Introduction to particle physics:

experimental part

Making predictions for hadron colliders
*  From Feynman diagrams to cross-sections
* From cross-sections to events
Standard Model measurements
 Soft and hard QCD
* WandZ bosons
*  Prompt photons
* b-jets
 Top quarks

Parts based in part on M. Seymour lecture at CERN Summer School, 2018

Prof. dr hab. Elzbieta Richter-Was




Exper = '
periment = probing theories with data
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Making predictions for hadron colliders

Phenomenology

Theoretical Physics ' ‘ xperimental Physics

Phenomenology




Making predictions for hadron colliders

Calculating Event Rates

N :AL o
Number of Integrated Cross
events Luminosity section




Making predictions for hadron colliders

Calculating Cross Sections

//\
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Making predictions for hadron colliders

Calculating Cross Sections

1
do = — |M |2 dLIPS



Making predictions for hadron colliders

Feynman Rules
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Making predictions for hadron colliders

Tree Diagrams as Leading Order of Expansion in &

14 /
M = >MM<-|_ + O(a)
M+ + 0 0(a?)

a~ 1/, buta, = 0.1
= QCD corrections important



Making predictions for hadron colliders

Example: The Drell-Yan process (pp = u™u™)

q U
t? + u?
= |M|* x efa? —=— x efa*(1 + cos*H)
S
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Making predictions for hadron colliders

Proton structure

* Proton = uud ?

* Held together by gluons? @ @

* Quantum Field Theory: gluons can create qq pairs

* Proton can interact through any of its partons
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Making predictions for hadron colliders

Proton structure: parton distribution functions

* How is the proton’s energy shared between its parton constituents?
* Measure in deep inelastic electron scattering
* Quantify by parton distribution function

f:(x)dx = probability that parton of type i is
found with fraction of proton’s momentum
between x and x + dx

* But how long do those quantum fluctuations live?

= PDFs depend on the momentum scale of the probe f;(x, Q*)dx
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Making predictions for hadron colliders

Proton structure: parton distribution functions
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Making predictions for hadron colliders

The Drell-Yan process (pp —» u*u™)
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Making predictions for hadron colliders

Loop Diagrams as Higher Order Corrections
O(a) O(aay)

M2 = |Mo|* + 2R(Mg M) + [ My ]* +
0(a?) 0(a’as)

* Quantum mechanics: sum over unobserved quantum numbers
= integrate over gluon momenta
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Making predictions for hadron colliders

Loop Diagrams as Higher Order Corrections

* Gluon momentum integral is divergent! (= minus infinity)

* Divergence comes from:

* Momentum =0
* Momentum = parallel to quark or antiquark
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Making predictions for hadron colliders

Gluon Emission as Higher Order Correction

&
M = >Wm<+ 0(ayas)

* Gluon emission describes a different process (qq — u*u"g)

* But if we are only interested in the total cross section for Drell-Yan
pairs, must integrate over gluon momenta

* Divergent from momentum = 0 or parallel to quark or antiquark

* Cancels loop divergence

16



Making predictions for hadron colliders

Next-to-Leading Order (NLO) cross section

* ONLO = Otree T Olpop T Temission
* O1p0p AN Ogmission €ach divergent

* must regularize and expose singularities of each
* Subtraction algorithms

* Fully automated,
* e.g. in Madgraph/aMC@NLO, MCFM, Sherpa, Herwig ...
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Making predictions for hadron colliders

From Feynman Diagrams to Cross Sections

* Major part of phenomenology = calculating cross sections
* LO = write down all tree diagrams, integrate phase space numerically
* Convolute with parton distribution functions (fitted to data)

* NLO = one-loop diagrams, one-emission processes
* Extract singularities from integrals, integrate analytically
* Integrate remainders numerically

* NNLO = two-loop diagrams, one-emission at one-loop, and two emissions

* But LHC events contain hundreds of additional particles...
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Making predictions for hadron colliders

Cross Sections

1
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Making predictions for hadron colliders

Cross Sections are not enough
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Monte Carlo event structure

Need to describe event structure

* Hadrons (not quarks and gluons) Parton level }
* Jets of hadrons \ _____ b

 Remnants of protons after = 4, Ao

parton extracted \ Particle Jet Energy depositions
in calorimeters

* Unstable particle decays

21



Monte Carlo event structure

Need Event Generators

Hard process

Parton shower

1.

2.

3. Hadronization
4. Underlying event
5.

Unstable particle
decays

22



Parton showers

Gluon emission is universal

e.g. ete” — 3 partons: W/\é MNQ

do o O 14+ (1—2,)*
~OgULUF
d cos (Q/dzq I \271' sin 2q
E/E ¢ max e'e"—> 2 ‘“quarkcharge QCD running
partons squared” coupling ~ 0.1
Divergent in  collinear limit 6 — 0,7 (for massless quar_ks) asdf? 14 (1—2)2
and soft limit z,— 0 do = ag Z CFEQ—Q dz .
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Parton showers

Parton branching is universal

2
da—aggsfdzP(z )

p(z ): q%qg 9= 94

“Splitting function”:

dependent on flavour
but not on how parton
was produced
= Probability distribution for

parton branching g— 499 J —qq

A414(1-2)4
- Simulation Ca 2(1-2) TR -

24



Proton-(anti)proton collisions

The Proton

2R
Y
as seen from the impinging parton underlying event
at scale Q" hadronisation N
2R/Yy
final state particles
Underlying event Parton shower and hadronisation
* proton remnants from collective interaction of * |ISR/FSR emission of gluons
partons not involved in hard scatter * production of final states hadrons
* description necessitate “tuning” of non- scale < Aqcp (non-perturbative)
perturbative MC parameters based on data * MC models tuned on data
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The ATLAS detector

Muon Deleclors Calorimeler
Ao \

3-level trigger
reducing the rate
from 40 MHz to
~200 Hz

‘ i
\! v-‘.-.l RN,
. \» ¥
\,‘ — i
8

loroid Magnets Solenofd Magnet

Liquid Argon Calorimeler

Length : ~ 46 m

Radius : ~ 12 m

Weight : ~ 7000 fons
~108 electronic channels

| Inner Detector (|n|<2.5, B=2T):
~| Si Pixels and strips (SCT) +
Transition Radiation straws
Precise tracking and vertexing,
e/n separation (TRT).
Momentum resclution:

| o/pr ~ 3.4x10 py (GeV) ® 0.015

\,
N\

SCIll'r ker anei Detector IRi' Tracker

EM calorimeter: Pb-LAr Accordion

X

e/y trigger, identification and measurement
E-resolution: ~ 1% at 100 GeV, 0.5% at 1 TeV

HAD calorimetry (|n|<5): segmentation, hermeticity

Tilecal Fe/scintillator (central), Cu/W-LAr (fwd)
Trigger and measurement of jets and missing E
E-resolution: 6/E ~ 50%/VE ® 0.03
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atter Plot of Hits on Tracks
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Statisscal Errars Only
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How well we understood detector?

/Vevv J :Dh_ys. 7'3 (2077) 053033

-

ATLAS

\s =7 TeV
nNegpn=2,In|=25
100 < p_ < 500 MeV

D MC ND

ATLAS

Vs =7 TeV
negpn=2,In|<2.5
100 < P, < 500 MeV

D MC ND

Number of SCT hits per track E
”l]lllllllll]llllllllll
Number of Pixel hits per track 7

-
]
—— Data 2010 —e— Data 2010 -;
E
=
—25 -2 -158 -1 .05 O 0.5 1 1.8 2 25 25 -2 185 -1 -05 O [a 1 18 2 285
n
(<) i (d)
& x10° e 16)‘
- ALY BB ETH RARED BELRN BB TR | BT . = L RAS RN RALS R REALS [ L=
= T6f,. ATLAS = = E ATLAS 5
14 N =7 TeV 3 14 Ns=7 TeV =
12:_ nch22'|n|<2‘s _: 'IZ:_ nch22’|“|<2'5 —:
- 100 < p_ < 500 MeV; i 100 < p_ < 500 MeV]
10 - 10» T 1
85— _f aE =
6:_ i 6:_ DM\.NU 3
4;~ E 45— —&—Data 2010 —E
oF = 2 -
2 = = .
d, [mm] Z,Sine [mm)]

= Excellent agreement between data and MC: Pixel
and Silicon hits per track
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Unfolding to particle level

“ Bayesian iterative unfolding used to correct tracks
and clusters back to particle level.

2 Use mapping of truth particles on reconstructed
obiects ( use Monte Carlo )

particle level detector level
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Underlying event

Defines a

F}r'ef'err'ed

toward
IADI<60° -7

transverse " “transverse

60<IAI<120°, .77 T~ _60<]ADI<120°
away

[Ad=1207

l._Jndnrlying avent

Azim uth ally Sy mom etric

Mcst sensitive to UE

* UE = “everything” - “hard scatter” = beam-beam
remnants, MPI, ISR

® Study: charged particle density, transverse momentum,
average p.. Transverse region considered most sensitive

to UE
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Underlying event

A EXPERIMENT

leading track 4 ~—__A0

-~

s |.\¢l<60” e g

~
-~
L4

~
”

> - L
fransverse “. .’ “ fransverse
60<]A01<120°, 7" T~ _60<ApI<120°
.27 away s,
|AG>120°

-

= Define the direction of “hard scatter” as the highest p_particle

* Study the activity (#of particles) in the region “transverse” to

the hard scatter.
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Transverse region particle density

i T~ e e S L BB NLELELES AL L -
f=3 = - = E =
% 1.2~ Transverse Region ATLAS Preliminary ] E 2;— Transverse Region ATLAS Preliminary —
F E Y5 = 900 GaV - %1,3—_ Ve =7 TaV ]
c% - P> 05 GeVicand |l|_| <2 5 ] . 4_-:13 1.53_ DTZS- 0.5 GeVicandn <25 B a2t —f
C —— PYTHAATLAS ME0s Tune | v E —— FYTHIA ATLAS UCoa Tuse o
— = PYTHA OW Tune: — -]
08 - —— PYTHA Pansgal Nae — .
r —— PHOET ] E
0.6— — -
g . ==
N = .
0.2 f ]
C | , 7
$ E = 8
g np =l g
=S = =
g =
08 ;_ |
08 :_ 1 L L -
1 2 3 4 5 [ 7 g ] 10
Pl [Gev] Pl [Gev]

All tunes underestimate particle density by 10%-15% in the
plateau region

There is factor of ~2 increase in activities between 900 GeV
and 7 TeV

In the plateau region the measured density corrsponds to ~
2.5 per unitn at 900 GeV and 5 particle at 7 TeV
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d°N,,/dn dAo

Particle density angular correlations

LD L L L L

LB

T T T T [ T T T
yvs=7TeV

Data 2070
PYTHIA ATLAS MCo8

= = = BYTHADW
----- PYTHIA Perugiad

----- PHOJET
- v HERWIG+JIMMY ATLAS MC09

JII.IJIII

Pk > 1.0 GeV

I.I..|||.III||I]

Away l1ensvarse Towang fangverse  Away
|||||||||||I||||I||||||||

T T
3 2 - 0 1 2 3

Aow Irm[reu:i]

Define the event orientation by the azimuthal angle on the
track with the highest p._.

MC tunes only reproduce the general features, disagreement
in rates both in the transverse region (UE) and in the away
region (MPI/Hard Core)
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Cross-sections at LHC

proton - (anti)proton cross sections
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3 E o ]
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E 5 Vs/20 ] .2 ~ I 0 10 =
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o e N n
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- ol ] - - P~ o
° 0 1 . % s 3 10° 9 I 0 eventS/S v
o F o (E" > 100 Ge) Pl 1 .8
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w0’k / P 4 10° E
: ] >
0 F 5 4 {107 © [my ~ 120 GeV]
o Et | vl ]
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107 f 10°
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Cross-sections at LHC

proton - (anti)proton cross sections

10— 3 10’ * Cross sections in pp collisions at |3 TeV
10° [ O 5 10° - total =100 mb
o Tovaon  Lhcl ' - inelastic = 80 mb (diffractive =25 mb)
10° : 1 | 4 10°
105; | ﬁf":”“ . * b-quark pair production = 400 pib
| P —210*‘“5 e jet with ET> 100 GeV = 3 b
10° / 3108 e Wand Z bosons : 200 and 60 nb
3 :‘ jj, — :: 1o e top quark pair = 1.0 nb
= | 1 S e WW = |00 pb
© 10’ ><-"" 310° o
o | T Bs 1w E e H(125 GeV) = 60 pb
0 | - Jwe  eZZ=20pb
10° | t ﬁ"" 4 10° %
10 { 5 R W & Z in leptonic modes
s [ M=125 GeV ]
o | | ::: o(pp = W)x(W = £v) =20 nb
1u_75mszal12 o . || :10_7 U( pp—bZ )X(Z—"‘F‘F) = an
0.1 1 10
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QCD hard scattering processes

= EW gauge bosons Di-jets Direct photons
p_.éJ .é
g
% q g q

g A ¢ J
i L

* Measuring those processes test our understanding of:;

2 Partonic structure of protons
2 QCD scattering via calculations of N(NLO)
2 Hadronisation/underlying event

g

2 What makes a good jet algorithm
2 Data driven background estimates for rare processes
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Parton kinematics

Example of the Drell-Yan process
* lepton pair production via quark-antiquark annihilation

4-momentum of lepton pair (LO) q(x1) + qlxa) = )2 —= 170~
-
P :(Il —;"Eg)\/g/z V3/2
2 ar2
Q= E? — p? = 1795 Q7= Mg
T P1
Define “rapidity” y such that V32 o+
m_l — M — 621‘" assume pi along
) E— P positive beam axis
ey for a given Q2
Ty =0 2/; T2 = « etV the rapidity y relates
z1 /Ty =€ Vs the x, and x; of the two partons
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Parton kinematics

7 TeV LHC parton kinematics

X
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B = + T i — Tm
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E Q =M 3 | W P_‘\
: M=7TeV 3 i \ -,‘ &
, [ ] 1 E
107 & i =
E 3 0
: ] 1.5 3
10° ¢ 3 ! ]
— 105:_ _: CF i
L E Q2= 10* GeV? E O
) . scale of WiZ ] < 1 -
O] I ] —
~ 10'g M = 100 GeV 4 = | ]
o F 5 E
O E . ] - -
10° £ . - |
E Y= 6 6 |
g 0.5
10° £ 5 i : i
FM=10 GeV 3 |
E . i ! |
I i |
10’ 3 3 - I -
E 3 I
C i I
10° L 0 vl : ERETI AN .
-7 -G -5 0 R : .
10 10 10 10 10-4 103 : 102 101 1
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|
|
|
|

range in x for
the central production (|y|<2)
of W/Z boson
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Year 2010: Retracing history of particle physics

Data corresponding to ~40 pb-! collected
=> re-discovery of the Standard Model

N
o
-_
o

E :g n ' Y(1,2,3S5)
@ 10° [uu]
= [dd] [SS] |
10* E [cc] [bb] T
10° é_ ~1960 1974 1978
102 é— proton H[-
- CMS Preliminary
10
- \s=7TeV, I.I =40 r.!b'1 1983
1 nt
E- pal L sl

1 1 10°
0 u*u- mass (GeV/c?)

The di-muon spectrum recalls a long period of particle physics:
Well known quark-antiquark resonances (bound states) appear “online”
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The discovery of the W and Z bosons at CERN SppS

Transverse Mass

7 candidate in UAT

W candidate in UA2 distribution in UA2
200
e’ el ua2
A 8

s . \ —~ _——— g oot
—— Em,«ﬂ

: | 0 40 ] a;: 100 120

| mr [GeV)

my=m?* +pi + pz

Altogether O(100) Z events.

Already important measurements (examples):
Mz=915+12£1.7(GeV) (VA1)
My =81.0£0.8£1.3(GeV) (UA2)

p=1.004£0.052 (UA1)
sin” By = 0.226 £ 0.014 (UA1)

Altogether O(1000) W events

At SppS W production
dominated by valence quarks

W polarised in the anti-proton

direction,

& &
P LV
& &

P p
d U

L T T T T —r"w £a1 T
?o[ UAt !
Wos v | 47 events -
1LY events l /1
tor !

UAz |

501 |“| :

o T __
ol | J( |
.rl

-08 04 0 0k 0B -10-06-02 02 06 10
qcos 6

20k flcos 6F ~
T

r‘# .
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Bosons at hadron colliders

The primary decay
chanel is through
leptonic decays:

2 BR(W-ev) ~10%
O BR(Z—»ee ) ~ 3%

* |t means that we are
probing ¢ X BR values
orders of magnitude
smaller

" At LHC cross-section
5-10 x higher than at
Tevatron at Fermilab.

T
-
5]
2
0
2
S
c
9
el
0
o
)
P
¢
&)

Observation of Bosons at Hadron Colliders

2010

v Observed
| . Theory
4 o
1983 ;
CERN Wy | 2, |
BRr<r:om
L1995 P WW |
. Fermilab @ ' wz | |
‘ | 12005 i 22

Fermilab 2007 .~ =

Fermilab 2008
‘ Fgrmilab§

H
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Bosons and top quark at LHC

* Well measured by
previous experiments

e Still educational at LHC

— Cross-sections
— New PDF constraints
e ,Standard candles” for
high p; analyses
— Calibration, alignment

— Independent luminosity
measurements

10

-
-

-

1
I
|
I
11
I
|
1
|
|
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W and Z boson decays

® cv
® wv ® uu
® ® 1T

@® hadrons @® hadrons
@ v

Leptonic decays (e/M): very clean, but small(ish) branching fractions
Hadronic decays: two-jet final states; large QCD dijet background
Tau decays: somewhere in between...

43



W and Z boson sighatures

W — lv ok Z— U

W:  lepton & neutrino: o Z:  two leptons;
hadronic recoil (u) hadronic recoil (u)

Additional hadronic activity > recoil, not as clean as e*e~
Precision measurements: only leptonic decays
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e Bietc. hadronic  muon
E I ect ron: racking chamber : - chamber
. ' — ]
4 Compact electromagnetic cluster in :> "o/_l % é,
calorimeter
a Matc hEd to tra Ck L]]LiL)ilkt:llnl"_"lLHL bf'nd#"rﬁﬂ  on
tracking chamber ST charber
Muons: —>
4 Track in the muon chambers U
a
Matched to track HeCtOmAGIEtS povpontc  moon
tracking chamhml‘“ lorimerer calonmeter ohamber
Taus: ' s
.-:—'—"-'_-_-_‘_"—‘-\.
9 Narrow jet \4
2  Matched to one or three tracks
N glectromagnetic . s
Neutrinos e ch’lmh:rn:]r‘}; ot dadronle o muon
J4  |mbalanse in transverse momentum |:"> ________________________________ )
4  |nferred from total transverse

Lepton identification

energy in detector
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Electrons and jets

Number of expected electron events with
1 pb?' @ 7 TeV, after reco & id

— UL L | T T 1 1 1T |
% 10° -:______" J/y ~ 1500
€ 107 Y ~ 250
E.r 102
=
-% 10 b.c—e ~ 105
o 1 N
@ Woev ~2000
o 10
5 107 Z—ee ~200

10°

10

I'=ee

10 ' 102

ple* (GeV)

" There is also lot of true
electrons from
semileptonic decays inside
jets

DATA: loose electron ID

3

ATLAS Preliminary

— Data 2010 (W5 =7 TaV)

_[ L=169nb" Ju-o
-Cc-rmeah:ns

Entries / 5 GeV
- =
QL

“ Jets can |look like electrons Enacmns
2 Photon conversion from n°%'s 1; Cw—o
1
2 Early showering charged pions .

" And there is lot of jets

= Difficult to model in Monte Carlo

1

;

—_— .-
0 10 20 30 40 50 60 70 80 90 100

9 Detailed simulation in tracking E; [GeV]

and calorimeter volume

~
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W selection (2010)

=

T ] 3 e
Elect]‘_‘[}ns: 8 2 l:ll.-'u'—"-src TV 3 5 E ATLAS Ef!m:im-xa—.'lwy ;
10 Ldt=315nb"%ﬁ_‘f_fﬂ_ 3 L10°: | Lat=315np"' o0
« E;>20GeV g [ H 18 ° = :
. k= 103: - % 103‘5 Iz E
o Tight ID wooF = E - s ?
. 102 N : .
o Missing E;+> 25 GeV | : : :
« mqp>40 GeV +
> 1069 Candidates
20 40 60 80 100 120 100 120
ET™ [GeV] m, [GeV]
> 1% T Ty e P ;
§ : ATLAS ngmfzat -:}exs-.rav.-i g 10‘;_ l—.-_—-l;;:ti::mx«-‘-'uh'- ATLAS _;
Muons: P ‘“‘?I'—d‘ﬂ‘“”b" Etﬁf EET = ju.m=3mnb‘ '
K E F o pap 1 = B 7
= 40 [ 15 10 ez E
s pr>20GeV 5 10 = PR —F '
e Track isolation 3 5 10
o Missing E4> 25 GeV 10
e mqp>40 GeV 1
> 1181 Candidates s
ET™ [GeV] m, [GeV]
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/ selection (2010)

2 Electrons :

O

v 2O 2 O

E, > 20 GeV
Opposite charge
Medium ID

66 <m,,<116 GeV
70 Candidates

2 Muons :

O

B

D

pr =20 GeV
Track isolation

Opposite charge

66 <m,, <116 GeV

109 Candidates

- ATLAS

—RE
10° - ooch
F o 7t
-+ [

méi'-H i

=

a
(L]
Ly
—

o
£
j=
L

We—ay
i

—t

107

107
F IL dt=316 nb'1 w Data 2010 +os= 7 ToV)
—z

E

10° 3
20 30 40 50 B0 70 80 20 100110120
E; [GaV]
= ARl LR R RLS RS R e R I RS
5 S- ATLAS —+— Data 2010 {, 5=7 Tev)-
un 10° CJZ — pp =
T F lLatzasi o’ ED4 1
D 104k I " LT 4
*E F [1acDh 3
Wyl b W = 1
1
10"
1072
1w

byl =
20 30 40 50 &0 70 80 90100110120

p, [GeV]

Entries / 5 GaV/

Entries / 5 GV

S0 S
455 o Data 2010 fos= 7 Tav) E
40F [Jz—e= ATLAS
35F T a3
a0k IL dt-316 nb 1
25
20
15
10 l | -
5\ 4_ =
D1+.¢l«—|l.'..| | . 4_| L=
B0 70 80 @0 100 110 120
M. [GeV]
b ™ Data 2010 {\:—lTa'lul'}
&0 DZ—"NI ATLAS
50 IL dt =331 nb"
40 E
| :
30 1
20 i |
10 + f
By ) i | |
% 70 80 90 100 110 120

My [GE'U]
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Electrons:

W backgrounds

V

w
=]
S

« EW + top background: W—t v +Z —ete + it " ATLAS

NE“"-FTGP =33.5% OZ(Stat) + SO(SYSt)

n
&
IGP LI

_[ L dt =315nb’

—4— Data2010 fs =7 TeV)_]

QCD background 1s estimated with the template
method using the missing energy distribution.

4]
=

Entries / 5 Ge
T Iou T ¥

D‘l’u‘—*&«.‘+'ﬂ'~"—‘-n'

[ ] D (data template) -

Ngcp = 28.0 + 3.0(stat) + 10.0(syst)

Muons:

EW + top background: Z - pu+y- + W—t v-+1{t

[

Newstop = 77.6 = 0.3(stat) £ 5.4(syst)

10 20 30 40 50 60 70 80 90 100

ET® [GeV]

QCD background estimated from comparison of
events seen 1n data after the full selection to number
of events observed if the 1solation 1s not applied.

Ngcp = 22.8 + 4.6(stat) + 8.7(syst)

Nioose = NnonQGD + NQGD

= EnanQCDNnonQCD + EBE*DNQCD
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Cross-section & Luminosity

Background
measured from data or
calculated from theory

- Dbs kag
0 =
[ Ldt-e
Luminosity Efficiency
determined by accelerator, many factors, optimized

triggers, ... by experimentalist
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W cross-section measurement

The total cross section for each lepton channel can be obtained by:

Nﬁ?s _ kag
Aw Cw Lin:

ow X BR(W — lv) =

Ay 1s the geometrical acceptance calculated at generator level:

NGC:C-
AW - (NGII )gen

MC Aw Ap,; Aw A“; Aw Aw

W™ —evy | W ey Woey W —puyv | W —uyv W—opuy
PYTHIA MRST LO#* 0.466 0457 . 0.462 0.484 0.475 0.480
PYTHIA CTEQ6.6 0.479 0458 0.471 0.499 0.477 (.490
PYTHIA HERAPDF1.0 0477 0461 0.470 0.496 0.479 (.489
MC@NLO HERAPDF1I O | 0475 0454 0.465 0.404 0.472 0.483
MC@NLO CTEQ6.6 0478 0452 0.465 0.496 0.470 0.483

51



W cross-section measurement

The total cross section for each lepton channel can be obtained by:

Nﬁ?s _ kag
Aw Cw Lin:

ow X BR(W — lv) =

Ay 1s the geometrical acceptance calculated at generator level:

NGC:C-
AW - (NGII )gen

MC Aw Ap,; Aw A“; Aw Aw

W™ —evy | W ey Woey W —puyv | W —uyv W—opuy
PYTHIA MRST LO#* 0.466 0457 . 0.462 0.484 0.475 0.480
PYTHIA CTEQ6.6 0.479 0458 0.471 0.499 0.477 (.490
PYTHIA HERAPDF1.0 0477 0461 0.470 0.496 0.479 (.489
MC@NLO HERAPDF1I O | 0475 0454 0.465 0.404 0.472 0.483
MC@NLO CTEQ6.6 0478 0452 0.465 0.496 0.470 0.483
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C,y correction factor and uncertainties

ow X BR(W — lv) =

Nﬁ?s . ka g
AwCW Lint

o Cw1is a factor correcting for reconstruction, identification and trigger

efficiencies of the lepton.

W — ev

W — pv

Cw

0.66

0.76

o Components to systematic uncertainties, are summarized below:

~ Parameter 8Cy /Cw (%) =
Trigger efficiency <0.2
Material effects, reconstruction and identification 5.6
Energy scale and resolution 33
E™ scale and resolution 2.0
Problematic regions in the calorimeter 14
Pile-up 0.5
Charge misidentification 0.5
FSR modelling 0.3
Theoretical uncertainty (PDFs) 0.3
Total uncertainty 7.0

Flectrons

Parameter 8(‘;,- /Cw (%7)7
Trgger efficiency 1.9
Reconstruction efficiency 2.5
Momentum scale 1.2
Momentum resolution 0.2
EF* scale and resolution 2.0
Isolation efficiency 1.0
Theoretical uncertainty (PDFs) 0.3
Total uncertainty 4.0

Muons
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W cross-section measurement

L=310-315nb!

Theory prediction : 10.46 &= 0.42 nb
ow X BR(W — ev) = [10.51 + 0.34(stat) = 0.81(sys) = 1.16(lumz)| nb
ow X BR(W — pv) = [9.58 + 0.30(stat) + 0.50(sys) + 1.05(lumsz)] nb

—_— ;
o ATLAS
[—) :
o~ ~ Dala 2010 s =7 TeV)
>
- 10 den::no-:nsnb"
T = eW-iv e
; = sW-=Ty L
[ AW=I ¥ -
= L e
@ |
X E
S
[ .~ NNLO QCD S e
T DO W {eu)
....... w
10'1 - w((‘:?; L UA‘ w—-l\'
E @ W* (pp} . £
o o1 Z 3 Phenix W — (/27
- & 9 et W (pp}
L ' 1 2 2 % 1 2 2 R W |
1 10
Jose E. Garcia - HEP-LHC-2010 \'S [Tev]
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/ cross-section measurement

L=310-315nb!

~

.

Theory prediction : 0.96 + 0.04 nb for [66 — 116] GeV mass window A
oz X BR(Z — eTe™) = [0.75 + 0.09(stat) + 0.08(sys) + 0.08(lumz)] nb
o0z X BR(Z — p'pu~) = [0.87 & 0.08(stat) & 0.06(sys) & 0.10(lumi)] nb

/

Gypyr X Br(Z/v*— 1l) [nb]

10

ATLAS
Data 2010 i = 7 TeV)
_[ L dt= 316-331 np "’
® Ziy* > 1l (66 <m < 116 GeV)

NNLO QCD
Zry* (pp)
Zi* (prb

408 B O H B

CODF 2iv* + ee (66 = m = 116 GeV)
Do Zi* sre (Th< m <110 GeV)
CDF Zfy* -+ eeluu (66 <m_ < 116 GeV)
DO 2 ree (TS m -=l1lll:: Gey)
Uat Ziy* v ee {m“ > ;FD Gel)

UAT ZMv* » o {mdu > 50 GeV)

LIIAE Zf . LIL ll.“-"-';.Fﬂ? Glu"urlj

10
Vs [TeV]
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Production cross-sections

Standard Model Total Production Cross Section Measurements siws: march 2015

.8_ 101t e ATLAS Preliminary 3
= % Runt1 +/s=7,8TeV %

10° £ E

LHC pp vs=7 TeV LHC pp Vs =8 TeV

10° ¢ =T B  Theory B Theory =

; = - Observed 45-491fb1 - Observed 203!

10* & E

10° ¢ E

: o :

10?2 & -

B o g 13.0fb! 1

. - = * Sowwen - RO .

10 3 2.0 fot Je—— E

E VBF I8 E

1 & VH i ~

E ttH I E

107 e '_:

PP W y4 tt timchan WW-wWZ WW H Wt WZ 27 ttW ttZ

total total total total total total total total total total total total total
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Measurement of the M,, at the LHC

A Milestone measurement! Categories are defined by the charge of the
reconstructed lepton, its flavor (electron or muon)
Analysis strategy based on two kinematic distributions fitted in and its pseudo rapidity.
several categories
R my = 80369.5+ 18.5MeV
§ AT a8 o AT St (+6.8(Stat)
S Background ® = |__|Background
P dlEe 3OS o= 4659 +10.6 (Exp. Sys.)
c (ITR 1
& - +13.6 (Mod. Sys.) MeV)
40
20

g 1.02 E 5 1,02 IR E
S ‘“‘E‘*Tm”*ﬁ ey .+ FLar ) E L e, ¢+.u.+¢+...mH Tk . —
E ggg:'r IR +'|"""' T -*»l .y USBI T Ty TR T T { Tl'TI Ill T I pT,W =y | . mw{PartiaI Cohb]
B a0 w I I R R I I B I T i R R e T W pw-rv | ATLAS g Stat Uncertainty
p [GeV] m] p| Wees [y "]g_?-l-ev 4 1-46 fb.1 —Full Unceﬂalnty
T my [GeV] o BRI AION —..e.— — iy (Full Comb)
my, W= Ty Stat. Uncertainty
me, W—=Tv | P Full Uncertainty
p Clean energy measurement, but more sensitive to the iyl A o o
T . ph, Wi ey R ———
modelling of the W transverse momentum N -——
B W' v Tr———
s : PP me Wy | TR .
m T Less sensitive to modelling b'ut'more difficult from to e Wty B
reconstruct (based on the missing transverse energy. pep, W=y ——
mTpW'—rl’v.\.I...I...I..Tﬁ..I...I.ul...l.
80280 80300 80320 80340 80360 80380 80400 80420 80440 80460
[
mp = \/ 2054 (1 = cosAog) my, [VeV]
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proton - (anti)proton cross sections

Jet physics

99% of events at the LHC contain at

N least one jet with ET*t> 20 GeV
10° L O, ; 4 10° inclusive jet production at LHC (n™ = 0)
10" | Tevatron §LHC§ 510 W
6 [ , : : 1 10° 09 I TP
hl: 7 - annihiliation]
10° [ H410° 7 15 08¢ B
X ] o T 0T i
10t [ Ju £ 8 gluon fusion 99
r b = 06|
10° | 110* 8 % .
b ou(E 20 1 .= I
10° = = 10 = F
_— F e 1] o 04
Q i [ Tapt ™ 2 E e
£ we 3100 » 037
o[ % ] 0 "'9 E qg+gq
© 10 g (€25 100 GeV) 110° o 02f
F e ] @ i Compton QCD
107" ¢ 710" 2 STE wsTwaoos nio
.t 1.2 0 (1) ) S L
10° L E 10° = 100 1000
a [ i 3 ﬂ.}) jet
107 £ 310° 3 p, (GeVic)
10° L :EH 410*
- ;_Mnmsm{ﬂm : D * Understand quark-gluon content of
0t L Over : P proton up to highest energies
Y B S Y T 107 * Perform Rutherford analysis at quark
0.1 1 10

level and constrain quark compositeness
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Confinement, hadronisation, jets....

ATLAS

EXPERIMENT

Run Number: 201006, Event Number; 55422459
Date: 2012-04-09 14:07:47 UTC




Inclusive jet production

— - v — . =
Calorimeter-level jets

o : — Unfold measurements to
Hadmonic showers — | 1

OvH

W

Hadron-level jets ) '
\  Hadronization
\‘ % . ’
= Y. Correct parton-level theory
e for non-perturbative effects
(hadronization & underlying event)

> 7 the hadron (particle) level
& EM showgrs
‘\ X ‘
\ \

Jets are collimated spray of particles
originating from parton fragmentation.
Underlying event - To be defined by an algorithm

i
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Jet reconstruction

= Jet finding: from
partons/particles/energy
deposits to jet

[Cacciari, Salam, Soyez
JHEP 0804:063,2008]

Energy deposits — noise-suppressed 3D clusters:
exploit transverse and longitudinal calorimeter segmentation

Jet inputs clustered with anti-ky algorithm:
0 Infrared safe, collinear safe (== NLO comparisons)

@ Regular, cone-like jets in calorimeters

@ Distance parameter 0.4, 0.6
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Di-jet cross-section

_L_L
o <.
(40 I w]

(pb/GeV)
am

max

d*oldMdlyl
_D:b ac,o

—h
S,
=2}

2

As a function of di-jet invariant mass

in bins of rapidity (up to ymax = 2.5)
[T | | | | T 1 | T T IU T
® Iyl <05(x10") B
= I_CMS O 05<lyl _<1.0(x10")
- Vs=7TeV mo10<lyl__ <15(x10°)3
— L=50fb" O 15<lyl _ <20(x10°)3
— anti-k, R=0.7 v 20<lyl _ <25(x10%)-
- on =l o =
— —— = - —
| = =S B
—— - = -E-=:|= - R
» -U-e- --_._ P S0 -
= —— — = B X =
— == - - B —
| == —y- = T ]
- * ? —_
— +_'_ 'E'T ==
— == = W ]
_ . _ pave Tr
— M =u=Ppo * -
— NNPDF2.1® NP Corr. - —
— | B d —_
00 1000 2000
. (GeV)

Excellent agreement
between NLO theory
prediction and data over
eight orders of magnitude

Probing di-jet masses up to 4 TeV

s-channel

t-channel

Higher masses probed with

forward jets (t-channel)
¥ max
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2 — 2 process

Transverse view

P1 T P2 —7 P31 P4
incoming partons outgoing particles
(along beam axis) (assumed massless)

y/

From pr, y3 and ys extract:

* mass and rapidity of the 3+4 pair
¢ (hence x| and x3)

¢ CoM scattering angle

* *
proton-proton Y3 parton-parton Yz =Y
frame frame :

PT : pTi
, Vs oo | NE 2
T :
2 2 YT S % *
cos™ = p./E* = tanhy
v = Yz + ya yt = Yz — Ua
L 2 Y ui = —y" 2
_ . _ The difference in
M = 2ppcosh 22— Y4 T M etV cos 0 = tanh 22— Y4 | rapidity determines
- T ¢ 1,2 \/g ' - ' 2 the centre of mass
scattering angle
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Quark Compositeness?

Most important subprocesses via exchange of a massless vector boson in the t-channel

99 — 49 q8 — 498 88 — 88 qq9 — 88 99 — 99
Vs =13 TeV, 3.6 fo' ATLAS
Rutherford do 1 2oL msaTeV o AerTev
at quark level  dcos0*  sin®(6v/2) =AW P

[OTheoretical uncertainties
[l Total uncertainties

T T T=T-TTTTT - 7
E 4.0 < rn.-:-l,ﬁ TeV

e do ' ; -- . -
For pointlike quark: E I cst at small angle - 34<m<40TeV | B1<m<3.4TeV
X e HW

1 + cos f*
1 — cosB*

Variable X

-~

0.02 T l p

No evidence for quark/gluon compositeness 006 Jocmad1Tev | 28<m <28Tev
from angular distributions mﬁ"‘\—-—-—r—m—'—*h“‘M
0.02} 4 _ ]

* e e e - I + 15 e -
PLB 754 (2016) 302-322 1 2 3456 10 Eﬁx 1 2 3456 10 20!130
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Three jets

L EXPERIMENT

%ATLAS




Constraints on Strong Coupling

Constraints on Os from several jet analyses -
Uncertainties usually

* inclusive jet production dominated by theory

(PDFs and scales)

* ratio 3-jets to 2-jets
* 3-jet mass spectrum

3 to 2 jet ratio 0.95 3-jet mass
o U B UL BLEL R B I B i m Bl T " ' ™1 ' vy
EE’ 0.2~ cMms 9_. I —4— CMS R ratio —{— HERA
0.18) ;ﬁti‘-}i}:ﬂ:ﬁ.? e | _ 1 & N —— CMS tt prod. —{}— LEP
[ et S = ] 0.20 | & —&— CMSincl. jet —/— PETRA
0.16} I/fflf#g-f' o SR 3 B —4— CMS3-etmass —V— SPS
o 1al oy B SRR . —Q— Tevatron
T % N G S '
; o NG 0.15}

0.12-- " ~ !
0.1 / : -
i «  Data(int Lumi = 5.0 8" - 010 =

0.08 £ HNPDF2. 1ay(M ) = 0.106 - Min_ Value
0.06 | T reromtap - atet- e e as(Mz) = 0.1171455653 (3-jet mass)
0,045 i laaalaaals Ny 0.05 | B os(Mz) = 0.1185 + 0.0006 (World average)
200 400 600 800 10%0 1200( (134!:{? ’ 1'0 160 10'00
p,, ) (GeV)
T"Z) Q [GeV]

Not competitive with most precise measurements at the Z boson
* but in unprecedented range in energy (two orders of magnitude in Q!)
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Multi-jet events

Aq)dijet
= Azimuthal decorrelations in dijet
events and distribution of energy
within jets sensitive to QCD
radiation structures

< Probing higher order QCD
radiation

2 Main systematics: cluster energy
scale (separate from JES) and
unfolding
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Azimuthal decorrelations

Complementary to multi-jet ® Requiring additional jets flattens
cross section measurement. distribution.

Pure di-jets have azimutal angle
@ between jets equal to TT.
With additional hard radiation,
i.e. extra jets, phi becomes
smaller.

-k
-
4]

b

; .
ATLASPreliminary
Vs=7 TeV
anti-k, jets B=0.6
p>100 GeV ly®1<2.8
Leading two jets: 1y*'1<0.8
pr>110 GeV
Data fL dt=36 pb’

o =2 jels
s =3jels — O —

O =4 jets

|

—
o
W

e ————

Number of Events
-OL-I‘—‘~

;

sttt gtied ]
2 m =5jets ﬁlﬁ_
1072 % Pyihia ]
i —— ]

1 . | I | I | | |
/2 21/3 5mn/6 TT

A¢ [radians]
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1g77: Fermilab

Confinement, hadronisation, jets....

B-taggin
8815 Displaced
cks

b

When a b quark is produced, the
associated jet will very likely
contain at least one B meson or
hadron

Secondary
Vertex

I
r
I
L

B mesons/hadrons have relatively
long lifetime

v" They will travel away form
collision point before decaying

Identifying a secondary decay
vertex in a jet allow to tag its
quark content

Similar procedure for ¢ quark...
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dy [pb/GeV]

b-jet cross-sections

ATLAS Preliminary —s— Data 2010
1012E\5=7TeV, [Ldt=34pb"

Pythia MC10 (x0,67)
MC@NLO +Herwig
POWHEG +Pythia

e — Ier—p— ——
e e T
o | s
—
—— <03 (A08 =T -
—— 0.3 <|y| <0.8 (x1 iy FE:-:—-
—+— 0.8 <|y| < 1.2 (x109) =
—— 12<yl <21 —1-
1 = L L L : : ;
20 30 40 100 200 300
Jet P [GeV]

e Good agreement with Powheg+PYTHIA

o MCQNLO+Herwig predicts too few
central jets, too many forward jets

Data / MC

Data ¢/ MC

2 [ —=— enewshased

1.5f 222 POWHEG «Pythia _ .

2F o 03<p <08

& L nEep<12

T . —
ATLAS Prelminary

C < Muon-based E=7TeV, |Ldt-34pet ]

Y

RS e a3 o

= ———
¥ k4 g

2 z<M<as ! 3

i b S |
¥ v +

: —

1.5 #58 MC@NLO+Herwig T

20 —— vertex-hased TLAS Preliminary J
- — Muon-based .

200 300
Jet P, [GeV]

20 30 40 100

£

) 7TV, JLer=34pb7

eﬂﬁ-@

E;—G—M-:EI.G :—l—' L.-*ﬂ}-—h_{q
2f —.—t}ch a.&+ *_'—f-ﬁ-r!:r‘
Sy v e
LT
e TP TR :
| S S weines s s
20 30 40 100 200 300
JetpT[Ge\.']
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Why measure prompt photons

! Q00000000 — ! ! - ’
probe the gluon QCD backgrounds
Aa content of the to new physics 7Y
proton test
4q 7 NLO PQCD q Y
. »  predictions using ' 2000 — '
! a measurement Y A
without jets
g -——00000000% 4 4 Q00000 — N

resummation
g g l<+ factorisation Y 4..—% L
Q00000 ——Gr T \Q00000

fragmentation important at low E,
suppressed by isolation cut. MCs rely on

fragmentation function to compute

— 00000000000
q g —— U U T T T O
q .

| i
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Prompt and isolated photons

* Prompt: ’ \ea0000000———" T

2 Direct from the hard o 7y
scattering

3 Parton fragmentation more
important at low E,

" |solated:

2 |solation criteria to reduce
bgd from QCD jets

* Photons from neutral
meson decay in jets o

2 Reduced fragmentation B
component: a5t
=  ~30% reduction at 15 GeV
" <10% above 35 GeV /
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Measuring photons with ATLAS

' rR=1082mm

LR=554mm
R=514 mm
R =443 mm

SCT

R=371mm

R =209 mm

R=1225mm

Pixels § R = 88.5 mm
R=50.5mm
R=0mm

® Inner detector
v" track charged particles
¥" measure transition radiation

v ely discrimination

v’ Y conversion reconstruction

Cells in Layer 2
Ad>An = 0.0245%0.08

TRT

SCT

— V0245
sremmd~— o
- _'5mm;a - o I

Pixels An=g 0!')301"""’“

Strip cells In Layer 1

TS~ (cals nPS
ApxAn =0.025%0.1

® PiJ-LAr EM calorimeter

v" n//longitudinal segmentation

v" fine granularity in |5t layer up to N<2.37
v' Y energy and direction
v y/T10 separation (EM shower moments)
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Photon identification

$3 (“Back’) Y candidate [ T candidate

$3 (“Middle”)

S| (“Strips”™)

Presampler

I 1 1 |
s ATLAS Prelipinary
E \s=7TeV, |Ldt=158nb"
L Ii<06
" ® Data 2010

© [ Simulation (all y candidates)
.| Csimuiation (prompt )

F ATLAS Preliminary
sk Unoonvertef photons

1
E Ne=7TeV, |La=158nb"

Entries/0.025
o
Entries/0.025
=

loose and tight e

selection @ Elsmlton o)
optimised separately
for unconverted and

| L] :
0 0102 03 04 05 06 0.7 08 03 1 0 0.1 02 03 04 05 06 07 08 09 |

converted photons . R E

f ratio




Photon isolation and background estimate

* Background estimated with two methods:

4 ABCD method: extrapolate from the bgd enriched
control regions

4 here shown example of 2D template fit

: T I m LI I 1 LI | LI LI
> 900 Coamas R ATLAS - a4
3 Data 20105 =7TeV, | Lat=a7pb’ 5 O - Eﬁhf:&:‘h?ﬁ‘oﬂj Ldt=37pb" 2
- 800 E > 16 GeV 3 @ 6800- > =
E o700 [\ - TY R A T :
? o o R -y ;
= Y+l = 400'_ THI L =
500 A E - L

— YY+Yi+YHl j - P A
400 E 3005 =
300 EEERY (leading photon) _; 200:_ """" (sub-leading photon) 1
200 : ..":"':'. _; g ]
100 f& % E 100 E
5% 5 10 15 20 25 % "0 5 10 15 20 25
Ert [GeV] ES [GeV]
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Isolated di-photon cross-section

"-._I | 17T 1T I T | 1T | | | T | T T II T | T I_ "-._| T | | T | 1T I 1T I 1T I T I T | | 1T I T IE

E C Data 2010,\s=7 TeV. I Lt=37pb" E o Data 2010 \'s=7 Tev,_r Ldt=37 pb”" 3

] - g, rptscay B < 4 GeV, AR™>0.4 1 2 - % pl>16 GoV, E- """ < 4 GoV, AR">0.4 ]

= - i 4 'l2.37 excluding 1.97<hil<1.52 1S 1 # i7<2.37 excluding 1.7<Il<1 52 =

g- B “ -+ measured (stat) | g C i + measured (stat) 3

g 1 - -+ measured (stat @ syst) 3 % i ”1‘ + measured (stat ® syst) |

- ¥ === DIPHOX ] 10— e SRR |

- =% /7 ResBos - = i ol 3

} R 2 ]

Al Sy _ 107k =

10 w\\ \\\\ B | - = -

. 3 I i |

- ATLAS . 107 E ATLAS T E

|||||||||||||||||||||||||||||||1||||||\]||| o b b b b b bbb b b Lo Lo

1 . - . . -

S - DIF'HO){_' 2 2F DIPHOXH

s + IR T o * g :

m 0 ?\\ \\ o \\\ AR, \,l\ e _; _m 1] f‘“. i 8N xw-+-!-\.\'_\'_+y_ AL PN LR RN R \ \ \ \ \ \\ A \“‘\ \\“ —:

ﬁ 05 = ﬂ 2 ]

_:: 7 r -1

0 F T T T T T T T T ] U T T T T T T T T T ]

= et ResBosi = 2f ResBos A

g L + _+— 7 (i"l ++ :

of _+_ | 3 0 paro—a —+— | .

E o 3 N —+— _+_ ]

ﬁ -0.5;— | | | é é. 2F ]
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Complicated topologies....

top quark

was5: Fermilab Top quark has a mean lifetime of 51072 s,
shorter than time scale at which QCD acts: no
time to hadronize!

v ltdecaysas £ — Wb

@ muon
% H neutrino

LHC is a "top factory™!
* 5 millions of tt pairs

neutrino

20 years
9 Y
)

Events with top quarks are very rich in (b) jets.

e ~]100000 in Tevatron in

All jets 44%

) T+jets 15%

+r 1%
T+ 2%
r+e 2%

< A
ure 2% 4 2 u+jets 15%

q t
W -+
q’ b
q’ q
w
b t
g b
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tt candidate event e +p + 2 jets (b-tagged) +ETmiss

Run Number: 160958, Event Number: 9038972
Date: 2010-08-08 12:01:12 CEST

\“ATLAS

” LLEXPERIMENT




Fundamentals of top-quark physics

=<

fundamental particle in the SM

— its Mass / Yukawa is a free parameter: need to
measure it

o Mean lifetime ~5x102%°s ~10%s
— the only “bare quark”
e BR(t—=Wb)~100%
— unique experimental signature
¢ Abundant production at the LHC, O(100M) pairs

— “standard candle”, very useful for calibrations

FPole top mass M, in Ge

Standard Model of Elementary Particles

JHEP 08 (2012) 098

T

- g g —
¥ 4 - - =
& e -
. P = 2
. =

=

1gH =R

. ."'.-"'.'-_':\' r
" _.-":'@ﬁfj'l--;';.,
a Lt '\:..'_-'__.f'__f'
N -

Suability

: o
o Meta=sability,

120

125

Higgs mass My in GeV

130

135
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Top pair production cross-section

Main production diagrams
At tree level leading order

0(a})
ag
i “O000000Y i
(g
90000000/ i
ag
q t
as
q t
9 t
ag ag

Inclusive tt cross section [pb]

—
)
Ta
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Di-lepton topology:

Precise determination of
cross section in the
different flavour electron-
muon channel in
particular. Excellent
signal to background
ratio. Lower stats (4%).

s L BN N R

|r1||||||l|l|||l|r||||||

Tevatron combined 196 TeV (L < 881
CMS dilepton,-+jats” 5.02 Ta\r L=274 pb Yy
ATLAS o7 ToV (L =400 ')

CMS e B TeV (L = 187
LHC co

ATLAS eu 13 Tel (L =32
CMSep13TeV (L=221")
ATLAS eefpp 13 TeV (L = 85 pb”)
ATLAS l+jets* 12 TeV (L= 85 pb™)
CMS I+jeis 13 TeV [L=22fo F}
o CMS alljets 13 TeV (L=2531b")

* Preliminary

= NMNLO+NNLL (pp)
== NNLO+NNLL (pf)

LI

1)
mbined . 8 avu. 53203 ") LHCIopWG
1)

TLAS+CMS Preliminary Nov2017 |
topWG

900r . 1

800- 1

700r 1

Caakon, Fledlor, Mitov, PRL 110 (2013) 252006 19 V5 [TeV]
NNPDF3.0, m_ = 1725 GeV, a,(M.) = 0.118 = 0.001

=l

4 6 8 10 12 4
(s[TeV]

Semi-leptonic topology:

Best compromise between
statistics (30%) and signal
to background ratio.

Full hadronic topology:

Largest stats (50%) but
larger multi-jet
background and large
combinatorial.
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Range of top-quark physics

Top Quark Production Cross Section Measurements status: Septemper 2023 ALL-PHYS-PUB-2023-028
) ATLAS Preliminar | Theory
Abundant & !
: b (10 Foro-  Runjl23 \5=57.813,136TeV |
production! 5 |
: e .O_J O LHC pp V5=7 TaV
O(100M) events - 8 . TR
. 3 e
in Run 2 § v o e T
Precision down to [ y . . a

LHCpp Vi =13.6 TeV

- Data 201b*

10 — I

a
Rare! Only ~120k - . g
. events in Run 2, " i
10 F precision at 6.5% , B

B 1 Extremely

- i || challenging!
102k | Only ~3k events,
tt t tw t tw(tiz|tiH tfy ty tZj| 4t | precision ~25%

t-chan s-chan fid. (-+jets  fid. ¢
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Top quark mass measurement (2017

172.34

Data/MC Permutations /5 GeV

Direct measurements made using template fit to the reconstructed mass spectrum.

3
x10°CMS 35.91b7 (13 TeV)
80? EEticorect =~ mmSindlet
g § i W+jets 3
70 Edttwrong mm Z+jets ]
- [ttunmatched = QCD multijet
60F « Data ] Diboson 3

mi" [GeV]

0.20 (stat + JSF) £ 0.76 (syst) GeV

ATLAS+CMS Preliminary Mige SUMMArY, Vs =7-13TeV September 2017
LHClopWG

World Comb. Mar 2014, [7]

stat total stat

total uncertainty g = o st = 5y50) 5 Rl
ATLAS, l+jets (") 172,31 1.55 (0.75 = 1.35) 7TaV [1]
ATLAS, dilepton (*) 173.00 = 1,63 (0.64 = 1.50) 77eV [2]
CMS, 1+jets 173.49 = 1.06 (0.43 = 0.97) 7TV [3]
CMS, dilepton 172.50 = 1.52 (0.43 = 1.46) 7TeV [4]
CMS, all jets 173.49 = 1.41 (0.69 = 1.23) 7Tev [
LHC comb, (Sep 2013) wiclopwa 173.29 = 0.95 (0.35 = 0.88) 7TeV [8]
World comb. (Mar 2014) 173.34 + 0.76 (0.36 + 0.67) 1967 TeV [7)
ATLAS, l+jets 17233+ 1,27 (0.75 = 1.02) 7TeV (8]
ATLAS, dilepton 173.79 = 1.41 (0.54 = 1.30) 7TaV (8]
ATLAS, all jets 1751+ 18(1.4+1.2) 778V (9]
ATLAS, single top 1722:21(07:20) B8 TeV [10]
ATLAS, dilepton 17299 + 0.85 (0.41+ 0.74) 8 TeV [11]
ATLAS, all jets 173.72 £ 1.15(0.55 = 1.01) 8 TeV [12]
ATLAS, l+jets 172.08 £ 0.91 (0.38 £ 0.82) 8Tev [13]
ATLAS comb, (mﬂ‘;} 172551 = 0.50 (0.27 = 0.42) 748TeV [13]
CMS, l+jets 172.35 £ 0.51 (0.16 £ 0.48) 8TeV [14]
CMS, dilepton 172.82 = 1.23 (0.19 2 1.22) 8TaV [14]
CMS, all jets 172,32 = 0.64 (0.25 = 0.59) 8TaY [14)
CMS, single top 172.95 + 1.22 (0.77 = 0.85) B TaV [15]
CMS comb. (Sep 2015) 172.44 £ 0.48 (0.13 £ 0.47) 7+8 TeV [14]
CMS, l+jets 172.25 + 0.63 (0.08 + 0.62) 13TeV (6]

1] ATLAS-CONF-2013-045

] ATLAS-CONF-201 1077

A JHEP 12 (013 105

] B Phys.d 672 [201) 2363

7] ariv 14034437

] Ear Phys.. 76 2015} 330
[F] Bar-Phya.d G75 (2015} 153
[18] ATLABGONF.3614.058

{*] Superseded by resulis

[13] ATLAG-CONF-201 74071
[14] Py Rard D63 (30%6) 073008
[15] BRJC 77 fE017) 364

18] S PASTOR F.087

shown becw the ne EE o L T T
| | 1 | | | | | | | | | | [ | 1 | I ] | | 1
165 170 175 180 185

My (GoV]
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Top quark mass measurement (2023)

172.52 + 0.14 (stat) + 0.30 (syst) GeV

Total uncertainty of 0.33 GeV (< 2 permil!)
31% improvement on most precise input

Excellent compatibility: ¥°=7.5, p(x%)=0.91
Most precise m,,, measurement to date

Consistency checked with per-channel
combinations

ATLAS+CMS Preliminary
LHCtOpWG

s o
] r
total uncertainty

ATLAS
dilepton 7 TeV
lepton+jets 7 TeV

(=78 TeV
tota

stat
m, + tofal (& stat+ syst)

173,794 1,42 (+0.5441,31)
172.33 £ 1.28 [0.751.04)

all-jets 7 TeV 175,06+ 1 82 (£1,35:1.21)
dilepton & TeV 172,89+ 0,84 (+0.41H0.74)
lepton+jets 8 TeV 172.08+ 0,91 [20.32£0.82)
all-jets 8 TeV 173,72+ 1,15 (+0.55:1.02)
cambined 172.714 0.48 (20.2540.41}
CMs
dilepton 7 TeV 172.50 4 1,58 [20.4341.52)
lepton+jats 7 TeV 173,49+ 1,06 (£0.43+0.97)
all-jets 7 TeV 173485 1,41 (+0.65:1.23)
dilepten 8 TeV 172.22 4 0,95 (+0.18+0.94)
lepton+jets 8 TeV 172,35 0,48 (£0.16£0.45)
al-jets 8 TeV 172.32 4 0,62 [+0.2540.57)
single top 8 TeV 172,95+ 1,20 (+0.7740,93)
Jiy B TeV 173.50+ 3.14 [£3.0040.94)
secondary vertex 8 TeV 173.68+ 1.12 [20.20£1.11)
combined 172,52+ 0,42 (+0.14:+0,39)
LHC combination
dileptan 172,30 £ 0.59 (+0.25+0.51)
lepton+jets 172,45+ 0.36 (+0.1740.32)
all-jets 172,60 £ 0.45 (+0.26+0.36)
other 173.53+ 0,77 (+0.43:0.64)
combined 172,52+ 0,33 (+0.14:0.30)
R B R AN R 1 T N T N N N R R
165 170 175 180 185
m; [GeV]
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Electroweak measurements (2023)

Standard Model Total Production Cross Section Measurements Status: October 2023
O 10lkoas —
O 340 bt B0 pb”" ATLAS Preliminary 0 Theoy
5 106 Vs =5,7,8,13,13.6 TeV LHC pp V5 =13.6 TeV
o Data 20.( 1.4t
o LHC pp s =13 TeV
10° o, o Bl 0321400
4o LHC pp V5 =8 TeV
10% BBl o0ata 202-203107

LHCpp Vs=T7 TeV

BBl e a5 a6

10° ©-a ~
LHC pp vs=5 TeV
e O BBl Dat= 0255-031b
10 s, B .
= L+ ] - N O 0
v A
. =, tutal'-' - o 5O
10 2 i iy I
o VBF ‘
WwH 8
(=]
- Ww
1 I L O O
gl 1 =
[ |
o L}
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cxu.3|l WWZ
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|
1072
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Electroweak measurements (2023)

Standard Model Total Production Cross Section Measurements Status: October 2023
— 11 S00 b
8 100 B % ATLAS Preliminary I Theory
e
[ 105 Vs =5,7,8,13,13.6 TeV LHC pp V5 =13.6 TeV
-3 Data 29.( il.4fb
o LHC pp +5 =13 TeV
105 -‘-—-oQ . - Data 3.2 - 140fb™"
4 . LHC pp V5 =8 TeV
10 Bl D&t 202-203
LHC pp vs=7 TeV
103 .-..1 000,( . B Date 45460
LHCpp ¥s=5TeV
- o Data 0.255 — 0.3t
L s e o o v ta )
3 ol o g R e e
01 A B = ﬁl & oo
1 X Tl
**I over e I‘
lﬁf &
1 ~1000x = o oty
VH ;

v {203 4

107! ! J, '.I.

10°r  SM HH production ~33 fb B

t-chan s-chan
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