Introduction to particle physics:

experimental part

Making predictions for hadron colliders
*  From Feynman diagrams to cross-sections
* From cross-sections to events

First data at LHC

Standard Model measurements
 Soft and hard QCD
e WandZ bosons
e Prompt photons
e b-jets
 Top quarks

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

Prof. dr hab. Elzbieta Richter-Was
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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/ 3, 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
_4Ama® 5
=0 =6



Making predictions for hadron colliders

Proton structure

* Proton = uud ?

* Held together by gluons? @ @

* Quantum Field Theory: gluons can create gq pairs

* Proton can interact through any of its partons

10



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

11



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
0(a) O(aay)

(M |% = | My|* + 2R(MiMy) + My |* +
0(a?) O(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

15



Making predictions for hadron colliders

Gluon Emission as Higher Order Correction

&
M = >WM<+ 0 (ays)

* 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 Oemission
* O1p0p aNd Tpmission €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...

18



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 y
* Jets of hadrons R s

* Remnants of protons after ~ 9, Aa
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. e'e” — 3 partons: Wv\é W/\Q

do on 0 2 1+ (1-2)’
~OgUF
dcos (9/dz_q [ \271' sin 2q
E/Eymm S € 2 ‘quarkcharge QCD running
partons squared” coupling ~ 0.1
Divergent in  collinear limit 6 — 0,7 (for massless quar_ks) ando? 14 (1- z)2
and soft limit z,—> 0 do = oq Z CF2—9—2 dz .

Jets
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Parton showers

Parton branching is universal

2
da—agssfdzP(z )

p(z ): QHqg 4= 949

“Splitting function”:

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

parton branching 9—499 J —qq

A14(1-2)%
- Simulation Ca 2(1-2) TR -
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Proton-(anti)proton collisions

The Proton

2R
4
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 * |SR/FSR emission of gluons
partons not involved in hard scatter * production of final states hadrons
* description necessitate “tuning” of non- scale < Agcp (non-perturbative)
perturbative MC parameters based on data * MC models tuned on data
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The ATLAS detector

Length : ~ 46 m
Radius : ~ 12 m
C()Io\limelet Liquid Argon Calorimelter WelghT T~ 7000 tons

Muon Dgleclols
~108 electronic channels

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

| Inner Detector (|n|<2.5, B=2T):
~| Si Pixels and strips (SCT) +
Transition Radiation straws
Precise tracking and vertexing,
e/n separation (TRT).
| Momentum resolution:
| o/pr ~ 3.4x10* p+ (GeV) ® 0.015

‘ ) N £
Toroid Magnets Solenoid Magnet SCT Tragker Pixel Detector [IRT Tracker

EM calorimeter: Pb-LAr Accordion \
e/y trigger, identification and measurement HAD calorimetry (|n|<5): segmentation, hermeticity
E-resolution: ~ 1% at 100 GeV, 0.5% at 1 TeV | 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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Azerbaijan
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Cosmic rays
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» The most penetrating component of atmospheric showers: the muon component
» At sea level muons represent about 80% of the cosmic ray flux
» averaged over all energies
« above E = 1 GeV they contribute almost 100%
» Below 1 GeV the energy spectrum of muons is almost flat
« Above 100 GeV falls exponentially
» [t extends to extremely high energies
» The average cosmic ray muon energy is 4 GeV
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Cosmic Muons in ATLAS __1oms 2008
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First collisions in ATLAS (2009)

WATLAS

A EXPERIMENT

2009-11-23, 14:22 CET
Run 140541, Event 171897

Candidate
Collision Event
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Why Hadron Colliders?

Energy loss and radiated power
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Dominant QCD processes

Non-Diffractive Single-Diffractive-Dissociation Double-Diffractive-Dissociation
(ND) 0~49 mb (SD) o~14 mb (DD) o~9 mb @7 TeV

® Multi-parton interactions
(Underlying Event)
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Inelastic cross-sections

= Use only few runs: 7 TeV data (190 ub*) + 900 GeV data
( 7ub?) and 2.36TeV data (0.1ub?)

4 We want to study all inelastic pp interactions

<4 |nstantaneous luminosity very low for these runs: on
average ~0.007 interactions per bunch crossing -
99.3% of crossings are empty.

J Need to “trigger” on inelastic interactions:
Minimum Bias Scintillator Trigger (MBTS)

= sensitive to any charged particle 2.09<|n| < 3.84
> 16 counters on each side of ATLAS

= Correct for detector inefficiencies and resolution, eg.
present spectrum of charge particles not tracks

* No extrapolation to regions not seen by ATLAS
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MBST Trigger

Muon Detectors Tile Calorimeter Liquid Argon Calorimeter
|

J I \ N\
Toroid Magnets Solenoid Magnet SCT Trocker Pixel Detector 1IRT Tracker

Trackers: |n|<2.5
Calorimeters: |n|<4.9

o Minimum Bias
) Trigger Scintillator
wis <l 2.1< |n|<3.8
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How well we understood detector?

/\/evv J Phys. 13 (2077) 053033

10 T IATLIAS T T T T T

\Us =7 TeV
ngp,=2,In|<2.5
100 < P < S00 MeV

D MC ND

—&— Data 2010

Number of SCT hits per frack &

n

(<)
o

> 16>:<,10 L

- Ea ATLAS :

145 N =7 TeV —

12F nen=2,Inl<2.5 3

E 100 <p_r<500 Me\H

10 =

8f E

6 =

ar v

2F =

d, [mm]

16 2 258

16
14
12
10

N & O D

and Silicon hits per track

negp=2,In|=<=25 3
100 < p_ < 500 MeV

D MC ND

—&— Data 2010

ol bl

1.8 1 2.
n

x10°
— —_
E 2., ATLAS 3
3 Ns =7 TeV =
- nepz2,In| <25 4
o 100 < p_ < 500 MeV]
3 - =
== DM\.ND =]
E’— —o—Data 2010 —E

Z,sine [mm]

= Excellent agreement between data and MC: Pixel
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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

[)efimes a

3
F' referred

- toward
) & " -
Se . |AD|<60 .-

- - -~ -
transverse *._,-~ fransverse
60<IAI<120°, .77 TS _60<IA0I<120°

away
[Ap|>120"

Unclarl_ving avent

Azimurhﬂlly Syr‘n metric
Most 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

leading track

~
-~

s |AQl<60° .

~
-~
4

fransverse ‘~V" transverse
60%|A0l<120°, .= "~ _60%|Apl<120°

07 away s
|AG>120°

L ATLAS

A EXPERIMENT

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

A 1 e e e e B e B A AL =

£ = = = = =

% 1.2~ Transverse Region ATLAS Preliminary — = 2;— Transverse Region ATEAS Preliminary —
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% -~ p>05 GeVicand [i <2.5 s=omos A Y= p,>0.5 GeVic and n| <25 B 0 2010 =
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MC/Data
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1
|

]

o
=

% % 10
e [GeaV) P [Gev]

)
)
w|
o

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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Particle density angular correlations

L L L L L | R s

T T T T [ T T
\s=7TeV 3 — p™550GeV =

-

% 1.8 ]
s DO o "
=_ 16 - = = PYTHADW . 9
Zu ----- PYTHIA Perugiad n
& 14 === PHOJET —
5 7

= o=t HERWIG+JIMMY ATLAS MC09

Pkl > 1.0 GeV

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

T T
3 2 - 0 1 2 3

Aow Irm[rad]

“ 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

109 : lll T T T T ITI'I[ T T LI l:rT'lI T T I: 10“
10° | b 4 10°
, i ot 5 \ .
oF Tevatron LHC ad
10° | = A10° g
10° | 410" - I 0 ecve ntS/S A
E w |
10' % 410" g -
o m
10° k 110" & ~I0|O n
b e (B s Vs/20) 1. = -
10 Jett T 107 -
5 ! ' .
c 10 I Db 10’ g 2 n
; Lo 1 w = — u
° - o % P 10° Q IO eventS/S v
Fou(E™ > 100 Gev) AN )ﬂ/
10" § i { 10 I 0 / .
: Do E 0 m
10k / P 10° € events In
F ; 2 E @
3 ] =
10° o, % 10" @ [my ~ 120 GeV]
i Bt P 3
10* : cm{ET > vs/d) v 10°
0® 0,0 (M, =120 GOV ] 1o 0.2% H = vy
3 3 |.5% H—=> 2727
F 200 GeV ]
10° 10°
EWJSECC‘S 500 va
107 bl TR S 107
0.1 1 10

Vs (TeV)
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Cross-sections at LHC

proton - (anti)proton cross sections

10— 3 10° * Cross sections in pp collisions at 13 TeV
10° [ O 5 10° - total =100 mb
A Tevaron  LHC| 3™ - inelastic = 80 mb (diffractive =25 mb)
10° : : . 4 10°
1055 | =1 ] o * b-quark pair production = 400 pb
F : E ‘0
10 | P _;me-"'g e jet with Er> [00 GeV = 3 pb
L / 3108 e Wand Z bosons : 200 and 60 nb
5 :‘ f_, — :: 1 e top quark pair = 1.0 nb
= | 1 o e WW = |00 pb
© 10’ ><""’ 4 10° 9
o | T bs {0 & e H(125 GeV) = 60 pb
0 | ~_ lwg ©ZZ=20pb
10° | ﬁ"# 4 10° %
0 ¢ { 5 R W & Z in leptonic modes
s [ M=125 GeV _
il | : i o(pp = W )x(W — £v) =20 nb
10 : : 41
1un:1mszol12 L _'l L . .1|0 1 - U( PP — 7 )X( L — 'F‘F ) = 2nb
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Proton-proton scattering at LHC

- Hard interaction: qq, gg, qg fusion
- Initial and final state radiation (ISR,FSR)
« Secondary interaction [‘underlying event’]
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QCD hard scattering processes

“ EW gauge bosons Di-jets Direct photons
p_.é— .é
g
% q g e

q Y
ig q
P P

* Measuring those processes test our understanding of:;
2 Partonic structure of protons
2 QCD scattering via calculations of N(NLO)
2 Hadronisation/underlying event

y

2 What makes a good jet algorithm
2 Data driven background estimates for rare processes
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Proton-proton scattering at LHC

Proton =¥ / dz1dzs iz, Q%) f;(2, Q) 5(Q)
ij

pP1 == L0Q?)
TPl Hard Process 5
J [calculable] Product g(z, Q%)
jj £z
PDFs ](
p2 * Product

Proton
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QCD improved Parton Model

Distinguish between soft and hard QCD interactions

Hard interactions

Py =
controlled through the
Gup(crs) X factorisation theorem
\
Initial collinear singularities
Py — are absorbed in PDFs

OppsX = Z dr1dzs fo(z1. pe) fol@a, pr) Gapsx (Q% = x1208, as(ftn), fr. ftr)

a,b=q,q,9
(0) | %s . &) ( ) 52 k=2 for dijet production
Oab = (g
ab = [ T 2T T D T k=0 for vector boson production
LO NLO NNLO Parton level cross section
leading order .
next-to-leading order computed pertubatively

next-to-next-to-leading order
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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) + q(xe) = 7*/Z — (0~

E = (Il -+ rg)\/§/2 ﬁ;{;‘ﬁg,ji?} =
- - |} E_
Pz :(;El —;1:2)\/5/2 \/E,/Q - Y
2 g2
Q% = E? — p? = 21108 Q= M,
(19 5 * ¥ pl
Define “rapidity” y such that J3/2 > { +
T E . . ST = @
o l — 62,1_,* Jalr assume pi along
i) E — P positive beam axis
for a given Q?,
r 10 = Q% /s » o Q +y h 5 idi Q |
S, 1,2 = \/E & the rapidity y relates
z1/T2 =€ § the x; and x; of the two partons
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Parton kinematics

7 TeV LHC parton kinematics

X

109 § T IIIIIIII T |||||||| T IIIIIIII T |||||||| T |||||||| T IIIIIIII WIJSIEIOI_I”D% 2 | | \I || | -I T ||| | T |||| T ™ ||| q
B = + T i — T m
o ne (M/7 TeV) exp(=y) ] _ . Q2= 10*GeV2 |3
E Q =M 3 | W _ﬂ_‘\
: M=7TeV 3 i \ -,‘ &
, [ ] 1 E
107 & i =
E 3 0
: ] 1.5 2
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 : ERETIT AN .
-7 -G -5 o R : .
10 10 10 10 10-4 103 : 102 101 1
|
|
|
|
|

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

Events/GeV

2010 Data corresponding to ~40 pb-! collected
=> re-discovery of the Standard Model

? P ¢ Jhy Y
10°E 4 Y’ Y(1,2,3S) S
10° uu

= Edd} [SS] ]
10°g [ccl| |[bb] w
10° - |~1960 1974 | | 1978
102;_ i proten ”['_

- CMS Preliminary
10

- (o = - -1

N \s=7TeV, I.Im-40 pb 1983
E. | i A N |

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”
51



Bosons at hadron colliders

The primary decay 2010

Ch d ne' iS th ro ugh ‘ Obseryatlon qf Bosons at Hadron C:olllders:
leptonic decays:

v Observed
== Theory

9 BR(W-ev) ~ 10%

0 BR(Z> ee ) ~ 3% -

1995 wWw
- Fermilab @ ' wz | |
. 12005) i 22 |
* |t means that we are . Fermiab 2007, .~
. i : - Fermilab 2008
probing ¢ X BR values 7 Fermilab
orders of magnitude B e

smaller

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

H

t
-
5]
2
0
2
S
g
2
Rl
0
®
)
o
:
(&)
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Bosons and top quark at LHC

* Well measured by
previous experiments

« Still educational at LHC .
— Cross-sections |

— New PDF constraints :
* ,Standard candles” for _
high p; analyses op e 5
— Calibration, alignment 0 Foan,mso00ew /N
— Independent luminosity « @

measurements
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W and Z boson decays

® ev ® e
: hv ® uu
TV . T
@® 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...
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W and Z boson signatures

W — lv i Z— U

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

Additional hadronic activity > recoil, not as clean as ete-
Precision measurements: only leptonic decays
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E I ectron: wacking chamber
4 Compact electromagnetic cluster in |:l> ’H—ﬁ“%-j

a

Muons: [::j>

a

a
MatChEd to traCK clectromagnetic hydronic mnon
tracking chamhc%h lommeter calorimeter .o mher
Taus: | s
—
2 Narrow jet \4
a2 Matched to one or three tracks
. electromagnetic . s
Neutrinos o cilormeier  ClRer o e,
4 |Imbalanse in transverse momentum |:"> ________________________________ )
4 |nferred from total transverse

Lepton identification

eleciromagnetic hadronic
) E I
calorimeter u{‘?lur‘?mcmr --hl-lmihgr

[0

calorimeter
Ma tc h ed to tra C I( L‘JCL‘[Z:UID:l:_‘.'li!l.lL‘ haldwnir
A calorimeter calcrimeter ohamber
rracking chamber

Track in the muon chambers

i

energy in detector
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Electrons and jets

Number of expected electron events with
1 pht @ 7 TeV, after reco & id

" There is also lot of true

%19‘1 o —1 3/ ~ 1500
¢ 1o — ¥ 250 electrons from
.%TD bree < 107 semileptonic decays inside
. y 2000 i
%10'1 Woev ~2 JetS
5 4g2 Z—ee ~200
107

DATA: loose electron ID

3

I'=ee

43 I - ATLAS Preliminary
10 10°

-
P (GeV) gmﬁ _[L=16.9 b ey T
" Jets can look like electrons %‘"‘
2 Photon conversion from n%s ::
2 Early showering charged pions .

1

" And there is lot of jets
E

= Difficult to model in Monte Carlo 0-46"56"30"40 £0 60 "70"80 90 100

2 Detailed simulation in tracking E; [GeV]
and calorimeter volume

-~
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W selection (2010)

Electrons:
Er>20 GeV
Tight ID
Missing Er> 25 GeV
mqy > 40 GeV
1069 Candidates

Muons:

pr > 20 GeV

Track isolation
Missing Ep> 25 GeV
my > 40 GeV

> 1181 Candidates

Entries / 5 GeV

Enlries / 5 GeV

IUE'_" T T LI DL L LB LI B
: ATLAS —a— DEAZCI0NE=TTEV )

104' s l:IIW—'-g;
E = 3 ==l o) 3
: Ldt=315nb o :
I [

103': [

/O«

) P,
60 80

100

20
ET™ [GeV]

Entries / 5 GeV

40 60 80 100 120
ET™ [GeV]

Eror T T T L e I B
= ATLAS —=— Dala301088-7TeV} § @
F W —av i@
= = -1 Jaoco 4 0
E Ldt=310nb C W= 3 _;
E | T 1ia
= -Z—:n | =
E [ 15

'"f;' DL LA B R B L B 3
- ATLAS —a— DA 2010 iNE= T TEV ) ]
ol i [ ]
107 ¢ = ' CJoco E
;J.Ldt-ﬂ'lf-nb T 3
r - L
10°: G
= | I 3
107 ' 4

—a— Data 2000 S s= T

10°E CIwW-m
£ [Cczco
CI W o—Tv
B T
10° - ez
| i

10°:

10

A nil b
60 80 100

120
m, [GeV]

ATLAS
ILdt=31onb‘
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Z selection (2010)

2 Electrons :

]

v 3 2 O

E.>20 GeV
Opposite charge
Medium ID

66 <m,, <116 GeV
70 Candidates

2 Muons :

O

()

2 O

pr=> 20 GeV

Track isolation
Opposite charge

66 <m, <116 GeV

i
109 Candidates

=

O
(]
Ly
-
w
2
I=
[N}

Entries / 5 GeV¥

UL LN L LR RN LR RRLAN R i

- ATLAS
10°%% j‘ _1
FolLdt=316 nb = Doa 2010 foo= 7 ToV) 5
[ F e }
= acn +
102: = 7 i
[ Y | IW—ay i
10 e Tl d
i A 1y
1 I | 3
E —’—l | 1
107k ' 3

10° ]
20 30 40 50 80 70 80 20 100110120

=

E; [GeV]

I ATLAS

—=— Data 2010 { 5=T TeV] 3

20
p, [GeV]

Entries / 5 GaV

Entries / 5 GeV

50— T i T RE
455 . Data 2010 pos= 7 Tav) 3
40F [Jz—e= ATLAS
a5l M E
a0l .[L dt=316 nb ]
25
20
15
10 } , <
] -_l_ 4
D1+.¢l«—|l.'..| el . _+_| Lo
(=]4] 70 80 a0 100 1410 120
M, [GaV]
. -
20l ™ Diata 2010 {\t—lTaU}
&0 |:|2—*uu ATLAS
50 IL dt=331mb"
40 E
| E
30 1
20 B |
10 + f
By ) ok | |
Gﬁﬂ 70 B0 90 100 110 120

i [GEM]
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W backgrounds

Electrons:
_ ~ 300 s s T e—
« EW + top background: W—1 v +Z —ete + it 3 I ATLAS
NE‘N-I-TGP =33.5% OQ(Stat) + SO{SYSt) "EEEG:_ I JL dt =315 I'Ib‘1
o f ]
» QCD background is estimated with the template £ 200 I —4— Data2010 =7 TeV)
£ 200 ]

method using the missing energy distribution. i [Jwoevowoe !
150 [ ] aco e emplaie)
Nqcp = 28.0 £ 3.0(stat) + 10.0(syst) [ .

100

Muons: -
50[

« EW +top background: Z - u*y- + Wt v-+1{t I
Newsrop = 77.6 = 0.3(stat) £ 5.4(syst) %710 20
« 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)

l e ]

30 40 50 60 70 80 90 100
E™® [GeV]

Nioose = NnonQGD + NQCD

T8

Niao = En;nQCDNnonQCD -+ EBE}DNQC'D
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Cross-section & Luminosity

Background
measured from data or
calculated from theory

-‘ obs kag
) =
[ 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:

ow X BR(W — lv) =

Nﬁ?s _ kag
Aw Cw Lin:

Ay 1s the geometrical acceptance calculated at generator level:

NGC:C
Aw = ( Nall )
geEmn
MC Aw Ap,; Aw A“; Aw Aw
W—sev | W sev Woey W muvy W —suv W-—puy
PYTHIA MRST LO* 0466 0457 - 0.462 0484 0.475 0480
PYTHIA CTEQ6.6 0479 0.458 0.471 0499 0.477 0.490
PYTHIA HERAPDF1.0 0477 0461 0.470 0.496 0.479 0.489
MC@NLO HERAPDF1.0 | 0475 0.454 0.465 0.494 0.472 (0.483
MC@NLO CTEQG.6 0478 0.452 0.465 0.496 0.470 0.483
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W cross-section measurement

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

ow X BR(W — lv) =

Nﬁ?s _ kag
Aw Cw Lin:

Ay 1s the geometrical acceptance calculated at generator level:

NGC:C
Aw = ( Nall )
geEmn
MC Aw Ap,; Aw A“; Aw Aw
W—sev | W sev Woey W muvy W —suv W-—puy
PYTHIA MRST LO* 0466 0457 - 0.462 0484 0.475 0480
PYTHIA CTEQ6.6 0479 0.458 0.471 0499 0.477 0.490
PYTHIA HERAPDF1.0 0477 0461 0.470 0.496 0.479 0.489
MC@NLO HERAPDF1.0 | 0475 0.454 0.465 0.494 0.472 (0.483
MC@NLO CTEQG.6 0478 0.452 0.465 0.496 0.470 0.483
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C,y correction factor and uncertainties

ow X BR(W — lv) =

Nﬁlf’s . ka g
AwCw Lint

o Cw1is a factor correcting for reconstruction, identification and trigger

efficiencies of the lepton.

W —sev | W — pv
Cw 0.66 0.76
o Components to systematic uncertainties, are summarized below:
_Parameter 8Cy /Cy(%) = ——

Trigger efficiency <0.2 Parameter 8Cw /Cw (%)
Material effects, reconstruction and identification 5.6 Trigger cfficiency 1.9
Energy scale and resolution 33 Reconstruction efficiency 2.5
EF™ scale and resolution 20 Momentum scale 1.2
Problematic regions in the calorimeter 14 Momentum resolution 0.2
Pile-up 0.5 E™* scale and resolution 2.0
Charge misidentification 0.5 Isolation efficiency 1.0
FSR quellmg : 0.3 Theoretical uncertainty (PDFs) 0.3
Theoretical uncertainty (PDFs) 0.3 -

Total uncertainty 4.0

Total uncertainty

7.0

Flectrons

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(lumsi)] nb
ow X BR(W — pv) = [9.58 + 0.30(stat) & 0.50(sys) + 1.05(lumsz)] nb

I

p—
o] 5 ATLAS
= i
o~ Dah2010§§=7ToV)
=
-_— 10 IL&=310-315nb"
T = eW-iv s
; 5 sW-Ty P
B AW >
e = >
= e .
I -
x E .‘.- -,-"
= - ~
© [ " NNLO QCD et
=" DOW- {eu)
....... w
107'E s w:::; * UATW—1
E o W* (pp) .
: 3l ...... w- (pp) 3 Phen v e
£ I ;1
1 10
Jose E. Garcia - HEP-LHC-2010 \'S [TeV]
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/ cross-section measurement

L=310-315nb

P
Theory prediction : 0.96 + 0.04 nb for [66 — 116] GeV mass window

oz X BR(Z — eTe™) = [0.75 £ 0.09(stat) £ 0.08(sys) £ 0.08(lumz)] nb

oz X BR(Z — p'" ) = [0.87 & 0.08(stat) & 0.06(sys) & 0.10(lumi)] nb)
\

—
-g - ATLAS
: 1= Data 2010 fs = 7 TeV)
? = _[ L dt=316-331 np”’
* L @ Ziy 1l (86 <m < 116 GeV)
T r
(1]
®X 107 o ®  CDF 2y sec (66<m_<116GeV)
;5- - J"‘f B DIZM vre (70<m <110GeV)
B N +t‘.‘ /O CDF Ziy*» eelun (66 < m_ <116 GeV)
- NNLO QCD B Doz oree (T5< m <105 GeV)
Y 2y (9D) e UAZIY see (m >70 GeV)
2% (pp) O UAT1 2" 5 uu {mm = 50 GeV)
11".‘.!‘2 = ¥ UAzZiy* ree (m =76 GeV)
E | . L
1 10
s [TeV]
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Production cross-sections

Standard Model Total Production Cross Section Measurements swius: March 2015

Q 10V e ATLAS  Preliminary | 73
= ? Runi1 +/s=7,8TeV %

10° ¢ E

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

10° ¢ T mm  Theory mm Theory 3

=T - Observed 45-40fb1 - Observed 20311

10% & E

10° ¢ E

: o ]

10 ¢ -

r e JEm  13.0fb! 1

. - = * Sowwen - B 1

10 3 2.0 fot J—— E

E VBF 3 E

L F . - E

E ttH I E

107 e '_:

[3]5) W y4 tt  tiechan WWiwz WW H Wt WZ 27 ttW ttZ

total total total total total total total total total total total total total
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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" F Tevatron iLHCi 510 W i
10° [ ' ' L 4 10° .
10° E _; 10° 'I—m 5 08 :
] o T 07
10 £ 410" E I
1 ..© o 06F
10° 410° & o
L Um[Erpl:“ .Jsj.lzoj ] . E 8 0.5 .
10° [ J10 o
_'IE" E 3 1] -g_ 04 - .
£ w0t O J1w0 =N ]
o [ %z 102 i qg9+g9 '
© 10 Eg (B2 5100 GeV) 310 o 02}
Pk ; @ F Compton QCD
107 ¢ 710 jf orE MSTW2008 NLO ]
2 [ 1.. @ [ Ll
10 3100 = 100 1000
a [ 1 oan? ﬂ.}) jet
10° & 310° 3§ p, (GeVic)
10* b :ZH 410"
- ;_MH=1szev{crw" : P * Understand quark-gluon content of
10° L Fvar : 1 10° proton up to highest energies
w07 LR i 1107 e 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

—

Calorimeter-level jets

== ===

OvIH

\ S
Hadmonic showers — .
LY

A EM showgrs

‘\ '\ ‘ “ l' !

\‘ ‘l: “| I, "
- o !
Hadron-level jets Y

\ . -
\ Hadronlzatloln

\
\ >
‘ .

Underlying event

Unfold measurements to
the hadron (particle) level

Correct parton-level theory
for non-perturbative effects
(hadronization & underlying event)

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

1
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Jet reconstruction

= Jet finding: from Energy deposits — noise-suppressed 3D clusters:

; exploit transverse and longitudinal calorimeter segmentation
partons/particles/energy
deposits to jet Jet inputs clustered with anti-kr algorithm:

0 Infrared safe, collinear safe (= NLO comparisons)
@ Regular, cone-like jets in calorimeters

@ Distance parameter 0.4, 0.6

Cluster -EEEE== in units of

1“2[3 N 0 0 IEI/Onmse

ﬁ
2

wl

¢
B

Bl

-~

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

coroO
orEE~o
ll===lll
o Boo
FeEEE -
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Di-jet cross-section

As a function of di-jet invariant mass
Excellent agreement

in bins of rapidity (up to ymax = 2.5) between NLO theory

10 T | | I I T 1 T T T T I » ®
> 11009 __ CMS | e Iyl <05(x10°) L prediction and data over
O B O O.5<Iylmm<1.[}[>¢1{)}— . .
O) — Vs=7TeV m 10<lyl  <15(x102)] eight orders of magnitude
S — L=5.0 o O 15<lyl _ <20(x10°)3
2 10°F antik,R=07 v 20<lyl,, <25(x10%)- Probing di-jet masses up to 4 TeV
x - - == =
£ = - == — t-channel s-channel
=, 403 — —- T _ 7 - ¢
= 107 — - = ]
—— —
O — e - Tr_ W —
E— - — — - T _
= = = == === P ]
P__ 1= == - = -
D - -.-- i = T — . .
S C _.__:3'_5_¥ N Higher masses probed with
10° - T = forward jets (t-channel)
— Hg=u=Pre -.-l-#-e-‘. B Ymax
— NNPDF2.1® NP Corr. - -
10° - | R
200 1000 2000
i (GeV)
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2 — 2 process

Transverse view

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

From pT, y3 and y4 extract: oottt
* mass and rapidity of the 3+4 pair
* (hence x; and x2)

¢ CoM scattering angle

proton-proton Y3 parton-parton u3 =y’

frame frame :OE*

Vs | Vs 2
' :
2 2 S -
= p./E" = tanhy
Y= Y3 + Ya _ Y3~ Y4
L 2 Y4 yp ==y 2
) , _ The difference in
M = 2pp cosh 22— T1o9 = M etV cos 0 = tanh 22— Y% | rapidity determines
i = : 1,2 Vs ' ) | 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

q9 — 49 48 — 48 88 — 88 qq — 88 449 — 494
Vs=13TeV, 36 b’ ATLAS
. o) ' e Data —sM
>o0. 5.4 TeV
Rutherford do - 1 g0 > © Cly, =+1,A=12TeV
N Ay Z0.06 —~Cln, = -1,A =17 TeV
at quark level d cos 9 S1I (9 /2) "o. --- QBH (QBH), M= 8.0 TeV
[OJTheoretical uncertainties
[ Total uncertainties
1 + cosf* _ Coeeee
Variable X =7 0 = °© Y3 —val E 40<m <46TeV ]
— COS5

~
s

T do ' : -- : -
For pointlike quark: E I cst  at small angle - 34<m<40TeV | 31<m <34TeV
X e "W

0.02- T -

No evidence for quark/gluon compositeness 008 acmesiTev T 28<m <28Tev
from angular distributions mﬁ"‘\*r—ﬂ-—'—*h"‘w
0.02F _, + ]

+ o 4] 0 . " N *
PLB 754 (2016) 302-322 1 2 3456 10 Zﬁx 1 2 34586 10 20x30
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Three jets

L EXPERIMENT

%ATLAS




Constraints on Strong Coupling

Constraints on Os from several jet analyses _r
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 5 A LA RIS BRI BLELELE B B I~ T ' ' L " T
IIG 0.2~ cms 9_. I —4— CMS R ratio —{— HERA
0.18} ;ti-}:ﬁ‘:ﬂ.? . i o 1 & ; —— CMS tt prod. —{}— LEP
: e o Ry <l N ] 0.20 | & —&— CMSiincl. jet —/— PETRA
0.16 Zat T I B —4— CMS3jetmass —V— SPS
oad AT TSI | ~O— Tevatron
T o4 8 N S 0.15[
012 4 TT [ ~3 aa
0.1} / o -
0.08 i + Dataint Lumi = S0 - 010 =
' ﬁ NMPOFZ. 1, (M) = 0.106 - Min. Value -
0.06f- | T reporiag-100- e v as(Mz) = 0.11714508%3 (3-jet mass)
0,045 ST T Ty 0.05 | 8 os(Mz) = 0.1185 + 0.0006 (World average)
7200 400 600 800 10%0 1200( (134!.‘{? ' 1'0 1EI)0 10'00
p,, ) (GeV)
" 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

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

4 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 £ 105§ATLASPrE;immér T T 3
® between jets equal to TT. S0 Nerrey ’ ﬁ
With additional hard radiation, 5 10" =250 a0 Decas =
i.e. extra jets, phi becomes g béaagfqg[;vé%{ftS:ly‘e‘laﬂ-S _'_|—-—|_._i
smaller. g 1035_05tafgdt=36 pb’ — =
Z L == :
- 0O =djets =T —
0 R e
f —— ]
10= 7 +
1 i | | | 1 | 1 |
/2 21/3 5m/6 T

A¢ [radians]
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1g77: Fermilab

Confinement, hadronisation, jets....

B-taggin
88N 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
[}

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 c quark...
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dzcb/dedy [pb/GeV]

lv| < 0.3 (x10%)
—=— 0.3 < |y| < 0.8 (x10%
—— 0.8 <|y] < 1.2 (x107)
—— 1.2<|y|{21

T T T T T T T T I T
ATLAS Preliminary —— Data 2010
\S=7TeV, [Ldt=34pb" —-—- Pythia MC10 (x0.67)

* MC@NLO+Herwig

| 1
100 200 300

Jet P, [GeV]

o Good agreement with Powheg+PYTHIA
o MCQNLO+Herwig predicts too few

central jets, too many forward jets

Q
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m
[m]

Data / MC

b-jet cross-sections
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Why measure prompt photons

q

elvivieleielololer >
probe the gluon
41  content of the

proton

y

2

= \RQQQ0000000AA 4

q

-

QCD backgrounds

to new physics 7Y
test
NLO pQCD :
. . . i ¥
predictions using 200002
a measurement y A
without jets
g \RQQQQQ ™ ~
resummation
k; factorisation g \m—?—@\m 7
fragmentation important at low E;, Ao
suppressed by isolation cut. MCs rely on
fragmentation function to compute
UL T T LT

q

81



Prompt and isolated photons

* Prompt:

4

ad

Direct from the hard
scattering

Parton fragmentation more
important at low E

" |solated:

4

Isolation criteria to reduce
bgd from QCD jets

= Photons from neutral
meson decay in jets

Reduced fragmentation

component:

=  ~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=443mm
R=371mm
R =299 mm

R=1225mm

Pixels { R = BB.5 mm
R = 50.5 mm
R=0mm

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

" v" Y conversion reconstruction

TRT

Cells in Layer 3
Ag>a&n = 0.0245<0.05

Squarecallsin
Layer 2

37 Sminyg '

4= g o Mmm " = 0026

Strip cells In Layer 1

TN—Cels nPS
Apxan =0.025 0.1

® Pi)—LAr EM calorimeter

v" n//longitudinal segmentation

v fine granularity in |5 layer up to N<2.37
v' Y energy and direction

v y/110 separation (EM shower moments)
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Photon identification

53 (“Back”) Y candidate oo candidate

$3 (“Middle”)

S| (“Strips™)

Presampler

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

© [ Simulation (all y candidates)
3L [ simutation (prompt )

E ATLAS Preliminary
<% Unconverted photons
T E Ns=7TeV, |La=158nb"

Entries/0.025
=3
Entries/0.025
=

loose and tight -
: wo'sr . Diara 20i|0 ) |
selection o Bomiaion iy

optimised separately '
for unconverted and

o 1=\ al L 1 L (b srenl L o .
0 0102 03 04 05 06 0.7 08 09 1 0 01 02 03 04 05 06 07 08 08 1

converted photons . R E

1 ratio




events / GaV

Photon isolation and background estimate

* Background estimated with two methods:

2 ABCD method: extrapolate from the bgd enriched

control regions

2 here shown example of 2D template fit

900
800
700
600
500
400
300
200
100

LI I

T T T T [ T T T
ATLAS
Data 2010\s = 7 TeV, | Ldt =37 pb”

E> 16 GeV

—n
—- 14

— YY+YiHYH

T | T T T T I T

(leading photon)

©ATLAS

E > 18 GeV

events / GeV
)
(= ]
=]

E I TT
: soo- [ | v
E - Y
E 4°°5 — YYHYHIYH
E 300
E 200F '
3 100
- 0: Pl e
20 25 3 0 5 10 15

% [GeV]

Data 2010,\'s = ?TaV,J Ldt=37pb”

(sub-leading photon)

20 25
ETs [GeV]
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Isolated di-photon cross-section

"-._| | 17T 17T I 1T I 1T | T | T | T T I 1T | T I_ "-._| T I 17T 17T | T | 1T I 1T I 1T | T | | [ | T IE
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. - **A H>16 GoV, E™" < 4 GeV, AR">0.4 1 2 - * p'>16 GoV, E-"™" < 4 GoV, AR">0.4 ]
} B i == I'|<2.37 excluding 1.37<h<1.52 T '_';: 15 i :i: In'l<2.37 excluding 1.37<[n'|<1.52 =
-+ measured (stat) o F -+ measured (stat) 3
o — : — - 1. ]
TE : -+ measured (stat @ syst) 3 9 i -~ + measured (stat @ syst) _|
= 4 1 £ _
- ¥ w= DIPHOX - i 4 S _
- =#%= ~ ResBos s = sades ¢ o =
Al Sy _ 10k =
10 w\ \\\\ B | - = -
. 3l R
- ATLAS - 107 = ATLAS T =
| I I L1 1 | L1 1 11 I | L1 | I - U I I I le | I | :I 1 I L1 1 I | | | I | L1l 11 1 | L1 | L1 | | I | | L1 I:
1E = .
g S DIPHox] £ 2F DIPHOX]
R . + A BT S + + ]
P a g‘\:“l R \\ RASRNARY — —; }j I} *'+'v .\_+a_ N \ \ R x\\ b A AR —:
3 05f 4 2 LE E
E . . L = r ) . ]
U 1: T T T T T T T T ] U T T T T T T T T T ]
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;ﬁi 05E + ++  —4— ; ﬁ Jf — 4 ;
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Complicated topologies....

All jets 44%

top quark

1695: Fermilab Top quark has a mean lifetime of 5x107% s,
shorter than time scale at which QCD acts: no
time to hadronize!

v ltdecaysas £ — Wb ¢ elets 1%
Events with top quarks are very rich in (b) jets... eviets 15%

@ muon q t

;‘ T+ets 15%
1

w +
% ¥ neutrino
A / a' 5
proton beam q g q
LHC is a "top factory™!

* 5 millions of tt pairs w
* ~100000 in Tevatron in t

. 20 years b

neutrino o &

2 9 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

f‘ATLAS

* LLEXPERIMENT




Mass of the

[ | [ |
Tevatron combination November 2012 May 2013
LHC combination July 2012 September 2013

top quark

Combination using BLUE

World combination March 2014 arxiv:1403.4427 ATLAS + CDF + CMS + DO Preliminary
CLF Hunll, l+jels .= 0.6
Tevatron+LHC m,_ Indlv. comb. - March 2014, L_-3.5m' 870" COF Runll. di-lepton ] Oé
ATLAS + COF + CMS + DO Proliminary e - .
1 P —— 173.29+ 08B0 ?3+0724+ 077 CDF Runll, all jets . .
:I: [ ).8( 3+0 5 e ] . 05
g * 17274+ 1.15 043 +0.06+ 1.07 CDF Runll, E] "+jals
= ,g _I‘ . L - B.T b . 04
e - 173.17 £ 1.20 065 +0.30£ 095 DO Runll, l+jcts - E
T . 1.2
—— P . o . 1, = x i !
o & P = . - 73.932 1.85(126£1.05:086 DO Runll, di-lepton . 0.2
== ey k,, S.31 -
= CDF P gy = 73.19 2 1.00 05220444 ATLAS 2011, |1 jets - o8
O oo b ’ . 2174.85+ 1.480.18 2048+ 1.16 L., &7® ] )
o ATLAS 2011, di lepton ' 0.2
© ATLA & 172.65+ 1.44 031+ 0.41+1.34) CIM_E ’:Cl;ll ot 3 ’
e : 2 . l+jots .
= CM — Dl m— 173.58 1.03 j0.79 +0 78+ 0.95 | By P I 0.2
= CMS 2011, di-lepton
T Tevatror o bt w—d 17358+ 094 paa+035+0.T4 Lpp=cam ' . -0.6
C CMS 20 all jets '
= ik — 173.28 + 0.94 022 +026+088 MS 2011, all jet i 0.1
World comb. 2014 P ety 173.34 = 0.76 .27 =024+ 067)
£ 2 Tevatron March 2013 (Run ) Wiy ey 173.20= 0.87 051+ 0.36 £ 0.61)
l_ LHC Septomber 2013 P ] — 173.20 £ 0.95 023 0,26 0.88) —l{lﬂgfgﬁjgull & M. comb.
| | nal | (st syst) | | | |
170 172 174 176 178 180
My [GeV] -5 -4 -3 -2 -1 0 1 2 3
Pull
. 2_
Consistency x=4/10

My = 173.34 1 0.27 (stat) + 0.24 (1JES) £ 0.67 (syst) GeV

precision on M__ 0.44%

Highest precision in |+jet channel
Dilepton channel good precision
Fully hadronic channel respectable ..
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Electroweak measurements at LHC

Standard Model Production Cross Section Measurements

Status: March 2015

o 107 =% ATLAS Preliminary j
B 105 01 cpreomy Run1 +s=7,8TeV =
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