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Vector boson scattering

O

A

gauge structure of the
Standard Model

rﬂwv?f

electroweak symmetry
breaking

17



‘ Why is vector boson scattering exciting

O

|4 |4
|4 |4
E y
|4 |4
|4 |4

gauge structure of the
Standard Model

R

electroweak symmetry
breaking

Cross-section for longitudinal W ‘W~ —
W, ‘W, scattering: [Denner, Hahn, 1997]
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Vector boson scattering - WW event display

EXPERIMENT

Run: 302956

Event: 1297610851
2016-06-29 09:25:24 CEST
mij; = 3.8 TeV
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Electroweak production of same sign WW

Topological selection cuts (to reject backgrounds)
2 |ets with large separation, large invariant mass
2 leptons, same charge

Missing ET
Same sign? CMS 35.9 fb™ (13 TeV)
- to suppress backgrounds, like Yo - Data
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Significances
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how likely is the excess produced by a
statistical fluctuation of the background?

different ways of estimating this, with
various approximations

translate probability into standard
deviations
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0.003 -> 3 sigma (evidence)
0.0000003 -> 5 sigma (discovery)



Significances

often used: S/sqrt(B)

- sqrt(B) is the Gaussian uncertainty of
the number of background events
you basically check how many sigma
you would need to explain the signal as
a background fluctuation

Total data yield: 201
Expected background: 138
=> what significance would you estimate?

Caveats
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assumes Gaussian uncertainties! Problematic in the low event yield regime

does not take systematics into account

there are more sophisticated formulas (see a good discussion here)
safest way: p-values from pseudo-experiments or likelihoods => see Higgs

slides


https://www.pp.rhul.ac.uk/~cowan/stat/notes/SigCalcNote.pdf

Vector boson scattering - sai

me sign WW

Signal extraction
fit in my/mu (discriminate well)
include fit for WZ at the same time

Measured (fid) XS
3.83 + 0.66 (stat) = 0.35 (syst) fb
LO prediction: 4.25 + 0.27 b

Observed significance: 5.5 sigma
Expected significance: 5.7 sigma
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SM cross section plot

Standard Model Production Cross Section Measurements
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Status: July 2019
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Mass measurements

Why are the masses interesting?
fermion masses: free parameters of the SM
boson masses: predicted
can be used in SM consistency fits

Examples
/ mass
LEP legacy

W mass
Tevatron legacy, also LHC measurement

Top mass
Tevatron legacy, also LHC measurements
not predicted, needs to be measured
top is heaviest particle in SM => special role?
W+top+Higgs masses related => consistency checks
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based on 7 TeV data (less pileup)

divide data into categories

Events/ GeV

- lepton charge, flavor, pseudo-rapidity

fit transverse mass
- Includes missing energy

mrp = \/ZprmZSS(l — cos Ag)

also fit lepton pt
- cleaner measurement
- model dependence

result (0.2 permille accuracy!)
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Top quarks

top quark was discovered at the Tevatron
LHC.: top factory

top quark decays
t-Wb in ~100%
leptonic or hadronic W decays

Jet

Ot
./ e,
\ OW+ u
9

Can do many things with top quarks
- measure mass, charge, width
measure cross sections, kinematics in top pair and single
top production
search for new particles decaying into top pairs
measure Vib
measure spin correlations

q g t
g t
g t
g t
g t
g t
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Top pair selection

Jet

event selection

depends on whether the W decays b
hadronically or leptonically \.ﬂ'
stats vs S/B t
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Two masses (differ by ~0.4 GeV)
“MC mass”: mass reconstructed from the
decay products (affected by strong

How would you get the pole mass?

Top quark mass measurement

29

interactions)

Pole mass: mass of free particle (“rest

mass”)

measure cross sections that do not depend
on detailed reconstruction of top final states
cross sections depend on the mass

Normalised events / 5 GeV

Ratio
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oo —_
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Top quark mass measurement
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ATLAS+CMS Preliminary My SUMMary, \s=7-13TeV November 2018
LHCtopWG
------- World comb. (Mar 2014) [2] I —r— /
stat total stat
total uncertainty ) My, = total (stat = syst) \s Ref.
LHC comb. (Sep 201 3) LHCtopWG I—H—H 173.29 = 0.95 (0.35 = 0.88) 7 TeV [1]
World comb. (Mar 2014) e 173.34 = 0.76 (0.36 = 0.67) 1.96-7 TeV [2]
ATLAS, I+jets H—=—tH 172.33 = 1.27 (0.75 = 1.02) 7 TeV [3]
ATLAS, dilepton —f=—— 173.79 = 1.41 (0.54 + 1.30) 7 TeV [3]
ATLAS, all jets F——s—— 175.1: 1.8 (1.4 1.2) 7 TeV [4]
ATLAS, single top I —a—t / 172.2+ 2.1 (0.7 = 2.0) 8 TeV [5]
ATLAS, dilepton - 172.99 = 0.85 (0.41+ 0.74) 8 TeV [6]
ATLAS, all jets e | 173.72 = 1.15 (0.55 = 1.01) 8 TeV [7]
ATLAS, l+jets = 172.08 = 0.91 (0.39 = 0.82) 8 TeV [8]
ATLAS comb. (Oct 2018) H*H 172.69 = 0.48 (0.25 + 0.41) 7+8 TeV [8]
CMS, I+jets e 173.49 + 1.06 (0.43 = 0.97) 7 TeV [9]
CMS, dilepton —tt—= 172.50 + 1.52 (0.43 + 1.46) 7 TeV [10]
CMS, all jets — 173.49 = 1.41 (0.69 = 1.23) 7 TeV [11]
CMS, l+jets HetH 172.35 + 0.51 (0.16 = 0.48) 8 TeV [12]
CMS, dilepton F—tot=— 172.82+ 1.23 (0.19 = 1.22) 8 TeV [12]
CMS, all jets HeH 172.32 + 0.64 (0.25 = 0.59) 8 TeV [12]
CMS, single top H—H 172.95 + 1.22 (0.77 + 0.95) 8 TeV [13]
CMS comb. (Sep 2015) e 172.44 + 0.48 (0.13 = 0.47) 748 TeV [12]
CMS, I+jets i 172.25 + 0.63 (0.08 = 0.62) 13 TeV [14]
CMS, dilepton e 172.33 + 0.70 (0.14 = 0.69) 13 TeV [15]
CMS, all jets o . 172342079 (0202076)  13TeV [16)
E 1 - -2013-102 [7] JHEP 09 (2017) 118 13 77 (2017) 354
[2) arXiv:1403.4427 ] arKiv:1810.01772 [14] arXiv:1605.01428
RTomn imin  MEDER
: [6] Phys.Lett.B761 (2016) 350 [12] Phys.Rev.D93 (2016) 072004
R N R T T N N AN N N TN M T AN N N MO N
165 170 175 180 185

My, [GEV]

MC mass

3 perwiille!



@ Parameters of the electroweak sector 7

9 fermion masses (+ 3 mv)

3 CKM mixing angles + 1 phase (+3+1 for mv != 0)
1 Iectrom)anetIi_Constant‘q_ (10-9)

1 strong coupling constant o

From these can calculate mw, Sin260w




SM fits

Top, W, Higgs mass are related through higher order corrections

Examples: W=

Idea of electroweak fits

measure many different observables

calculate the relations between all observables

measure redundant observables => probe consistency of Standard
Model

predict observables => Higgs mass before the discovery!
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SM fits - before Higgs discovery

< 80.55 T
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