Standard Model Physics

Christian Gutschow
(Many thanks to Anja Vest for providing the slides!)

chris.g@cern.ch

Terascale Introductory School, DESY, Hamburg

April 21, 2015

TECHNISCHE
@ UNIVERSITAT
DRESDEN




Outline

1. Electroweak physics

W and Z boson production

W mass measurement
determination of weak mixing angle
diboson production at the LHC

gauge boson couplings

2. QCD physics

reminder of QCD basics

hadronic jets

perturbative QCD measurements
soft QCD effects

Christian Giitschow, TU Dresden



Electroweak Physics
Introduction
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Particle content of the Standard Model
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Snapshot of the electroweak SM

local gauge theory:
Lagrangian remains invariant under gauge transformations

3+ 1gaugefields W, W, W, B

physical states:

- 2charged Wbosons  /+ — i(W1 T 1 Wy)

V2

- photon, Z boson A\ [ cosbOw  sinbw B
Z )  \— sin HW COS HW Wg

important Standard Model parameter: weak mixing angle 6,
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Fermion—-boson vertices
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* Unified electroweak theory: gw = —
sin Oy

 Two coupling parameters: ¢ = V4ra ~ 0.3 sin“ Oy ~ 0.23

— LHC measurements of W and Z boson processes to test the predictions
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Standard Model relationships

« Photon is massless, but W and Z gauge bosons are massive: Mw, Mz

« (Gauge boson masses related to gauge couplings:

(Y (Y
Mw = 9w and My = \/g%/ +g§/§

 Parameter v =246 GeV: Higgs vacuum expectation value

* Important prediction of the Standard Model: M—W = cos Oy
Z

(LEP measurement of M, cannot be improved at LHC)

* Measure M, and sin29W precisely at the LHC - ( To )1/2 1
— radiative corrections need to be included v V2GF sin 0,/ 1 — Ar

top/bottom loop

in W- propagator ~ Iog(mH/mw)

70,
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Gauge boson couplings

Standard Model gauge group is non-Abelian
— gauge bosons couple to each other

 Triple gauge boson (TGC) vertices:

W W
Y Z e
~ € ~J
tan Oy
W W
* Quartic gauge boson (QGC) vertices:
Y Wy W 7 W W W
Y
2 W 28 2 Ty Z e 1w e Tw
tan Oy tan 07, sin 07,

— measure TGCs and QGCs in WW, WZ, ZZ, yW, yZ final states at the LHC

new physics may appear in gauge boson interactions

Christian Giitschow, TU Dresden 8



Electroweak Physics
at the LHC
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Standard Model Production Cross Section Measurements

Status: March 2015
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Standard Model Production Cross Section Measurements

Status: March 2015
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ATLAS and CMS detectors at the LHC

Muen Detectors Tile Calorimeter Liquid Argon Calerimeter

/ \ NN

Toroid Magnets solenoid Magnet 5CT Tracker Pixel Detector TRT Tracker
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ATLAS and CMS detectors at the LHC

 ATLAS and CMS performed extremely well in 2011/12:

- 97% — 100% of detector channels operational
- 91% — 93% data taking efficiency

« Luminosity recorded: ~5 fb"at 7 TeV and 21 fb™! at 8 TeV per experiment

CMS Integrated Luminosity, pp, 2012, v's = 8 TeV

[ 30_ T T 7 T T T T T 71 T T T T T T T T T Data included from 2012-04-04 22:37 to 2012-12-16 20:49 UTC
' C 25 : . ‘ : . : 25
— | ATLAS = S EEE LHC Delivered: 23.30 '
2 25— Preliminary 2012,\s =8 TeV £ "\ [ CMS Recorded: 21.79 i '
7 - A=
8 - D LHC Delivered Delivered: 22 8 fb™' .z' 20 120
é . Recorded: 21.3 b 7]
S5 20 | |ATLAS Recorded Physics: 20.3 b e
3 L —-
- - . Good for Physics g 15( {15
8 15[ >
o B — o
@) L 2011,Ns =7 TeV ]
Q - ‘E 10| 110
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L = luminosity

O = Ccross section

€ = detection efficiency
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PP Cross section measurements
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33 -20-1
107 cm™ s

events/sec for L

Overwew of productlon rates at LHC

Typical production cross

sections at Tevatron and
LHC:

o~ 100 mb

O, =~ 10 nb

o, ,~1100,

o, =1600,
o, = 12000,
o,, =1/5000,
o,, =1/20000,

6
Ot = 10 O\

Cross section range:
100 mb to 10 fb

— 13 orders of magnitude!
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Properties of 'interesting' pp-collision events

X1P "/sz
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Dijet event at 7 TeV in the CMS detector

Christian Giitschow, TU Dresden

Hard scattering of partons
Inside proton

Gluons and quarks carry
momentum fractions x., X,

QCD events are far more
frequent than EW events

Many hadrons produced from
proton remnants:
'underlying event'

Strategy: identify the
interesting physics with
high-p_ leptons, photons and

jets or missing transverse
miss
energy E.
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Event kinematics: pseudorapidity

longitudinal momentum of partons basically unknown
— measure transverse energy and momentum, E_, p;

rapidity y: equal to velocity at slow velocities (v/c << 1), can be simply added

- rapidity differences (4y) are invariant under Lorentz boosts along beam axis

- usually approximated by pseudorapidity #

1. E+pr 1 ‘ﬁ‘ + pr, 0
y=—-ln——— ~ n==In = —Intan | =
2 E-pL 2 |pl—prL
detector is mapped onto n-¢ spaceyn =0

ericen Run Number: 160958, Event Number: 23181152 n=0.'25 n=045 m=0.50 n=O,'75 n:Q.Q . n=1.30
_M=1.60
__..-m=2.00
« radius of ‘cone’ in n-¢ space: |l @ B =270

AR = /An? + A¢?

Christian Giitschow, TU Dresden 17



The basic ingredients: physics objects
The decay products of W, Z, Higgs, SUSY, ... are reconstructed in the detector, e.g.

Electrons, Photons, Muons, Tau leptons, QCD jets from quarks and gluons,
'Invisible' particles, like neutrinos, as missing transverse energy, E

m m im
Key: 2m
Muon
Electron
Charged Hadron (e.g. Pion)
= = = = Neutral Hadron (e.g. Neutron)
----- Photon

Silicon
Tracker

Electromagnetic
}! ] ' Calorimeter

Hadran Superconducting
Calorimeter Solenoid

Iron returm yoke interspe rsed
with Muon chambers

Transverse slice
thraugh CMS

1 ) : 1 z
T Barney, CERM, Febwscary 2004

Charged Electrons Hadrons 3.8 Tesla Iron yoke (return flux)
Particles  Photons Solenoid Muons
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Isolation of physics objects — example

 QCD jets may look like photons, electrons,
taus or induce signals in the muon spectrometers

* heavy flavour jets contain leptons from heavy meson decays

— need 'isolation' variables ECAL

« Example: energy in cone around EM cluster excluding
central cluster and normalised to cluster energy

Z Ecalo g :II‘\I\ll\l‘l\llll\‘lll‘lIl\l\
T o 350 ATLAS Data 2010, \s=7 TeV, det:4D pb’1
I AR<CL ; C
. f— -— . <
calo,iso cluster,central S 300 20 GeV<Ey<25 GeV
T o 250 —e— Probe electron data
C —=— Background template
200;_ —— Medium electron data
-_— e.m. 150
hower -
AR snowe 100;
cone 7 50—
027
tracks

tracks track,lepton
>, DT —p

« typically more robust against pileup : K2 T

track based isolation variables, e.g. Irack,iso = Tenton
Christian Giitschow, TU Dresden T 19




LHC luminosity and event pileup

« at higher luminosities, more than one pp pair collides inelastically:

Recorded Luminosity [pb 10.1]

up to 40 pileup events in 2012 e
180 ;I T | T 1T | LI ‘ L | L | IIIIIIIIIIIIIII Ii
- ATLAS Online Luminosity .
160 :_ I:I \I{E =8 TEV, J’Ldt =20.8 fb_1, <> = 207_: Run Number: 189280, Event Number: 1705325
, - ate -09- 2:47:14 CES
140:— O Vs=7TeV ILdt= 59 fb'1, <u>= 9.1 ? Date: 2011-09-14 02:47:14 CEST
120~ 3
100 =
80 =
60F =
40— -
201 =
0: L FA I B ! el |:
0 5 10 15 20 25 30 35 40 45

e instantaneous luminosity in 2012
up to 8 x 103 cm=s™

« plans after long shutdown (2015+):

Mean Number of Interactions per Crossing

<1>% :

protons will collide every 25 ns (used to be 50 ns) would bring 2x more pileup
instantaneous luminosity (0.9-1.6) x 103 cm2s-
average number of pileup events: ~ 43
centre-of-mass energy: 13 TeV
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Electroweak Physics
Measurements
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A closer look at W-boson production

§ ‘ : HERDATA .
{ Qg s L — Qes2=' 6400  GeVies2
b i _up CTEQEM
L ——— down
1.6 upbar
B .. downbar
4 N chatry
: )\ o bottom
s L -
£ RN AR
G/ > Y
0.8 - y,
 \W boson production at lowest order |
 Quarks carry momentum fractions x,, x, [
« Probability density to find a parton i witha oz
given energy fraction x in a protonis given . .0 0 Lo g
by the parton distribution function (PDF): ' o x
f(x,Q?) sea valence
A quarks Quarks u, d

- Q? = energy scale of the process, here = M ?

- Which x values do we need to use?
Christian Giitschow, TU Dresden 22




Production cross section at lowest order

<
)

(eF

Vi

Cross section of parton—parton reaction: 0, = o(i+j— Wl

Multiplied with parton
density functions

o o [ [ nieSpes

Multiplied with 4-momentum
conservation term

y

0(8 — w1x28) dxy drads

Integrated over all possible reduced center-of-mass
energies and summed over all possible initial states

Christian Giitschow, TU Dresden
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W* and W- differential cross section

do M2 . Y N
@(pp% X) = ;Uiiji(xl)fj(wz) with x12 = Ee y
_ N )
Example: u+d— W clut+d—sWH)=oli+d—s W) =ow
u+d— W~

 u and d PDFs are about the same (sea quarks)
« Aty =3.0 (x, = 0.20, x, = 0.0005) — the u and d PDFs differ by a factor of ~2

— W* production is enhanced with respect to W-

pp - W+X
. L 500 T T T T T T T T T T T T T T
6.0E+04 With simple Excel table: F | |
W
5.0E+04 - — 100~ s ]
= & 7 A XS
S 4.0E+04 ~ i TSRS
Q Je0RRILLIRKS
£ p, 800~ SEIRXIRIRS o o
o i - £53GRRRAIAIEIERALRHALL
= - KZEELLRRLELRKS
2 3.0E+04 W+ P .:.0.00
S, -\ < - R W
~ - = 2000 K7 L
© - ~ - /2 4 i
5 2-0E+04 ~ -
| o ol 4 , 1
1.0E+04 L Vs = 14 TeV -
- M = My
0.0E+00 : , S | WEEREE, |
0 1 2 3 4 5 6 —4 -2 0 2 4

y 1
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Measurement of W and Z Bosons

First W and Z bosons (C. Rubbia, 1983) look very similar to LHC measurement

Run Number: 152409, Event Number: 5966801
Date: 2010-04-05 06:54:50 CEST

W-ev candidate in

7 TeV collisions
p,(e+) =34 GeV

nle+) = -042

E,™ = 26 GeV.

M. =57 GeV

CMS Experiment at LHC, CERN
CMS ] Run 135149, Event 125426133
Lumi section: 1345

Sun May 09 2010, 05:24:09 CESF

Muon p=67.3,50.6 GeV/c \
Inv. mass = 93.2 GeV/c? \

T

wﬁ‘ ~~\:;;\.\ : [ © \
S 1
= =\ S
Y < ]
Y. 5 jm— ]
\\ =~ ".;g — ]
14;, Er—s
/ <
/ ™
7 ~
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Measurement of W-boson cross sections

il

« BR(W—lv)=10.8 % = 1/9 each
« BR(W—qQq’) =67.5 % = 6/9 together

e important background from QCD multijet events in
dijet channel — use Iv decay channel

 Event selection:
- lepton p; > 20 GeV
- E/m>25 GeV — neutrino
- W mass would be

My ~ \/QEEEV(l —cosa(l,v))

- but EY and angle cannot be measured
— transverse mass: M_ > 40 GeV

Mt = \/2prsz3(1 COS Aqb(pT, pIessy)

Christian Giitschow, TU Dresden
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Measured W* and W cross sections
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Measured W* and W- + charm cross sections

W

C)

o(W'+T)/o(W +

1.2

0.8

0.6

W+

CMS L=50fb'at {s=7 TeV
T T T | T T T T | T T | T T |
=u.e
- p'T > 35 GeV H

T [;] %:'|'-
—~#= Data %
- 0 MSTWO08 .
| .1}; SLLODFZS —}— Stat. uncertainty :
A NNPDF23 i Total uncertainty
= o -
1 1 1 | | 1 | 1 1 | 1 1 1 1 | 1 1 1 1 |
0 0.5 1 1.5 2
!
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s, d
<

Ol

x(valence quark) >
x(sea quarks)

O(W +c¢)> O(W+ +C)

CMS
' |

Total uncertalnty

Statlstical uncertalnty

Predictions:
NLO MCFM + NNLO PDF

B MSTWO08

0.908 *0-017
-0.025 ppe

e CT10
0.949 = 0.004

PDF

¥ NNPDF23
0.922 £ 0.014

PDF

A NNPDF23_,
0.937 + 0.019 o,

L=50fb"at Vs=7TeV
— —— .
pJ:* > 25 GeV, M| < 2.5
pL > 25 GeV, In| < 2.1

CMS 2011
0.954 + 0.025 (stat.) + 0.004 (syst.)

-
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0.4 0.6

0.8
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Measurement of Z production

[+

[_

* Lowest order: initial partons are quark +

antiquark
> A 'r' R
» Hadronic Z decays have large QCD §14oo;—52fj°“=”e“ [ra=sem' 4
multijet background 21200 aco ATLAS -
— measure Z—I*I- deCayS %1000: Central Z s ee |

. 800f
e Event selection: ool

- 2 opposite-sign leptons p. >20 GeV 4000

200f

-~ invariant mass m, around nominal Z

70 80 90 0 e
mass 66 GeV <m, < 116 GeV m,. [GeV]
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Weak mixing angle at the LHC

« Z boson production at LHC is the 'inverse' of the LEP process

LHC: q@ — Z/7v* — eTe™ LEP: eTe” — Z/v" — qq

e in the Z rest frame: f
measurement of S 4 f S 4 f
forward—backward _
asymmetry F forward' f backward
Nr — Npg 1 e tome o
Arp = 3 . \
NF _|_ NB 1 ®MARK Il AMARK J vVENusf// +
0.5 7 o PLUTO
« A__ depends on Z-to-fermion 0 1~ ---4--.-..%+ "
Ccou p|lngS \#i o(e'e— ) = ‘>'2< & >< r=
o 0.5 - \ w RO e
AF B (g V7 g A) — A F B (S]-n Qw) ] T ;'?i:l_;:;:eﬁerenz j:’rﬂ;ri;iﬂ':-.\f} (@ VPR
_1 i | | | | I | | | | & ,IJ,,. | | I.-.Q _: [S—NI) | |
0 50 100 150
Vs [GeV]

Christian Giitschow, TU Dresden
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Weak mixing angle measurement

unfolded asymmetry:

P ATLAS-CONF-2013-043
< +{ ATLAS Preliminary arXiv:1110.2682
o8t [Lat-471"@ 5= 7 Tov | museco [ ot
oo g T ATLAS,eOF | ~o4 " ATLAS Preliminary
0.4F . S ATLAS Wi 8t Ldi-48t’@Vs=7TeV
- " ATLAS combined —— !
0.2F i E
CMS ——
oF | N B
_0.2:_ - Data CDF _g._o_' .........................................................
0.4:— B PYTHIA LEP, Ag"; _ --------- E 0 -----------------------------------------------------------------
068 | SLD, A _ """ o """"""""""""""""""""""""""""""""""""
Lo o LEPeSLG |
< B L PDGFit |, i &
P T 0.22 0.225 0.23 0.235 0.24 0.245
2 | sin“65
70 10 2102 3x10° 10° ATLAS result:
m,, [GeV]
sin? H,;F = (.2297 + 0.0004(stat.) + 0.0009(syst.)
« LHC expects a precision of 6sin“0,, = 3 « 10 with 100 fb"’
« compare to LEP: dsin“6,, = 1.6 < 10

Christian Giitschow, TU Dresden
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Couplings between gauge bosons

* Non-Abelian nature of SM predicts W+
triple gauge boson couplings (TGC) Y/iZ

e Coupling strength in the SM:
W_
=e g,y =¢/tand,

gWWY
 measure these couplings and test for anomalous contributions

» effective Lagrangian is used to model these (V =y or 2):

- giiij af (H Lwevy — wiv,w W) A Ifl-"yV:“""Jr Wl W vve

myy

e IntheSM: gY=g/°= KY =K% =1 AN=A=0
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Diboson production

%) q Vi q %)
—— NSNS NS
Y Y TGC vertex
v
—_— N _ _
Vi q %) q Vi

q

t-channel u-channel s-channel
\ )
y Y

WW, WZ, Wy, ZZ, Zy Zly —WW

W - WZ, Wy
; Ziv—~2ZL Ay forbidden
%ﬁﬁ _1le
EYPERIMIE]

At LHC, diboson decays to electrons
and muons are measured:

pp — ZW — Il Iv
pp — WW — v v
pp — ZZ — I, Il vw
pp — 2Zy — Iy

pp > Wy —> vy



Overview: Standard Model cross section

Standard Model Production Cross Section Measurements

r—

e 1011
2

b 108
10°
10*
103

102

10*

1071
1072

1073

Status: July 2014

80 ub7t

0.1<pr<2TeV

ATLAS Preliminary

Run1 +s=7,8TeV

T EECERETTT EECEEETT lnn/MN\u.uud_ m

L 0.3 < mj <5 TeV LHC pp \/E =7 TeV LHC Pp \/E =8 TeV
: Bmm Theory Theory
njet > 0 - Data 45-4.71 A Data 20302
- 35pb?
E_ njet>1 njet> 0
n 35pb?
i ) =/

njet > 2 e 'r%?zo 95% CL
E = -A- u er?
3 o O | A o
- njet>3 '0' 4911 g 13.0fb7? “-Ti ]
i mOm  njet> 2 : = O O.7:fb’1
E njet > 4 207 0oL _:j
3 , jot > 4
- WO niet >3 l’gtzs 95% CL 1 3
C njet > g !

. S upper -1
_ njet > 5 njet > 4 ot 6 H CmQOm limit : -
3 -h— O O : T '3
u njet > 6 niet > 7 A : : .

) jet > | M |
- njet>5 : ]
25 0 -IAI
E njet > 8 ' i 3
F njet > 6 n ! - _é -
E njet > 7 ’ﬁ i 1 g
- I 3
E : e
- I I ]
- I T
: =
E : i
PP Jets Dijets W Z T techan WW+ WW 7YY Wt WZ ZZ tty Wy Zy ttiW ttZ Zjj Hoyyw*Wits_chan

total

R=0.4 R=0.4

y'<3.0

Christian Giitschow, TU Dresden

wz
lyl<3.0 |y|<3.0 fiducial fiducial total ~ total = total  total

fiducial  total total

total  fiducial fiducial fiducial
njet=0 njet=0

EWK EWK

total total  fiducial fiducial fiducial total
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Diboson production

fa Y vy o0
CATLAS
|2 - A
A EXPERIMENT ',.
Run 166466 Event 26227945 _—
Time 2010-10-07 22:16:39 UTC

WZ->evpupu Candidate

Christian Giitschow, TU Dresden
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Gauge boson couplings
* Anomalous contributions are derived from diboson cross-sections
— anomalous contributions ~ (Acoupling)?
 Example: anomalous ZZy/ZZZ coupling

CMS Preliminary \'s =8 TeV, L= 19.6 fb

g ¢ | I |
ég I e DATA |
= 17 3 [ lzz -
— - I WZ/Z + jets
= - f5=0.015
E ....... fz -
9 “
Z
-01 D—'l = —
1 0—2 i ﬁl | |
1000 1500
My (GeV)
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(anomalous) TGC

95% CL upper limits on contributions due to anomalous couplings

https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsSMPaTGC

Oct 2014 WWY
T ' T PataSimis! T =
CMS Prel. Limits —
Cer Umi .
; Wy -0.410 - 0.460 4.6 fb
Ak, Wy -0.380 - 0.290 5.0 fb”
e ww -0.210 - 0.220 4.9 b
R WV -0.210-0.220 4.6 b
e WV -0.110 - 0.140 5.0 fb™
—_— DO Combination  -0.158 - 0.255 8.6 fb™!
—.—s LEP Combination -0.099 - 0.066 0.7 fbo’
by — Wy -0.065 - 0.061 4.6 b
v — Wy -0.050 - 0.037 5.0 fb™
— Ww -0.048 - 0.048 4.9 fb™
- WV -0.039-0.040 4.6 b
— WV -0.038 - 0.030 5.0 fb'!
ot DO Combination  -0.036 - 0.044 8.6 b
‘ m‘ ‘LEP Combinaﬁ‘on -0.059-0.?17 0.7 fb’’
05 0 0.5

Christian Giitschow, TU Dresden

1 1.5
aTGC Limits @95% C.L.

In the SM:

. g1V:g1Z=']; Ag

e K =
Y

o)\=
Y

K
A

Z

Z

1;
0

AK

Qct 2014 WWZ

T T T T T T 1. T T T T
| | | A-I{-ALSA ,rléllfnlltlﬁw‘its :
Boiml, e

Ak — WwW -0.043 - 0.043 4.6 fb
Z —_— WV -0.090 - 0.105 4.6 fbo

— WV -0.043-0.033 5.0 fb

—e—s LEP Combination -0.074 - 0.051 0.7 fb'!

2\ - wWw -0.062 - 0.059 4.6 fbo
Z — WW -0.048 - 0.048 4.9 fb
— Wz -0.046 - 0.047 4.6 fb"

— WV -0.039 - 0.040 4.6 b

— wWv -0.038 - 0.030 5.0 fb’

o DO Combination  -0.036 - 0.044 8.6 fb

ro LEP Combination -0.059 - 0.017 0.7 fb'!

Agz — WW -0.039 - 0.052 4.6 fb
’ — wWw -0.095 - 0.095 4.9 fb’
— W4 -0.057 - 0.093 4.6 fb

— WV -0.055 - 0.071 4.6 b

ot DO Combination  -0.034 - 0.084 8.6 fb"'

‘ e |LEP Combinatilon -0.054-0.921 0.7 fo!

-0.5 0

K—1

1 1.5
aTGC Limits @95% C.L.

No deviations from SM values observed!

37


https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsSMPaTGC

(anomalous) TGC

95% CL upper limits on contributions due to anomalous couplings
https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsSMPaTGC

Feb 2015 ZVY Nov 2013 ZZY
T ' o T T At Lmis! T T ] — 1 T L L R APV ST B L
GNE i), Limits f— CMS Prel. Limits —i
. - . -1
g - 52’, 00030003 5.0 10 E —  z 0.015-0.015 46 0"
. Zy -0.005 - 0.005 19.5 fb" 4 i 7z -0.004 - 0.004 19.6 fb”
S — Zy -0.022 - 0.020 5.1 fp™! i 22 (212v) -0.004 - 0.003 5.1, 19.6 fb™'
hZ bt Zy -0.013-0.014 46 fb" fZ — Y4 -0.013-0.013 4.6 fb"
3 — Zy -0.003 - 0.003 5.0 fb™ 4 — 2z -0.004 - 0.004 19.6 fb™
— Zy -0.004 - 0.004 19.5 ft;" — ZZ (212v) -0.003 - 0.003 5.1, 19.6 fb!
oz smemaitll [q =z oom-oosasw
h1x1 00 Zy 10.001 - 0.001 5.0 fb” 5 — 7z -0.005 - 0.005 19.6 fb"
- zy -0.004 - 0.004 19.5 fb" H Zz(212v) -0.004 - 0.004 5.1, 19.6 fb’
Z — Zy -0.009 - 0.009 4.6 fb Z T zZ -0.013-0.013 4.6 b
h;x100 H Zy -0.001 - 0.001 5.0 fb! f5 — 7z -0.005 - 0.005 19.6 fb”
| T \ZY ‘ -0.003 - o.?os 19.5 fb'! — ZZ (212v) -0.004 - 0.003 5.1, 19.6 fb™'
R I S S S S
o ’ aTGC Limits @95% C.L. 05 0 05 1 1.5 x10°

In the SM:

aTGC Limits @95% C.L.

+h,=h,=f=f=0

5

No deviations from SM values observed!
Christian Giitschow, TU Dresden
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Vector boson fusion: Zjj

Electroweak Zjj production: rare, ~ 1% of inclusive Zjj cross section

q q q

(a) vector boson fusion (b) Z-boson bremsstrahlung (c) non-resonant £7£7 57

VBF: 'tagging' jets well separated in rapidity (y) with large dijet mass (mjj)
q q T
g

(a) strong Zjj production (b) diboson-initiated

Christian Giitschow, TU Dresden 39



Vector boson fusion: ij

* high mass and large rapidity
difference of tagging jets:

[Te]
) ATLAS haseli i -#-Data (2012)
S 10° (Lat-20an DIocoz
=z T 5=sTey HREWI
10° vz
[ Top
1 04 I Multijets
103 —__
10?
10 e
5 25 3
o 2 \\\
B85 15 N
0O 2
i - TN
0 1 2 3 4 5 6 7

JHEP 04 (2014) 031

|Ay|

e Measurement (!) in fiducial volume:

OEW — 347 + J;G (E‘atﬂt)

- SM prediction (POWHEG) o = 46.1 0.2 (stat)

Christian Giitschow, TU Dresden

+9.8
—10.4

(syst) £ 1.5

> H T T I DR B
O = ATLAS 7
O qotc [Ldt=2031" —
? - 5=8TeV -
N B —.— search region
~ 10°E —;
s - —o— E
< Ff - ]
102 = - =
- T4 :
10 ——% E
- ¢ Data (2012) _._+4: # s
i __ ——Background _|__|_ .
- Background + EW Zjj &
g 1 5_|_ |_|_ | 1y [y I :|_|| :
We F T T =
+ E 15-._._._._._.._._.—.-|.—-—-—-|—-—ﬁ|ﬁ ........ __\_ __E
O E —+ ]
Xl 0.5 ; ; ; =
15""‘"‘-u-!-_r_h .............................. E
9] - e S E
¥|m 0.5 : L i
- — constrained e e
B8 s
500 1000 1500 2000 2500 3000 3500
m, [GeV]
(lumi) th.
03 (scale) +0.8 (PDF) £0.5 (model) fb
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V'V scattering and the role of the Higgs boson

 The mechanism responsible for EWSB must regulate the cross
section o(VV — V) to restore unitarity above ~ 1 -2 TeV

* A light SM Higgs boson cancels increase for large energies
(exact cancellation for HWW coupling)

w W %4 W W W |44 %4 %4 W
v/ Z ’\-’\I,JV HO
v/Z + + -+ E:J\»\_ + -
w W %4 w w W W W W W
Total cross sections as a function of the m  center-of-mass energy:
o[nb] o [nb] arXiv:0806.4145
i a(VV — VV), no Higgs a(VV = VV) with my = 120 GeV
4 Joh
| SM without a Higgs boson %\ SM with a 120 GeV Higgs boson
' ?":-a:___h
. I 0.1
0.5 I""\:\n'+n'+ W R = RWE:‘HREEE:
\ . ” 0.014 WHW— 5 WHW - -
NS v
- === WHWE = WHW T
0.2 5 T~ = VAW S W 0.001 —— 72422
0 | 1(]|f](] 2f]|(]f] 3000 0 1[]|[][] 2[]|[][] 3000
Vs [GeV] Vs [GeV]

Christian Giitschow, TU Dresden
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Vector boson scattering

 Protons in LHC serve as source of vector boson beams

/

q q

 Signature: diboson + 2 jets (VVjj)

'tagging’ jets typically
with large m, and well
separated iny

tagging jet (4)

L tagging jet (3)

I*(2) L example topology
Christian Giitschow, TU Dresden



VBS processes (heavy vector bosons only)

« Leading order cross sections (Sherpa) at Vs = 8 TeV:

final state sensitive to ocEW[fb]  gStrong[fp] GEW /gstrong
VV —

(E0Euvr G WEWw= 19.5 18.8 ~ 1:1

0t g WWT, ZZ 93.7 3192 ~ 1:35

ANy ESV T W*Z 30.2 687 ~ 1:20

(re—ete—45 ZZ 1.5 106 ~ 1:70%

*

numbers by P. Anger includes v*, would be also 1:20 — 1:30 with higher m;; cut

(generator cuts: mye > 4 GeV, pir > 5 GeV, pf’f > 15 GeV)

* most promising measureable VVjj final states in terms of VBS:
- same electric charge-sign (‘same-sign') W*W3jj
— N0 gg or gq initial state at leading order
strong W*WHjj contributions very small

- W£Zjj — clean channel due to 3-lepton final state

Christian Giitschow, TU Dresden



W+WHjj production at the LHC

Signal: electroweak W*W-jj

Strong W*W4jj
q q
W+
W+
q q

Christian Giuitschow, TU Dresden

q

Higgs contribution non-resonant

can be separated from electroweak signal
using topological cuts
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W=*W?jj candidate event

prutjj Candidate Event

mji=2800 GeV

| Ayii|=6.3

T AP 9
R

Christian Giitschow, TU Dresden

Phys. Rev. Lett. 113, 141803

280 ET [GeV]

—- 220

360
S

Run Number: 207490, Event Number: 33152138
Date: 2012-07-26 04:16:35 UTC




WHWHjj production measurement at ATLAS

Rapidity difference |Ay,|
between the 'tagging’ jets:

%)
c 30
@
>
L
25
20
15

ATLAS e Data 2012
20.3fb", \s =8 TeV KX Syst. Uncertainty
) W*W7jj Electroweak
m” > 500 GeV Wiwi” Strong
Conversions

- ) B Prompt
- B Other non-prompt

Phys. Rev. Lett. 113, 141803

In order to extract the
electroweak W*\W*jj component,
require that the tagging jets
have a large rapidity difference

(lyl > 2.4)

Measured fiducial cross section:
o = 1.3 £ 0.4(stat) £ 0.2(syst) fb

significance: 3.6 standard deviations (expected: 2.8 s.d.)

Christian Giitschow, TU Dresden
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Overview of SM cross sections

. . https://twiki.cern.ch/twiki/bin/view/AtlasPublic/StandardModelPublicResults
Standard Model Production Cross Section Measurements  sius: July 2014

—Q 1011 80 ub7t
2 ATLAS Preliminary Run1 +s=7,8TeV
b 106 - 0.1<pr<2TeV N\
: O ]
10° F O o LHC pp Vs =7 TeV LHC pp /s =8 TeV <
i B Theory Theory .
10* F o E
E gfb;-"; - Data 45-47f0 A Data 203fb! 3
- pb~ .
103 EF niet> 1 njet> 0 ?E
C 35 pb~! ]
102 B njet > 2 - 1-%7.3- 95% GL |
E > ANy upper o
E o -n— AN pper 3
: net>3 . o pw 13.0fb! it 3
101 B mOm  njet > 2 : _n_ O Oaf-b*'J
E njet > 4 . 2.0fb! 1O :
F EOm- net>3 5= ; —'—3
: g = i =
jet > 5 o N o 1
1 E ‘E’njmm > ° 1.0 fo o= = | 3
- njet > 6 i A : : ]
. njet >
= ik O e ]
10 E njet > 8 ! |
E njet > 6 n ! - __A ! E
[ [ o | ! i ]
10_2 E- njet>7 n'hy : : 3
u : 1
B 1 |
_ ! -
1073 : 5|
1

(T
Louul

PP Jets Dijets W z tt ticchan WW+ WW 7Y Wt WZ ZZ tty Wy Zy tw ttZ Zjj Hoydw=wit_chan

R=0.4 R=0.4 wz EWK EWK
total " |y|<3.0 |y|<3.0 fiducial fiducial total total total total  fiducial  total total total ~fiducial fiducial fiducial total total ~ fiducial fiducial fiducial §total
y*<3.0 njet=0 njet=0
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Summary of LHC electroweak measurements

LHC machine performs well and delivered good data
- 5.6fb"at7 TeVand 21.7 fb' at 8 TeV

- starting up again in this year at 13 TeV

e production cross sections of W and Z boson

- W mass with 10 MeV ultimate precision per experiment

* diboson production WW, WZ, ZZ, Wy, 2y,
- TGC will be measured to precision beyond Ak/ANAg, = 0.01

- QGC measured for the first time in vector boson scattering
e perform a new measurement of the weak mixing angle
- 0sin®@, = 3 « 10* and maybe better
We know that the Standard Model is just an effective theory which will
need extensions at very high energies

« keep your eyes open when looking at invariant mass spectra, angular
distributions, coupling measurements, etc.

Christian Giitschow, TU Dresden 48
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QCD Physics

green _
anti-blue

anti-red red

blue anti-green
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Snapshot of QCLC

Quantum chromodynamics: theory of strong interactions
developed by Fritzsch, Gross, Politzer, Wilczek, Gell-Mann, Leutwyler, Weinberg in the 1970s

« gauge theory with gauge group SU(3 3
gaug ry gauge group SU(3), ﬁ NP 2004
* interaction between colour-charged particles: qUarks and gluons
« 3 coulour charges of quarks: B G B R G
> > < < <

* gluons carry colour and anticolour:  rG RB,GR.GB, BR, BG )

] Q9000 ¢

9reen — anti-blue —(RR — BB)
V2 > 8 gluons

anti-red red 1 _ _ _ colour octet
—(RR+ GG — 2BB) ( )
V6
blue anti-green ~
) ] 1 _ B B . e
« the colour singlet state is not observed: —B(RR + GG + BB) ;r(l)r;]fénlte-range
* non-Abelian theory: — gluons can couple to each other interaction

Christian Giitschow, TU Dresden 50



QCD vertices

q g g
~ s ~ s "'gs2 °
gs

 strong coupling constant: [Ols = 47TJ

 colour charge is conserved at each vertex

q o _ r\
b —» .
n =

q Ve r

g gﬂw
g g / I\

Christian Giitschow, TU Dresden
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QCD potential

Potential between two quarks and quark + antiquark
— binding depends on sign of C

q—>—F——q q-—> — q
q—> >—q q—=< <« q
vin=+c% vin=—c%

r r

Result: only quark and antiquarks can form bound states — mesons

V(r) 4 T e
' Cornell ~ ——— S
— 6 Eichardson _——
4a T S . —
1 fm 3r i;i |
o °r
r _2F
4
o -6
- A (bb)( )(bb) (c) (6B )b (cé)(eE) (bh)
gk i s P 2P 2P 35 25 ID 45
4 L IIiIJJIIIJ 1, |
05 2 .6 1.0 1.25 1.5
R(fm)

Would need infinite energy to separate quarks since V(r) ~ r at large distances
— formation of new qq pairs — hadronisation and fragmentation — jets of particles

Christian Giitschow, TU Dresden 52



QCD potential

Potential between two quarks and quark + antiquark
— binding depends on sign of C

q—>—F——q q-—> — q
q—> >—q q—=< <« q
vin=+c% vin=—c%

Result: only quark and antiquarks can form bound states — mesons
V(r) a

Would need infinite energy to separate quarks since V(r) ~ r at large distances
— formation of new qq pairs — hadronisation and fragmentation — jets of particles

Christian Giitschow, TU Dresden 53



Jets from quarks and gluons

e quarks and gluons cannot exist as free particles — hadronisation
« collimated stream of charged and neutral hadrons — QCD jets

CATLAS

A EXPERIMENT

Z — g~ pT + 3 jets

Run Number 158466, Event Number 4174272
Date: 2010-07-02 17:49:13 CEST
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Multijet events at the LHC

ATLAS

EXPERIMENT

WATLAS
i EXPERIM_EN

Christian Giitschow, TU Dresden

Run Number: 1

Date: 2
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Running coupling

Gluon exchange receives contributions from additional loop digrams:

VOs

§q2 — 4 é + @ 4 +. ..
> P > b > \ = :\ >
NG N\

Fermion Loop Boson Loops

Renormalisation: absorb these contributions into a redefined coupling constant a_(Q?)

| 11N, — 2N;
= 5 02 with bo = 12
1+ bo as(Qf) log T

>0 for No =3 and Ny =5,6

Christian Giitschow, TU Dresden
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Running of the strong coupling

0.5

o Q) |

0.4

0.2

0.1

0.3+

confinement — non-perturbative regime ('soft’)

T

~

aa Deep Inelastic Scattering
oe ¢'¢c Annihilation

¢ Hadron Collisions

B ® Heavy Juarkonia

= QCD o4(Mz) =0.1189 £0.0010

|, asymptotic freedom

— perturbative regime
('hard')

1

10 Q [GeV] 100

Christian Giitschow, TU Dresden
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27 0.2

Rs

0.18
0.16
0.14
0.12

0.1
0.08
0.06
0.04

Running of the strong coupling

7\ T T ‘ T T | T | T T | T T T T T 1
~ CcMs -
- Vs=7TeV 1L ]
— anti-k;R=0.7. , J» -
o Vi /++ % 5 »—a—:\“"\j\ N
B K /gd" S
AV O R
= T| 3
r Vi ]
]
I 7
;’: i' Data (Int. Lumi. = 5.0 b7
| CT100,(M ) = 0.110 - Min. Value
oo CT10u (M) =0.118 ]
-4 . _ CT10a,M,)=0.130 - Max Value |
\ L1 | ‘ | L1 | 1 | L1 1 | 1 1 | | | | | 1 1
200 400 600 800 1000 1200 1400
b, ) (GeV)
| |2 ~Q 2
L] S
2 3
| ... |7~ O

Christian Giitschow, TU Dresden

Measurement of the ratio of the inclusive 3-jet cross section

c
n
3

to the inclusive 2-jet cross section in pp collisions at
v/s = 7 TeV and first determination of the strong coupling
constant in the TeV range

_I T T 171 T T T 17T | T T T T | T ]
0.24 - ———— CMSincl.jets: ag(M)=0.118572% -
0.22 - i CMS R,, e

O . CMS tt cross section ]
0.2 o . CMS inclusive jets —

- T v CMS 3-Jet mass -
0.18]- | E
0.16— -
0.14— —
0.12— =

0.1= . DOinclusive jets —

: o DO angular correlation .
008 __ o H1 =]

— o ZEUS ]
0.06— | | | —

10 10 10°
Q (GeV)



Approach to QCD calculations

« Expand the cross section in a perturbative series in a_ (where possible):

o= Co+ as(Q*)C1 + (s (Q?))?Ca+ ... = Crlas(QH)"

« usually only the first terms of the series are calculated: LO, NLO, NNLO, ...
» large logarithmic contributions are typically also summed up: leading-log, ...

 The renormalisation process absorbs divergences in
the calculation by introducing a oo
renormalisation scale parameter y_ '

— logarithms become log(p * /Q?)

[ W™ NNLO X W]

400

and a_becomes a_(u?) S
A, 300F —
* 'simple’ stability test of your theoretical = _
prediction by variation of the scalepy. 3 ™} E
2
m’cﬁ

M = My S b
M/2 = pu = 2M

Christian Giitschow, TU Dresden

Vs = 14 TeV -
M = My
M/2 = u *:’-|2M \

|
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Factorisation with PD

H¢

- factorisation energy scale .
 PDFs are energy-scale dependent:

high Q2

xf(%,02)

.

0.2

Fs

[ [THerar
[Databases

Qn2= 10 . GeVaa2

—up cteqfif,/0
eee down '
upbar
-. downbar
strange
e Charm
botiom
-. gluan

u =10 GeV?

1 1
f A \ / y / ;? \ A 3 T A
o = % ![ CHENTTNTS j[ j[ fi U;,ufc)f} (22, ;4}?)(5{3 — x1228) dx1 dreds
— 0 Jo °
i,7

partonic cross section and PDFs must be matched properly
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Factorisation with PDFs

— 2
S [T -.
Fs [ Que2= 100 . GeWas2
R - gﬁwn cleqf6,/ 0
e r - debar
- stkrn:mqe
e " bottem
—. gluan
C\ F =100 GeV?'
P/ os [ '-
g “f C
0.6 ;—
- factorisation energy scale . o |
« PDFs are energy-scale dependent: .. |
.3.: C ol T ---'--i-_-'-ﬂ:.-.-.-..-f'-
hlgh Q2 1o 1ot 1572 1 )

1,1
A \ / y / / 2 \ A 7 » T A
o= % ![ CHENTTNTS j[ j[ filzy, p3) fi (22, n$)d(8 — w1228) day dwads
T 0 0 :
i,7

partonic cross section and PDFs must be matched properly
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Factorisation with PDFs

S F[EE -
Hi 18 Oes2= 10000 GeWVas2
g — up ¢teqb6,/0
6 [ T lmber
_. downbar
strange |
. —. gluon
b "'fi;-;:l u. =10000 GeV>
p/ - 08 —
“f 0.8 :—
- factorisation energy scale . o
 PDFs are energy-scale dependent: °2
1ot o 1672 16
high Q2 '

1 1
/A \ / y / / 2 \ A 7 » T A
o= % ![ CHENTTNTS j[ j[ fi (:zc;f,;zfc)f?‘ (22, u)0(8 — x1728) dr1 dveds
— 0 Jo °
i,7

partonic cross section and PDFs must be matched properly
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How to Identify Jets?

JATLAS

ﬂi EXPERIMENT

Z — u~pt + 3 jets

Run Number 158466, Event Number 4174272 \

Date: 2010-07-02 17:49:13 CEST

jet 1 jet 2

C/\

Christian Giitschow, TU Dresden

Jet algorithm should collect
all particles in the same
way for

* leading order partons

* partons + gluon emission
e parton shower (soft)

* hadrons — detector

jet 2 jet 1 jet 2
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Jet Algorithms

e criteria:

. . . . 4 s
- collinear safe: finds the same jets given one \
particle or two collinear particles with

same total energy:

: : : 4 4

- infrared safe: finds the same jets

even in the presence of soft radiation in the event:

e cone algorithms:

- combine particles in cones of fixed sizein AR — \/Anz + A2
- jet-reconstruction algorithm can be seeded from energy clusters

- overlapping jet cones can be split or merged
- not collinear safe, not infrared safe

 clustering algorithms:

- define distance of particles in angular and p_ space

- particles which are close to each other are combined to jets

- can be constructed in a collinearly and infrared safe fashion
Christian Giitschow, TU Dresden 64



k-type jet algorithms

- anew name for a known quantity: k = p_ 9
. . . . RN 2p 1.2p\ T
e distance measure between two particles i and j: dz’j — Illlll(kt?; ; ]ftj )ﬁ

: : : 2
» distance measure between objecti and beam: d;p = ktf :

AF = (i — y;)° + (i — ¢5)°

o iteratively combine all particles/objects for which d; gives the smallest value
- callita jet and remove from the list if d; is smaller than the smallest d,

 Ris a free parameter = cone size
* pis afree parameter and fixes the exponent of the transverse momentum:

- p= 0 (‘Cambridge/Aachen algorithm')
- p=+1 ('k algorithm’)
- p=-1 (‘anti-k_algorithm’)
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Jet algorithms

k,, R=1

p, [GeV] ~ Cam/Aachen, R=1 |

Christian Giitschow, TU Dresden

soft particles are merged to hard objects
before merged among themselves
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Event with anti-k jets

GATLAS

A EXPERIMENT

Z — p~pt 4+ 3 jets

Run Number 158466, Event Number 4174272 |,
Date: 2010-07-02 17:49:13 CEST "

Christian Giitschow, TU Dresden



Detection of b-quark jets: 'b tagging’

* lifetime 1 of B mesons 1.5-1.6 ps — c1 =500 ym, e.g. |B>=|bu>

* weak decay into D meson + leptons/hadrons 88%, e.qg. |D°>=|CU>

» detection of B decays and b-quark-jets by secondary vertex

« extrapolation of tracks to primary vertex and to secondary vertices

> A"l A ™ Run 152166

Event 817271
LLrAFERIMEN

Christian Giitschow, TU Dresden

b-tagged jet in 7 TeV collisions

jet .
p_l_=19 GeV (measured at electromagnetic scale)

4 b-tagging quality tracks in the jet

rR=1082 mm

TRT <

TRT
LR=554 mm [N
(R=514mm | Zg-i8

R =443 mm
SCT 4
R =371 mm

LR =299 mm

R =122.5 mm iy .
Pixe|s{2:gg:g = /"t—:;:f
R=0mm
Example: distance between primary and
seconday vertex is about 6 mm in the
plane transverse to the beam axis
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Monte Carlo for processes with jets

Two ways to introduce jet production in QCD calculation:

 matrix element at some
fixed order in a,
e.g. 2-jet at O(a ?
+ +
3-jet at O(a_’)

» there are methods to calculate n-gluon graphs, W/Z+ n-jet matrix
elements, ...

 limited to energy range where perturbative calculation makes sense
— soft gluon emission or collinear emission are treated by parton shower methods

— the two approaches are then combined (‘'matching’)
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Parton shower

Matrix element for gluon emissionq — q+ g (or g — g + g) is strongly
enhanced when particles are close to each other in phase space:

1 1 1
(Pq + pg)? i 2E,E,(1 —cosf) | — t

soft and collinear divergence

e z = momentum fraction of emitted parton

« matrix element can be factorised: splitting function

2 2 dt g /
| Mp 1 |"d®p i1 =~ [Mp["dD,— P(z)dzdgb

. 14 22 z

Py(2z) = CF (l+— ,,)} g
(14 (1 - 2)2 L .
Poq(z) = Cr “3 ) ] i * gluons radiate most
Po(z) = Tr[+(@1—27] e emission process can be iterated
b = 4l plz2 +~(1—~)} @< * non-branching probability can be
e (1-2) =z ' calculated (Sudakov factor)
Cp=2%04=3Tg=21 @,3;:
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Parton shower

« Radiation happens only for
angles smaller than the opening
angle of the colour-connected
partons

— angular ordering
— collimated jets

* emission stops at cut-off energy
e it is a free parameter (to be tuned)
* bound states can be formed

— hadronisation

Christian Giitschow, TU Dresden 71
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Overview: W/Z + n jets production
Nov 2012 CMS

r— =] : !
@) = : | =
fol E i W : ® 7 TeV CMS measurement (stat@'syst)f
y 105 | : " Z i I 8 TeV CMS measurement (stat@'syst)_=
o — 1 : 1 H H —
D.._. = ; ! — [ TeV Theory prediction =
— e e O—— =
| :2‘IJ 5 : — 8 TeV Theory prediction ]

- 4 1 i i 1
S 10T 21, : =
= = =2 o i - =
8 M . >D] : ! _
3L o : : o
@ 10 23 == Wy : =
— 1 ' - 1 [ 1 1 =]
2 = == 23 o Zy E E =
- >4 : e e : : D
5 102 i Ji TMJ-E ! :ww+wz§ wWw -
S - ? | T i =" WZ | =
= - - = | —o— ZZ |
S 10k EX > 30 GeV | E{>15GeV ; | L
- = ot : : —Q—-.'l =
e) = M| <24 ' AR(y,)>0.7 ! 3
o I : : L
al . : : D
1E . : 4 1 50f" 49 4 49" S
= i 36, 19 pb i 5.0fb i 358! 110 54 fb_wi 3

JHEP10(2011)132 CMS EWK-11-000 CMS-PAS-EWK-11-010 (WZ)
JHEPO1(2012)010 CMS-PAS-SMP-12-005 (WWT),
CMS-PAS-SMP-12-011 (W/Z 8 TeV) 007(ZZ7), 013(WW8), 014(ZZ8), 015(WV)
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Jet p. spectra in W + n jet channels

103 E T | T 171 | T T 1 | LI L | LI | LI | T
%‘ = W—lv + jets
O 10° |Ldt=36 pb”’ & Data 2010.\5=7 TeV
8 . ® ¥ ALPGEN
S 1058 g+, ot /\ SHERPA
a L Ty BLACKHAT-SHERPA
'8 1'0—1;E t 5 ,_m:‘?f\?fgr X1o+ ¢ »—!—|
s e T
107 W"".“as- - '_‘E—‘ E
= gl X102 . 5
E Wisy. — — oy =
10-4 = ’415‘13, X103 = ¥
1068 antik;jets, R=0.4 _%
pr>30 GeV, |y©|<4.4
m 10-? B I | I - | I - | 1 | ] | 1] | ] | 1 ] ] | | !_?
® 190 wW+21jet =
o r T ]
S et —
_C - Y . Fi —
- 0.5 =
-EE ettt —+ f f
CDU 1.5 W + 322 jets .
R vy mley
S et Tttt
0-5__ 1 | | | | | | B
50 100 150 200 250 300
First Jet P, [GeV]
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do/dp_ [pb/GeV]

dc/de [pb/GeV]

102; T T
& -1 W—lv + jets
10 Ldt=36 pb < Data 2010,\s=7 TeV —
& ¥ ALPGEN E
= W, /\ SHERPA N
1; —4- =3 et BLACKHAT-SHERPA J
I — ATLAS 1
107 E
Eoow oy o
i
L[ anti-k; jets, R=0.4 i -
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i ‘.’ i
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-3_I L1 1 ‘ | | .| | | | | O s
103 80
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» Categories of pp cross
section:

Soft QCLC

e minimum bias trigger accepts large fraction
of inelastic cross section

-

EL = elastic
SD = single diffractive

DD = double diffracti =
ouble aiMlaclVe Oyt — OEL T Osp+Opp+OND/HC

ND = non-diffractive

HC = hard scattering 4——-/ / l

component —V — =
=
R &

hard scattered parton
final state
radiation

uitiple parton interacion S NAErlying event

e multi-parton interaction

e beam-beam remnants

e initial/final state radiation

hard scattered parton

Christian Giitschow, TU Dresden 75



Underlying event measurement

- tagging of the hard scattering process, e.g. leading track with highest p..

« divide azimuthal plane into 'toward’, 'away’, 'transverse' region
(with respect to highest p_ track)

« transverse region particularly sensitive to underlying event activity

leading track

Transverse ) p, density vs. plrk‘, Vs =7 TeV
7\‘\\||\II|I\\‘\\\‘III‘\I\‘\\I|\II|I\\7

1.4 —

1.2

r F#E;-*%

0.8

(d®Y p, /dydg) [GeV]

0-6 —e— ATLAS data

Tune A1 (LO)
— —— Tune AU1 (LO*)
----- Tune 4C

transverse transverse

60° < |[A¢| < 120° 60° < |Ag| < 120° 0.4

0.2

o
1.4

1.2

MC/data

0.8

‘HI‘H\ HI|\H|I

0.6

‘ L1 1 | L1 1 | - ‘ [ L 11 ‘ L1 | ‘ L1 1 | L1 1 | 1|
2 4 6 8 10 12 14 16 18
p.1 (leading track) [GeV]

v L

o}

e use data to tune Monte Carlo predictions

» important ingredient for other measurements (recall: jet rapidity gaps,...

Christian Giitschow, TU Dresden
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Jet substructure

« particles from underlying event and pileup are overlaid to hadronic jets

« How to remove these particles from interesting physics, e.g. heavy
particle decays like H—bb?

« Example: trimming
- create jet substructures with resolution parameter R_

- remove substructures with relative p.. cut

- remaining subjets are the trimmed jets

Initial jet O p}/p?ft < feut

» other methods: pruning, filtering, mass drop, ...

Christian Giitschow, TU Dresden
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Jet grooming/trimming/pruning

0.14CMS. L =5 fo'at Vs =7 TeV, AK7 Dijets 130348112
. - e F o I I I O R B

» Filtered PYTHIAG, Z2 GEN
—®— Trimmed data RECO
-------- Trimmed PYTHIAG, Z2 RECO

n Trimmed PYTHIAG, Z2 GEN
—4&—— Pruned data RECO
-------- Pruned PYTHIA6, Z2 RECO

» Pruned PYTHIAG, Z2 GEN

Differential probability
8

I - o e e i A A O O O

0 802 03 0a TE T 07 08 09

Groom
Mgt / M

|
N[ el
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Jet grooming/trimming/pruning

g CMS,L=5 fo'at Vs =7 TeV, Trimmed AK7 Dijets
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Summary of QCD at LHC

« QCD is involved in all process at the LHC

- protons and their partons are strongly interacting particles

e understanding hard and soft QCD effects is important for precise
measurements (M, ) or searches for rare processes

 remember the basic picture:

| High-Q” Scattering T o % 2. Parton Shower
o o o L0

T
s
.
v
® o
® {
' o,
fle/

Christian Giitschow, TU Dresden 3. Hadronization § VR4 4. Underlying Evgnt_ | 80
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