Introduction to particle physics:

experimental part

First data at LHC

Standard Model measurements
e Soft and hard QCD

b-jets

W and Z bosons

Prompt photons

Top quarks

Tau leptons
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The ATLAS detector

Length : ~ 46 m

Radius : ~12 m

Colo\rimeler Liquid Argon Calorimeter WCIghT e 7000 tons

) " ~108 electronic channels

Muon Daleclors

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 resclution:

’, ! | o/pr ~ 3.4x104 py (GeV) ® 0.015

! \ \ )

{ \ \ .
loroid Magnets Solenoid Magnet SCT Tragker Pixel Detector [IRT lracker

EM calorimeter: Pb-LAr Accordion b
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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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



Cosmic Muons in ATLAS i 2008
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2008
rotons at 450 GeV) stopped by (closed)

periments —
ectors (debris are mainly muons)

Beam bunches (2x10°
collimators upstream o
“splash” events in the

tertiary
limators
140 m

Beam pick-ups (BPT
175 m)
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First collisions in ATLAS (2009)

ATLAS

-_’. EXPERIMENT

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

Candidate
Collision Event
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¥ Running jobs: 243209
!E”"‘* AR B Transf»-l rate: 7.59 GiB/sec

_ DlSk use in PB

2012 Data

simulation | 2011 MC

P Y

B 2011data r—— | ATLAS uses ~80
user analysis iy ' jcgi WLCG sites

] e T vE S — : : World'Wide
MC reconstruction _

_groupproduction & il . . | ! Performance is
4—:**:*— one year e e B superb
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jets

invisible
in particle
detectors at
accelerators

interaction
modes!?

What do we want to measure?
. “stable”
particles!

interaction
modes!

11




jets

invisible
in particle
detectors at
accelerators

interaction
modes!?

What do we want to measure?
. “stable”
particles!

interaction
modes!

12




atter Plot of Hits on Tracks " ATLAS Tile Caark TLS Tha Csborierwion i R r T T N
E i 1o ATLAS Pretimiary — 20— Run 141749 o |
1 hal : HTL-’lSpremw R = o i | Calaions S00GeV d , H
x PRy 1 smanm| & W [ RS U T
: E 3 L | =
- E xy iF | L
1 - ATLAS L i
| D0 av Collisied 5 | . 0 :
— 3 Tt 0 .
Trin I m —
L4 LE TS 3 TR L8 LI _MBTS_i_i_THS Fap——— AR Al 10
E 60 SO0 GoV colsians W Comms o e e o ey | AlAS|IHEcox ATLAS predin 5
S + | T ; S it
501 - : b L R R RS TR
| o+ -, JE 1 w EDDQ BEAM . FAS B TLASPreliminary Lumincsity Block
40 '+ + - ' Ao E, EIDOGEN MinBles cx:lllsuuns Run 141749 [ Fit 2 bt 3
gt + +' A T [iT ap0GaY MinBiss M h_Topa MET: } 7 8212 events —#— Fit pew 2 luminasity
; SRS o — Euras & Unbinned ML fit Blocks (2 * 1164)
20 — Mo -ame13 [ =4 wackstvertex ]
1o - AME  dies ]
| - e ]
M N g S a o e as e  A EL ] 1 3
0;-«. # E T Attt e l- Ar:.as me.-my | + . P
i . = ) BNGaY colisoes | 1] [ *l * lel [
-10-1.5 -1 é T . ."'I" 1 E E. l b= L= = :I | ’: 2 .[q;‘ - iain | |T¢1H | ||'T TI IT 4? Ill_ll 'T+*I1'L 1] +?*
= e Xi 1005 5254 ;
o g I - a r I V 7 ary —
. 5 — Wi bias 4G - A0 5 1
- 100
T CERN-PH- EP 2010-015
= 240 ATLAS Pry o
B © Run 14181 '\'hj MU 1 Rearaticms drig oo 2 44 o1 i
8 =2 Il “‘ﬂU - [ Mon-2iffractive minimum biss MC 160 et i
2 4 i . - ‘El 77001 02 03 04 05 06 | R anran s et
= | B2 4 & B 100212 16 18 20 n-\_ ¥ F EM radiuz 14
T Chaglir anariry IGEV) 8 T |
P = 5 4 4 . 12}
£ Z g | - : L] £ f
E ek e E b B —= v 1ok
C i : | ;
1§ n ; — |
el W] 0], 0, .
1015 IJ - -I T l Al 53 T Statistcal Errars Only EEEEE——————.
- 5 jw- ] e it ¥ L Hita pokrioasy
E = |SPLASH EVENT EM BAR o = w ! I I o W e
: [ it s, 2 ol ] ! e
% 3 A'.'MS‘ g L E‘ - c'"," [El=3a '} 0 500 100¢
H 2 £ =" sstecaan] [ d Impact parameter{imm}
¥ = & [ g Topochatthes 420
) = Data [~ N e
# —lU.IJ I E Sngia Gasand
] 3 —Predicion | § E O . ! \ l:
- . o S T TTRN - i
'g ; Eoe ) “ R —a
ey L . F e o Fachs b |ty “‘-rh - . o
TRT drift tima (i} . . Mo UM 143183 Coeat 1 A i* I lﬁ I T J[ — = —::
I ¥ frrasenns [ Spmar 6372 e b3 e : | 4 -
E 555 | m o 4 & B W 1@ 'ua*"[a E H i 10
- R + *J‘ J T P ATLAS Bl Lirined ML fil biooks: (2 * 1163} ; L
S TR N Y bl 0l Y g gl ATLAS Prediminary e mary — T —— Meon =3
2000 Callisions EM ENDC TN o cotraceten soriracem bine WE1 hadros dstes | T T T T T T
s | . Jpp— 050 I sen crvacivs ovireum biss WE: hectons 1 ™ =11 + - t + b 200 _
ﬂ ! = A A i - By 2 | T % * 1+}-. .+ NN = RME: 1.6 ne ATLAS preliminary
g 0.4 " o §= v s it 1.1 e Run 141748 7
20 —+ Callision candidates e 2omaf AW 'i \‘f‘r |
8 ] Reandom trigger 0.3 I Ertras T g\lB\] w *! +ﬂ_—. W
1°‘F [ Mon-diffrastive minimum biss W ) H Nean Ride 5 60 " L
i LTI F Y |
0.2 i Z 1 J“ 5
= ‘I'D'P 1 w0 . . ]
10, 0.1 g w o D e 1
F g i v e |
‘:F B ‘- WW E * E L - E 1 | 1 1 .: o
.f.._._._._._.;........... : 3 04 05 06 07 08 09 1 11[.. ... Ll 200 s peaiminiry I T !
w0y [] R, -5 o T Il 25 30 P R R S ] TRT event phase (ns)

13



Collisions at LHC

Proton-Proton 2835 bunch/beam
Protons/bunch 10"

Beam energy 7 TeV (7x10'? eV)
Luminosity 10* cm? s

In the experiments:

Fraton 10° pp interactions per second
~ 1500 particles (p,n, ) produced in the
Batton detectors at each bunch-crossing

(quark, gluon)

Selection of 1 in
10,000,000,000,000

Particle

14



Inner structure of a proton

protons have substructures

V' partons = quarks & gluons

v 3 valence (colored) quarks bound by gluons O
v Gluons (colored) have self-interactions f

v Virtual quark pairs can pop-up (sea-quark) O
v p momentum shared among constituents

*  described by p structure functions

Parton energy not ‘monochromatic’
v" Parton Distribution Function
| PDF=qkQdq=udse 5 fn Kinematic variables

v" Bjorken-x: fraction of the proton

Pe"

momentum carried by struck parton

¢ X= Ppurmnlppmton

v Q?: 4-momentum? transfer

(22 = (Pein' |::'eﬁn)'2

15



Inner structure of a proton

MSTW 2008 NLO PDFs (68% C.L.)

' Q? = 10° GeV?-

A
\ | gr10
\
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Monte Carlo model for typical pp collision
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Beam of partons
Radiation from incoming partons
Primary hard scatter

Radiation from outgoing partons
Hadronization

Multiple Inter. / Underlying event
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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 @7TeV

® Multi-parton interactions
(Underlying Event)

18



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

19



MBST Trigger

Muon Detectors Tile Calorimeter Liquid Argon Calorimeter

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

2.1< [n|<3.8

20



How well we undrstood detector?

/\/evv J Phys. 73 (2077) 053033

10 T ‘ATL‘AS T T T T T

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

D MC ND

nNegpn=2,In|=<25
100 < p_ < 500 MeV

D MC ND

—&— Data 2010

Number of SCT hits per frack &

bl el

7H
-25 .2 15 1 05 O 0.5 1 15 2 25 28 2 1.5 i .05 O [a 1 1.5 2 25
n
(©) (d)
B LI ML NE I e B — = 16{10“ LI N L I I NN RN B N LR O N N L g
Z 16 ATLAS = =z Er ATLAS =
14 Vs =7 TeV 3 14 Vs =7 TeV =
12 ngp=2,In|<2.5 3 12:_ negpz2,In| <25 ]
100 < p_ < 500 MeV; - 100 < p_ < 500 MeV]
10 - 10p i i
8 L 8F =
6 = 6:_ DM\.NL} _:
a _E 45— —e—Data 2010 —é
2 = 2F -
d, [mm] Z,sin8 [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

22



Total inelastic cross-section

(€ >5-107") =60.3 & 0.05 (stat.) £ 0.5(sys.) & 2.1 (lumi) mb
Tinet = 09.1 £+ 2.4 (exp.) + 6.9 (extr.) mb

E T IIIIII| T T IIIIII| T I IIIIII| I I T T TTTT
= - ° Data 2010Vs = 7 TeV:z > 5 x 10° N
— 100 B e Schuler and Spstrand: = > 5 x 10°
E | mmmme=— PHOJET (Engel etal.): E>5x 10 |
© - A Data 2010\'s =7 TeV: extrap. to £ > mg/s .
80— Uncertainty (incl. extrapolation) ===

—— —— — Schuler and Sjistrand

—-—-——-—-- Block and Halzen 2011
— [ 1 Achillietal (arXiv:1102.1949)

60__ . pp Data <-a | _

- O pP Data - _

- ,.-"':!: _

40— o Oco " ATLAS |
T Y

20 — Theoretical predictions and data are shown for & > m%fs unless specified otherwise ]

| ATLAS data extrapolated using Fythia implementation of Donnachie-Landshoff model
I withe =0.085 for do/ds N

0 | Ll | L0l | g | ol
1 10 107 10° 104

\s [GeV]
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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

L ATLAS

A EXPERIMENT

leading track

~
-~

s AQl<60° -

~
-~
-

fransverse “. w’ “ fransverse
60%|A0l<120°, .= "~ _60%|Apl<120°

,o*7 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.

25



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 —

Z e %5 = 900 GaV — _9351,5:— ve=7TeV -

% -~ p>05 GeVicand [i <2.5 s=omos A Y= p,>0.5 GeVic and n| <25 B 0 2010 =

r —— PYTHA ATLAS MC03 Tune | v = —— PYTHIS ATLAS U006 Tuse =]

0.8 — PYTHA DV Tune —] =

- —— PYTHA Pansgial Nore = -1

r —— PHOET ] E

0.e— — =
04— Mg =

Lg

LS

[=1

" P
UL UL U L
rof L L"qf
LI | 1|

MGC/Dala

MC/Data

—_—
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

c (nb)

proton - (anti)proton cross sections

: lll T T T IITI'I[ T T T ll:rTllI T T I.
r Tevatron LHC :
[ L
F 5,
E jet I
i ujm(ET > Vs/20)
r Oy
l 5,
3 P 5 100 GaY
C 651( ET > )
r
r ) /
: cieitET’m > \s/4)
i* O igaeM, =120 GOV)
200 GeV”
F
3 wisaccs 500 Ge\fl |
0.1 1 10

Vs (TeV)

108 events/s
~10'0

10-2 events/s ~

|0 events/min
[my ~ 120 GeV]

02%H > yy
1.5% H > ZZ

A

\ 4
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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’]

29



QCD hard scattering processes

“ EW gauge bosons Di-jets Direct photons
p_.ré o—
g
% q g q

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

30



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

31



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”
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Bosons at hadron colliders

2010
The primary decay

chanel is through
. | v/ Observed
leptonic decays: z | ==Theoy

Observation of Bosons at Hadron Colliders

9 BR(W-ev) ~ 10%

0 BR(Z- ee) ~ 3% | e |

1995 wWw
- Fermilab | ' wz @ |
120050 22
* |t means that we are .~ Fermiab 2007 .
. é | i - Fermilab 2008
probing ¢ X BR values 7 Fermilab
orders of magnitude L 3 1 ¥ & @

smaller

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

H

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

 Well measured by

previous experiments | e
 Still educational at LHC ~ -

— Cross-sections e g

— New PDF constraints E S
 ,Standard candles” for g | /,/"“‘

high pr analyses of e X

— Calibration, alignment :::_- /N

— Independent luminosity o mey

measurements
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W and Z boson decays

® ev ® o
: uv ®
TV . ™

. 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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Example: Drell-Yan process

@q(EZa _ﬁt) TLFL(E37 _ﬁf)
Anti-Quark Muon
Anti-Muon
uQ(Elnp@.) ﬁ!L(Eﬁl?ﬁf)

Averaging
over initial spins

Summing over

\ mmal and final spins

2 2
|Mf1| — (23q‘|‘1)2 ' L L |Mf?»|

/
Sq,Sy, s“,
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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

Nbs NPk
) =
[ 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

45



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 /Cy (%) =

Trigger efficiency <0.2
Matenal 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 OCy /Cw (%)
Trigger efficiency 1.9
Reconstruction efficiency 25
Momentum scale 1.2
Momentum resolution 0.2
EF** scale and resolution 2.0
Isolation efficiency 1.0
Theoretical uncertainty (PDFs) 0.3

4.0

Total uncertainty

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

p— o

£ I ATLAS

N

o~ Dala 2010 {\ s = 7 TeV)

b

-_— 10 IL«:mo-:nsnb"

T = oW v e

; E W=y L
B AW=I -

N I e

= e

@ |

X E

= -

- [ -~ NNLO QCD OIS S Py

B =/ DO W {eru)s
....... w
10-1 —~ w(’(‘;:; ® UATW-—-1Iv
E 2 W* (pp} . 5
-~ o1 = ® Phenix W — (e°/@7}
- o 9 S W (pp
£ I 1 2 2 5 1 2 3 W |
1 10
Jose E. Garcia - HEP-LHC-2010 V3 [Tev]

47



/ 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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Confinement, hadronisation, jets....

T I -
1 . i 5 l
e S R
r':; -

S AT LASE

EXPERIMENT




Inclusive jet production

— - . . E
Calorimeter-level jets
T s LB Unfold measurements to
s emcdaiisil — the hadron (particle) level
\ EM showgprs

-ﬁ
W

Hadron-level jets : '
\‘ Hadronizatioln'

\ % -
b Correct parton-level theory

e for non-perturbative effects

(hadronization & underlying event)

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

T
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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

; 1 010 — | | | | | T T T ] | —
ren) — anti-k, jets, R=0.4 ATLAS s
(D 107 | Ldt=45®" Vs=7 TeV ® |y|<0.5 (<10 —
B il O 0.5 <|y|<1.0(x107)
— . —
= ®eoo O 1.5<ly]<20(x10°)
>, — ®eoq Az, T
g®] 10__ o .... A 20=s||<25 (=10 —]
— = Sog oo ..... A 2.5 < |y] <3.0 (<1079 =
= 102F m OOOOOOQ ...'"0... —
L - O ]
) — i . © e =
o 103 & il T o —
o — = =l = --- (S —
— = = =] = © —
107 A== - ° =
— “aa A R = —
107" = Shaal s o - —
= A, e, O ]
= A =i —
1 0_14 — 2 FAN ‘l‘ —
— Systematic '&‘& A A = —

AN
17 —— uncertainties AN A —
1 0_ — F —
— NLOJET++ (CT10) = FAY —
20 e Non-pert. corr. = EW corr. —
10 = | —

-

o
N

-
W
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Multi-jet events

* 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

Aq)dijet
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Azimuthal decorrelations

e Complementary to multi-jet ® Requiring additional jets flattens
cross section measurement. distribution.
. s . 5

® Pure di-jets have azimutal angle 2 10°¢ T =
. 5 = ATLASPreliminary ———
@ between jets equal to TT. Z D Ns=rTev —~ ]
. .. < 4 _ anti-k, jets R=0.6 = _
® With additional hard radiation, 5 1072 r 100 Gev iyicos
i.e. extra jets, phi becomes @ [ Leading two jets:1y*1<0.8 ——a ]
O L p:’a"}-ﬂo Gev ——— —e—
smaller. £ | 3L Dita fLat=36pp’ o] ~
= = o =2jels = E
T e =3jets — O/ .
- O =djets =T S ]
102__ n szetS T -D__-
= << Pylhia ==o== |
B —i— ]
10 R i +tg
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
=
_E

m
[m]

Data / MC

b-jet cross-sections

2E o vVenewbased

- —— Muon-hased

III

- 22 POWHEG + Pythi

T
ATLAS Prelminary
\E=7TeV, [Lat=34ptr! ]

a ]
.I_l_"LP Lss ]

T 11 ‘II—"—'—H—'——'— 41

2:+MCU3 — T
c zn—i—c ;

2F o 03<pf <08
:._i— N

1E ;
'--—?—1 = T
=1 3 e

I I I
T T T
' ’

.
-il

& nE<M<iz

i i 2
k3 . e o

3 3

2E i z<p<as

¥ g

=g

3 —k—

I T iy G 2 3
Tl * T

20 30 40

100 200 300

Jet [ [GeV]

2 —— veriex-based

; — Muonbased

- 555 MC@NLO -+ Herwig 1

iﬂ;ﬂs Fl’relimullary I‘
-- - _}‘ & \ ]

| ¥E=TTeV, [Ldt=34pt!

e

:+M<D.3

4+++++

I\'.l-.

+t;g.=|;-| <08 +

T

:—.t—DBcMc]_?
E . .

N-d
TTT

Iq_.—l—:—%_iq —i“

:—'—12<M<2

F3 3 3
R e S S Sy ]
: PR S W | . il e

20 30 40

100 200 300

Jat o [GeV]
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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
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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

Cells in Layer 3
rR = 1082 mm Adx8n = 0.0245%0.08

\
= ——.Z/_ \ |‘ — Tngg"" Towa.—
2%, \. - 4an=zg 1 ‘|
T —

TRT

Trigge:
LR = 554 mm ager
R=514mm Jea

R =443 mm

R=371mm
R =209 mm

R

e 37-5mmy, e |\_ -
T an ex 4se, RUETR
1= 0.003; MM 025
Strip cells In Layer 1

T—cC=als hPS

R=1225mm
Pixels § R = 88.5 mm
R=50.5mm

R=0mm 4 AdxAn=0.028x0.1
n
® Inner detector ® Pb-LAr EM calorimeter
v" track charged particles v" n/p/longitudinal segmentation
¥" measure transition radiation v fine granularity in |15t layer up to N<2.37
v" ely discrimination v' Y energy and direction
\_ v" Y conversion reconstruction v' y/T1% separation (EM shower moments)
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Photon identification

S3 (“Back”) Y candidate d o candi-date

$3 (“Middle”)

S| (“Strips™)

Presampler

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

© @ Simulation (all y candidates)
sl I simulation (prompt )

F ATLAS Preliminary
s Unoonverler photans

1
E \s=7TeV, |Lat=158nb"

Entries/0.025
=3
Entries/0.025
=

Ioose and tight ‘wO';' ® Data 2010

selection . Dot )
optimised separately
for unconverted and ;

¥ 1.1 .
0 0102 03 04 05 06 0.7 08 09 1 0 01 02 03 04 05 06 07 08 0959 1

converted photons . R E

n 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
3 - Data 2010,\5=7 TeV, I Ldt=37pb’ ] 3 > Data 2010, \'s=7 TeV, I Ldt=37 pb" 3
. - **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 ]
= o ResBosj = 2f ResBos |
g i oY ] Q + —+— ]
of o | & i e S .
;ﬁi 05E + ++  —4— ; ﬁ Jf — 4 ;
020 a0 60 80 100 120 140 160 180 200 220 0 20 40 60 B0 100 120 140 160 180 200 220
My, [GeV] Py, [GeV]
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Complicated topologies....

All jets 44%

top quark

was5: Fermilab Top quark has a mean lifetime of 51072 s,

i\ T+jets 15%

shorter than time scale at which QCD acts: no .
time to hadronize! o 2% G A

v Itdecaysas t — Wb “lea 2% 3 | siets 15%
Events with top quarks are very rich in (b) jets... evite 5%

” muon q t

w +
: V,
% ¥ neutrino
2 C_’l 6
proton beam q ' 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

C“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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Tau

Complicated topologies....

® Tau are heavy enough
that they can decay in
several final states

v" Several of them with
hadrons

v" Sometimes neutral
hadrons

¢ Lifetime = 0.29 ps

v’

10 GeV tau flies ~ 0.5 mm

v" Typically too short to be directly seen in the

detectors

® Tau needs to be identifies by their decay
products

® Accurate vertex detectors can detect
that they do not come exactly from the
interaction point
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Complicated topologies....
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Electroweak measurements at LHC

Standard Model Production Cross Section Measurements Status: March 2015
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