The Standard Model at LHC

Hadron interactions

QCD and parton densities

Monte Carlo generators

Luminosity and cross-section measurements
Minimum bias events

Jet physics

N o 0o kw0 Ddh P

W and Z physics



Monte Carlo Generators




From Partons to Jets

From partons to Fragmentationor .\
Parton Shower 2N N
color neutral hadrons: ol No, Dy
\5‘\ L\/(Z‘ﬁ &/ \
Yo \
YO ">.'\j<€/; |
Fragmentation: e, ok |
Parton splitting into other partons NG
[QCD: re-summation of leading-logs] x}ﬁfﬁ( e

[“Parton shower”]

Hadronization:

Parton shower forms hadrons
[non-perturbative, only models]

Decay of unstable hadrons
[perturbative QCD, electroweak theory]

¢ o' Hadronization &
Decays



Monte Carlo overview

Monte Carlo simulation ...

Numerical process generation
based on random numbers

Method very powerful
in particle physics

Event generation programs:
Pythia, Herwig, Isajet
Sherpa ...

Hard partonic subprocess +
fragmentation & hadronization ...

Detector simulation:
Geant ...

interaction & response
of all produced patrticles ...

MC simulations
in particle physics

Event Generator

simulate physics process
(quantum mechanics: probabilities!)

Detector Simulation
simulate interaction with
detector material

Digitization
translate interactions with
detector into realistic signals

Reconstruction/Analysis
as for real data



Pythia sub-processes
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Detector simulation

GEANT
Geometry And Tracking

Detailed description of
detector geometry

[sensitive & insensitive volumes]

Tracking of all particles through | RSNt SER AT |
detector material ... Ny A

em

CMS muon system in Geant4

> Detector response

Developed at CERN since 1974 (FORTRAN)
[Today: Geant4; programmed in C*]



Luminosity
and cross-section measurements




Cross section & Luminosity

e e
- [Ldt-e

Luminosity Efficiency

determined by accelerator, many factors, optimized
triggers, ... by experimentalist



Cross section & Luminosity

A e
v, \1\‘-‘\. : - e
P
@, =nyvy Ny, =n,Ad
o - No_
a — — g VUq
A
®a: flux
Na . density of particle beam
va :  velocity of beam particles

N:(Da-Nb-O'b

N :
Np:
Oa.

L :

reaction rate

target particles within beam area
effective area of single

scattering center

®, - Ny

luminosity

N=L o

N =o0c-[Ldt

——

integrated luminosity

o=N/L

Collider experiment:
N, Ng-n-v/U Ng-n-f
A A N A

I :anaNb _anaNb

O, =

A dro,oy
. ’ Na: number of particles per bunch (beam A)
LHC: Np: number of particles per bunch (beam B)
N, ~ 1011 U : circumference of ring
AX ~ 0005 mm2 n : number of bunches per beam
N~ 2800 v : velocity of beam particles
f o~ 11kHz [ revolution frequency
A : beam cross-section
L ~ 10%cm?2g Ox: standard deviation of beam profile in x
Oy : standard deviation of beam profile in y




Van-der-Meer separation scan

| | Bunch 1 '\I\A Bunch 2
Determine beam size ... 4_ Qﬁ S_
measuring size and shape of the N1 :.-"' No
interaction region by recording relative interaction Effective area Aer
rates as a function of transverse beam separation ... Interaction region

[LHC Project Report 1019: H. Burkhardt et al.] y
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L _ exp | — oz \~ [ Oy First optimization scans at LHC performed for
0 20 20y squeezed optics in all IPs [November 2009)].
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Inelastic p-p collisions

00— 3 g« 0
proton proton
——
— <«—0 | QIsp
L.
0 <E:. DD — ® elastic scattering sxoluded
INEL ® single-diffractive
0 0 NSD ® double—diffractive} included NSD
® non-diffractive
O ND-




Characteristics of inelastic p-p collisions

Particle density in minimum bias events

Soft QCD (PT threshold on tracks: 50 MeV)

B
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i CMS 7 ¥ UA1INSD O NAL B.C. inel. CMS
6l s ® 4 » o ® ® s - Y STARNSD < ISRinel. 1
7 TeV e @ 6 A UASNSD A UAS inel. ;
i 1 M CDFNSD > PHOBOS inel. + 1
I\ - T % ALICENSD ¢ ALICE inel. d 1
- — &.’%Ab/ ¢Ab¢k sie 4 o S5 @ cmsnsp ]
g 2.36 TeV e T | |
4 B A . A A'!'I\:'_] 1 = L ]
~ eV R[N v Rt S 5 4r B
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= | 0.9TeV J 5 i
T o 3
© [
@ CMS NSD F
21 7 2
A ALICENSD e
» | 1 e — ~ 0.161 +0.201 In(s) .
I D UAbNSE | E e 2.807 - 0.315 In(s) + 0.0267 In(s)
r 1.54 - 0.096 In(s) + 0.0155 In*(s) |
1 1 1 1 ! | 1 11 | ! 11
0 | | | 0 [ |
= D . 10 100 10° 10*
n \'s [GeVl

Particle density in data rises faster than in model predictions.
Tuning of MC generators was needed.

13



{p,) [GeV/c]

Charged particle p; spectrum
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o
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o
o
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o
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In| < 2.5
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: \s=7TeV
ATLAS Preliminary
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=== PYTHIA ATLAS MC09

9
10 B —. PYTHIADW
10 == PYTHIA 8
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Jet physics




Jet production @ LHC

Proton o= Z/dxld@ fi(z1,Q%) fj(x7Q2) 5(Q%)
iJ
P1 —
Tip1 <R . Jet 1

LkDP2

Available up to NLO

First NNLO calculations becoming available ...
16

Proton



Scale uncertainty Factorization Soal

=

v

Proton o= Z/dmld@ fi(wlali%)fj(%ﬂ??) (1)
©]
®
° [
I _— S Jet 1
LipP1 ISR
[ ‘. “.
‘.' AV 0000000
fi(z;) 3 &
PDF l ( ol0jejojviole
" f
k\ Lk 2 v FSR
( ) as(ir) %'o'“uuu
° 20
° LEP2
12— — Jet 2
o
L
Proton Renormalization Scale pr 3
——

The default renormalization and factorization scales (ug and ye respectively) are
defined to be equal to the p; of the leading jet in the event

Scale uncertainty estimation: vary pg, Mg Within [ug/2, 2us ] and [ug/2, 2¢] T



Jet properties measurement

........

“Measurement”

\J

0

u n('{(‘ l‘l}’lﬂ‘&z

event

SEIFESETTTRo] (5]

Calorimeter Jet

[extracted from calorimeter clusters]

Understanding of detector response ’
Knowledge about dead material < “Theory”
Correct signal calibration
Potentially include tracks

From measured energy
to particle energy

Hadron Jet

[might include electrons, muons ...] Compensate energy loss

due to neutrinos, nuclear

Hadronization excitation ...

Fragmentation
Parton shower

Particle decays From particle energy to

original parton energy

Compensate hadronization;
energy in/outside jet cone

Parton Jet

[quarks and gluons]

Proton-proton interactions
Initial and final state radiation

Underlying event
ying Needs

Calibration

18



Jet reconstruction

lterative cone algorithms:

Jet defined as energy flow within a
cone of radius R in (y,¢) or (n,d) space:

R= =0 (6~ 60

Seqguential recombination
algorithms:

Define distance measure d; ...
Calculate djfor all pairs of objects ...

Combine particles with
minimum dj below cut ...

Stop if minimum djjabove cut ...

e.g. kr-algorithm:

dij = min (k3. k% ;)

A

Jet Cones in (y,&) Space

| O R
Jet 2
Jet 1
y
Sequential
Step 1: 4 recombination
1 /
2 / 5
3
Step 2: 4
1
2 56
3
Step 3: / 4
12

/ 56
19



Jet energy calibration

jet
Absolute
calibration
jet
"...VV
jet
Z (ory)
e,u

22010 CEST

jet

Relative
calibration

Photon
pr =76.1 GeV/c
n=0.0

@ =1.9rad

Anti-kr 0.5 PFJet

pr =72.0 GeV/c
n=0.0
@ =-1.2rad

20



Jet energy resolution

using jetl _ jet2 jet
. o
Resolution: (pr) = 204 pT asymmetry: A = p;u pjTetZ
P Pt T Dy
s=7 TeV L=73 nb" CMS preliminary \'s=7 TeV L=73 nb' CMS preliminary
- v R R y . v y BNV = ' e : y 3 AR
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E b= 4 4 -4 (IQ:_ - -
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G 02\ ¢ —e— Asymmetry (data)  — 0.2 =— Asymmetry (data) -
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il B ‘I’ “QWMM .
4 | Particle flow jets
- : 3 5 20 F —_— i =
) £ : 3 51 10F . 3
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=2 ‘20 = —a a1 . L . . — =2 -20 E- 3 : PO | L L L ! L iy e
50 100 200 300 400 1000 50 100 200 300 400 1000
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['bin-by-bin" unfolding]

Resolution unfolding ATMC

. part

Npart — Nmeas NMC

Measured spectrum = meas

Real spectrum [J Experim. resolution

B 1 2_I T |tIFI(II1|: T III?I(|)I6I T | T T TT T T TT | T T T | T I_ B 1 2_| T It.ll;|lltl T Ilql I()I6I T | T TT T T T | ' T TT | T T I_ E
+ -2 anti-k, jets, R=0. } = |-&] anti-k, jets, R=0. 1=
§ i 0.3<t|y| <0.8 ATLAS ] E - 2.1 <t|y| <238 ATLAS i ?
2 1 = 2 1 = =c
S I 1 © — lg
e, =1 1 o - 4@
5 0.8~ —1— PYTHIAB, s =7 TeV 5 0.8 —t— PYTHIAB, \s =7 TeV 5
i s UNC. from shape (x10) ] L e Unc. from shape (x10) ] “&;
0.6]- - 0.6/~ 1z
L e Unc. from E resol. (x10) A L e Unc. from E resol. (x10) A é
B 1 B 1O
— ) ] r ; 7 @
0.4”5 Unc. from y resol. (x10) N 0.4 Unc. fromy resol. (x10) 1
- ] e e, 18
I T eeeeeemneeeeins ] I S S
0.2_— et e Y 7 0.2_— foessmend  Remmmeeees mfa:

oL O i W A A AP B P o O i G
100 200 300 400 500 600 700 800 50 100 150 200 250 300 350 400

p. [GeV] p. [GeV]



Inclusive jet cross-section

Cross section is huge CMS

L =34 pb’ \E 7TeV

(~ Tevatron x 100)

Iyl<0.5 (x3125)

(510'° o 0.5<lyl<1 (x625
Very good agreement with 3 10° = <lyl<1.5 (x125)
NLO QCD over nine orders of L 108 o 1.5<lyl<2 (x235)
magnitude > 107 + 2<lyl<2.5 (x5)
T _ : r 2.5<lyl<3
: Q10
PT extending from 20 to 500 2 40
©
GeV ol 4
- 10
Mai _ 10°
ain uncertainty: 10°
Jet Energy Scale (3-4%) — NLO®NP
10 (PDF4LHC)
15 [ Exp. uncertainty * -
107 Anti-k; R=0.5 \ |
20 30 100 200 1000
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Inclusive jet cross sections: 3-jet / 2-jet ratio

hep-ex 1106.0647, PLB 702 (2011) 336

T I I T I T T ‘ I I T I | T I I T | I T T I ‘
1 CMS Ln=36 pb” 7]
i Vs=7 TeV anti-K, R=0.5 i
08 pebdtseessaas

e
L /I:W I n
L e 7
06 /& B
¥ ° Data i
g PYTHIAG tune Z2

04—» ... PYTHIAG tune D6T B
i — — = PYTHIAS tune 2C |
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022 e HERWIG++ tune 2.3 —

0 | ‘ 1| 11 ‘ (- 1| | | 1 | | I ‘

Systematic Uncertainty
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[T I I T T T T T T I
= PYTHIAG tune Z2 .
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i L,,=36 pb™ = MADGRAPH + PYTHIAG6 tune D6T .
— S = ALPGEN + PYTHIAG tune DET —
i anti-K R=05  aimimiai HERWIG++ tune 2.3 -
o Combined Statistical and Systematic Uncertainty .
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Jets: angular correlations

Difference in azimuth of the two leading jets
Probe of QCD high-order processes
Very slight dependence on JES

5’ E
. . = - ppeNs=7TeV
No dependence on luminosity B|S [ prers200Covixto? F
e
PIE 102§— & 120 <pT™ <200 GeV (x10%)

o 90< p?"‘ <120 GeV (x10)

o 70<p™<90GeV ' o
10

L=72nb"
lyl<1.1

T T T

e
10" 3
102 ;— B ““cms Preliminary
= — Herwig++ (GEN-SMR)
i --- Pythia 6 (GEN-SMR)

103 ¥ ~ MadGraph (GEN-SMR)
E

n/2 21t/3 5n/6 T

A(Pdiiao
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Dijet mass

Very early search for numerous
resonances BSM:

string resonance, excited quarks,
axi-gluons, colorons, E6
diquarks, W and Z', RS gravitons

1 l 1 1 1 1 I L T 1 1 I I 1 T 1 I 1 1 1 1
—e— CMS Data (2.9 pb™)

— Fa

[] 10% JES Uncenainty

------ QCD Pythia + CMS Simulation

2

do/dm (pb/GeV)
<D

102 W\ —- Excited Quark
Four-parameter fit to describe T = .
QCD shape: 10_5 | M<25&1An1<13
- il \ S (1TeV) =
m | 1553' 0.5 TeV) ! EE
1 - - =
@_ ( ‘\/E) 101 S(2TeV)
d pO (m)B ’ 10 2 ':-\,; ) -. o v
’\/E 3 $
10 RN
B=p2+p3(m/\/E) - |

PR S T T PR T ST T N PRI MU | T W
500 1000 1500 2000
Dijet Mass (GeV)
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W and Z bosons




Vector boson production

Direct y-production:;

|

Singel W/Z production: |

q 3 +
Wi W production: ud >W
- (main contributions) | 77 _ s [/~

U —> 7/

9 Z production:
>_ o _2_ (main contributions) dd_ NG
: |

e At LHC energies these processes
take place at low values of Bjorken-x

¢ Only sea quarks and gluons are involved

e At EW scales sea is driven by the gluon,
l.e. x-sections dominated by gluon uncertainty

w Constraints on sea and gluon distributions



Examples of high-order processes

Z vV

q \M<\.,
q

g g

29



W and Z boson decays

q,
» W+/\/\/\< q, K*’ vy
/ N 7t 7 /\/\/\<

® e

: uv : up

™ TT

@® 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...
30



W and Z boson signatures

[CERN-OPEN-2008-020]

Dy W — lv Py Zo

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

Additional hadronic activity = recoil, not as clean as ete-
Precision measurements: only leptonic decays

31



Isolated High-pr Leptons

Starting point for many hadron collider analyses:
isolated high-pr leptons > discriminate against QCD jets ...

QCD jets can be mis-reconstructed

as leptons (“fake leptons”)
non-isolated isolated

QCD jets may contain real leptons
e.g. from semileptonic B decays B > vx]

> s0ft and surrounded by other particles

“Tight” lepton selection ...

Require e/p with pr > (at least) 20 GeV
Track isolation, e.g. > pr of other tracks
in cone of AR=0.1 less than 10% of lepton pr

- — — |Isolation Cone

Calorimeter isolation, e.g. energy deposition
from other particles in cone of AR=0.2 less than 10%

32



Dilepton mass spectrum at 7 TeV

Events/GeV
3,

di-muons

II]Ill

CMS Preliminary

lllll

Ns=7TeV, L _ =40pb’

1

10

- 102 2
1 p- mass (GeVic”)

Events / (0.07 Ge
@
=1

g

Events/(GeV/c?)

2

T IIIHII| T IIHHI‘ T I\IIII'I" T I\IHH‘

2
8
‘ T

=4 &
S o
T T T T

/

CMS Preliminary, Vs =7 TeV
L;. = 3.1 pb”
o =70 MeVic?
'l <1

N
L

IIIHII| T TTT

—_
o
w

—_
o

[

PRI AN AR RS A I A VENETEN BT AUANI AAVAVArS A A S|
8.5 9 9.5 10 105 11 15 12

iy mass (GeVic?)

iy Y(1,2,35)

di-electrons
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The W signal yield is

extracted from a

binned likelihood fit to

the M; distribution.

Three different

contributions:

- W signal

- QCD background

- other (EWK)
backgrounds.
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W/Z production at 7 TeV
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W, Z cross-section v.s. Vs
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W+/W- charge asymmetry
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W + Jets multiplicity
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W + Jets P+

Talls are important in several Exotica and SUSY searches
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SM processes measured at LHC
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W Mass Determination

Very challenging measurement

Templates for
Template method: Mw = 80?4 + 1.6 GeV

Fit templates (fromm MC simulation)

[020-8002-N3dJO-NH3D]

with different mw to data Sas00
@ C
> W mass from best fit £ 00l
Requires very good modeling 2500;—
of physics & detector 2000/
Present 15002—
systematic uncertainties: 1000f-

[DD-Experiment] C .

500—

_ - (a)
Lepton energy scale: 34 MeV = -~ S

Transverse Mass [GeV]

> calibrated to known Z mass
[calorimeter: 3.6% for 50 GeV]

Hadronic recoil: 6 MeV Ultimate LHC goal:
mw uncertainty of 15 MeV

[Via combination]

W production model [PDFs, ...J: 12 MeV
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End of Lecture 3



