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OUTLINE

Why the LHC — why QCD at the LHC?
= History and basics of QCD
Soft QCD and minimum bias physics
= The “Underlying event” (UE)
Intermezzo: Parton distribution functions

Hard QCD: Jet physics at the LHC (and elsewhere)

= Inclusive jet spectra

Dijets and trijets, multijets

Jet calibration

Extractions of the strong coupling constant

Jets and searches for new physics

Not covered: Flavour physics, identified particles, details on jet algos,
forward and diffractive physics, photons, trimming, pruning ...
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WHY A NEW MACHINE?

IIVIZ

Iz

Ggad

We have not yet found the ! Rep
A

= Without a Higgs, the SM diverges at 1 TeV! A(LEP)
The or beautiful! ABLD)
sin“o (QFB)

= Too many free parameters! As
Explanation in fundamental theory? Ay

A.

No gauge-coupling ! A,
= The three SM couplings do not unify at highest energies! 2;
No ! A (NF)
I"IW

= Galaxy rotation curves, structure formation, etc.! Iy
More ! e
mb

m

= Gravity? Gauge structure? Why 3 generations? Connection
between leptons and quarks? Hierarchy / fine-tuning
problem? Baryon asymmetry? ...
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WHY A LARGE HADRON COLLIDER?

2
E =mc
= We know that new particles are heavy » A
> need to produce them! s 10
)\, ~h / p a0 Praton-Proton _. |
= Because of uncertainty principle, smaller 103k 7 b
substructures require : : 5y Sl A
L -—
But: synchrotron radiation! - / i
ez E 4 10 2: §/SCCUER
= Energy lost per orbit: =— ; m/ {RisTAN
3, m'R - s
’ Protonen e’ L
= large radius to minimise losses! . Af';' i’ % | FElekironen
. . . . y BS 4 ®/Spear 11
Discoveries with hadron machines! W yea
= Then precision physics at lepton colliders. 1 e ,}CIQ(“ID?NIEI R
1950 1960 1970 1980 1990 2000 2010 2020
= By the way: bosons discovered in Europe! Jahe

Colliders: higher energy for same E, !
\/; = 2Ebeam VS \/E = \/szbeam
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WH I QCD? % LHC s=14TeV L=10*cm™s rate

barn
o inelastic Qblz
mb bb
Highest rates: inelastic pp MHz
collisions (mostly “soft QCD”)!
= Protons “barely scraping each other”.
= No hard jets, no hard scale. .
= Difficult to describe (perturbation
theory not applicable)
Hz

inati SUSY §4+G3+89
Dominating hard processes: tanp=2, y=m-=m_/2

= = t
= (Di)jet production (with or without pb m
flavour) B o

h—yy mHz

= Perturbatively accessible.

LHC is first of all a QCD machine

Hg,—22°—4p
HHz

“ : ” » ZSM_)37 scalar LQ Z —2l
= “Bread-and-butter physics”? !
50 100 200 500 1000 2000 5000
= Need to understand backgrounds! jet E; or particle mass (GeV)
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THE PATH TO QCD - HISTORY (1)

Early classifications of "hadrons’ (" particle zoo’)

= Based on charge, spin, isospin (Heisenberg et al.: SU(2)-based theories, grouping for
example proton and neutron together ...)

= “Invention’ of "quarks’ as building blocks of hadrons by Gell-Man, Zweig: up, down
(strange), ...

Parallel: scattering experiments on nuclear/proton substructure:
= Evidence for proton substructure: Partons (Bjorken / Feynman).

Invention of the "Quark-Parton Model’

Proton consists of pointlike partons/quarks which carry fractional electric charge and a
fraction x of the proton’s momentum!

Problems!!!!

= The A**: spin-3/2 particle built from 3 identical up quarks with parallel spins????
= Scaling violations in deep-inelastic scattering experiments!!!
= How do electrically charged particles hold together in the proton????

= Where is the rest of the proton momentum — if not in the quarks????
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THE PATH TO QCD - HISTORY (2)

Solution: QCD

A gauge theory along the lines of what was established for electro-weak interactions!

Introduction of a new degree of freedom: colour!
Experimental evidence: Discovery of gluons (here at PETRA / DESY!)
e*e- =2 qqg events at the PETRA collider 1979!

’3_1_}}.0.5 2.6

- : 3-jet events prouced

“... at a rate consistent
with gluon radiation and

a value of the strong
coupling of about 0.15 ...”
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BASICS OF QCD

Quantum Chromodynamics (QCD) — the theory of strong interactions

= Non-abelian gauge field theory based on an SU(3). symmetry.
= QCD describes interactions between coloured particles: quarks and gluons.

= Developed in the 1970es by Fritzsch, Gell-Mann, Leutwyler, Gross, Weinberg, etc.

Gluons are colour-charged
— different (non-abelian)
behaviour than QED!

Interactions in QCD

@ N %y 00 B
< antiquark (q) 0600 ¢ 009 6@0
T ehvon @ S Sl

We have three colour charges (‘red’, "blue’, "green’) and coloured
gauge bosons

= This leads to 8(+1) gauge bosons (gluons) — in contrast to QED (1 neutral photon)

= ... and also to other remarkable features (next slides).
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SALIENT FEATURES OF QCD (1)

Asymptotic Freedom (NP2004 — Gross, Wilzcek, Politzer)

= Relevant parameter: Coupling strength

between coloured particles: a.!
0.5

MZ July 2009
a,(0) 2 M:) O N

= ) ) s a Deep Inelastic Scattering
l+a (MZ) b- ln(Q /MZ) o oe e'e” Annihilation
§ Soft QCD 0® Heavy Quarkonia
= At large energies / small distances, quarks confinement
are ‘free’ inside the proton / hadron. ‘

03} .
Confinement: Perturbative
hard QCD
= At large distances / small energies, the 02} asympt. freedom
coupling increases and diverges.
= There are no free quarks! oxl
= Solution of confinement is one of the ==QCD 05(My) =0.1184+0.0007
Mlllgnlum Prize problems (Clay Mathematics 1 10 Q [GeV] 100
Institute).
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SALIENT FEATURES OF QCD (1)

Asymptotic Freedom (NP2004 — Gross, Wilzcek, Politzer)

= Relevant parameter: Coupling strength

b4

between coloured particles: a! 0.40 832,3 : : : Q[GeV] :
aS(Q) _ as(MZ) - - o (Q) I -
l+a (M., ) b In M ~.
(M) (Q / Z) Perturbative -
= At large energies / small distances, quarks hard QCD ‘ Soft QCD
are ‘free’ inside the proton / hadron. asympt. freedom confinement
Confinement: .
= At large distances / small energies, the /
coupling increases and diverges. %/
= There are no free quarks! 010 | ;j’"
= Solution of confinement is one of the / —— QCD O(c5)) Agts =219 MeV
Millenium Prize problems (Clay Mathematics |/~ moflavour threshold matching |
Institute). /
0_00l::::}:::::::::}::::}:::::_
0 1 2 3 4 5

1/1og(Q/GeV)
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SALIENT FEATURES OF QCD (2)

How to tackle QCD? o (0) - o (M,)
= Perturbative QCD: At high energies, the coupling is

small and cross sections can be evaluated as power = 32 23T T Qe -
series in dg: L
00 OLS(Q)
o0=C,+0,C +a; C,..= Eag -C,
=0 030 +

The coefficients can typically be evaluated to some
(small) order: LO, NLO, NNLO

In addition methods to sum up other large 020 |
contributing terms (large logs).

: : : e Perturbative
= Lattice QCD: can give particle spectra, indications for X
the value of the coupling, ... 010 |
- /
/
. . / 4 (5 ) T
= Effective theories [ QDO Ass= 219 MeV
'[ —-—-- 1o flavour threshold matching
= 1/N expansions /
000

1/1og(Q/GeV)
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SALIENT FEATURES OF QCD (2)

Hadron spectroscopy in lattice QCD

2000 -
| 0
| ==

1500 | ey

> LT A

= 1000- | =N

= - 5P

500_‘ K —— experiment
- — width
¢ QCD
—e— TT
0
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OVERVIEW: A QCD EVENT

REMNANTS
— CoLoup
Figp SORT UNORRIY N
DT PARTICLES
\i %?\Q(‘ e
B e W% D sueppas
\\ o/l/ \ ‘JC @ T 3
- SOLT UNDRLYING
@»Q AlarT PRETICLES
RENNANTS
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OVERVIEW: A QCD EVENT




SOFT vs. HARD QCD IN THE EXPERIMENT

\

\
WATLAS

-lEXPERIMENT

un Number: 162620, Ev
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SOFT vs. HARD QCD
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SOFT QCD

Collision Event at
[ TeV

CATLAS
A EXPERIMENT

2010-03-30, 12:58 CEST
Run 152166, Event 316199

http://atlas.web.cern.ch/Atlas/public/EVTDISPLAY/events.html
TSS: QCD @ LHC Introduction to Terascale Physics 2011




34, 2.1 rate

“MINIMUM BIAS” PHYSICS = =™ =™

«——a inelastic

GHz

In most pp collision events:

mb S

= No hard scale and little activity in the event. Trigger MHz
only on small number of tracks or “forward” activity.

= Remember the cross sections: Only very few of these

events will have “hard” signatures (jets, heavy particles) -

= Resulting data sample: Large admixture of diffractive
events with no or little colour flow (“rapidity gaps”)

- modelling? gg-Hy sug:lf.g»fﬁg;igmqn
° . . 5 ot tanfp=2, u=me=my
Non-Diffractive Double-Diffractiv Single-Diffractive m
sm T/

(~34 mb) (~6 mb) (~12 mb) h—y
HSM—)ZZO—My

Hz
® Zy,~% scalarLq\ Z,~2\"

—'\\é é é 50 100 200 500 1000 2000 5000

jet E; or particle mass (GeV)

Hz

mHz

Experimentally difficult to define: E.g. ATLAS and CMS have different
definitions (including / excluding parts of the diffractive components)
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MINIMUM BIAS, PARTICLE PRODUCTION

In the processes of parton showering and fragmentation of the final-
state quarks, numerous stable particles (pions, protons, ...) are
produced.

= Measure the number of charged particles as functions of transverse momentum p+
and pseudorapidity n and test models.

= Measure energy dependence of average transverse momentum and average
charged particle multiplicity.

= Measure individual particles, for example K, A, J/¥, and ratios of these.
= Universality of showering / fragmentation process?

Note that it is especially interesting to measure the same distributions at
different centre-of-mass energies and at different machines in order to

= Be able to compare / verify different measurements and

= To learn about the behaviour of distributions and average values with energy.

= To adjust (“tune”) the models we have.

= Compare experimental results from ISR, SppS, HERA, LEP, LHC, RHIC, Tevatron

TSS: QCD @ LHC Introduction to Terascale Physics 2011 page 19



MINIMUM BIAS, PARTICLE PRODUCTION

Measurement of p;, pseudorapidity,

number of particles / tracks

= Treatment of diffractive component

in the experiments?

= Measurement down to 100 MeV possible!

Measurement difficult!

= Uncertainties: Tracking/trigger efficiency,

modelling, unfolding (few %)

= Models have problems!

= “Tuning” of MC models — systematic

adaption of model parameters?

TSS: QCD @ LHC

c\ll_| _I TTT | TTTT | TTT1T I TTT 11T | LU I TT 1T I TTTT | TTT1T I TTT I_
'% - p,>100 MeV, | | <2.5,ny, > 2 ]
o 14 \s=7TeV ]
%“ 1ol ATLAS Preliminary ]
5 ]
= L i
Y 10 - == Data 2010 —
5 - — PYTHIA ATLAS AMBT1.
T gl --- PYTHIA ATLAS MC09 1
RN — - PYTHIA DW i
Y - PYTHIA 8 )
B N\ e PHOJET —
Zcu B W |
= 4 -
21 —

== Data Uncertainties

UL T

=== MC / Data
ke -
IS
o
0-5%..I....I....I...‘I....l....l....l..,.l...‘__l
0.1 0.2 0.3 04 05 0.6 0.7 0.8 09 1
p_ [GeV]
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MINIMUM BIAS, PARTICLE PRODUCTION

Measurement of p;, pseudorapidity,
number of particles / tracks

= Treatment of diffractive component
in the experiments?

= Measurement down to 100 MeV possible!

Measurement difficult!

= Uncertainties: Tracking/trigger efficiency,
modelling, unfolding (few %)

= Models have problems!

= “Tuning” of MC models — systematic
adaption of model parameters?

/dn

ch

1/N,, - dN

1.4

1.2
1E
0.8f

0.6

p,>100 MeV, |n|<2.5,n.,>2
\s=7TeV

ATLAS Preliminary

== Data 2010
— PYTHIA ATLAS AMBT1
== PYTHIA ATLAS MC09
—* PYTHIA DW
== PYTHIA 8

PHOJET

== Data Uncertainties
=== MC / Data

25 -2-15-1-05 0 05 1 15 2 25
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MINIMUM BIAS, PARTICLE PRODUCTION

Phys. Rev. Lett. : 105 (2010)

86— e * a o ° a * o
7 TeV LA
* ° Qg 4.“& e
2.36 TeV RV
'g 4 b, :
\5 | g™ .0‘6‘.34*&'4&0’3. Wy Cgo
pd 0.9 TeV
O
2,,
) L CMS NSD
4 ALICE NSD
_) o UAS NSD
- 0 ST ST T T SR S S
-2 0 2
n

TSS: QCD @ LHC
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1
0.8
0.6
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MINIMUM BIAS, PARTICLE PRODUCTION

Averaged charged particle multiplicity:

1/N,, -dN_ / dn

= Models underestimate increase with centre-of-mass energy.

= Possible to find phenomenological parametrisations that describe all data points.

lllllll

IIIIIIIIIIIIIIIIII

T T IIIIII| T

| ——PYTHIAATLAS AMBT1

----- PYTHIA ATLAS MC09
----- PYTHIA ATLAS MCO09c
=== PYTHIA Perugia0
=—-PYTHIA DW

----- PYTHIA 8
L2

“““““ PHOJET
AData

A

T TTT | ]
=V <24
b 30 " NA22
e * UA1
' ] <= UAS
- -~

20

15

\
.
N
N\
\" \
N
IR

53
sC3
-
-

10

T SRR B

lllllllllllllllllllllllllllll]llll

T 1 lllllll T

CMS Preliminary

LB

lllllllllllllllllllll

5 ~-==-=- Likhoded et al.

—————— Levin et al. i

i ATLAS Preliminary ] 1.257 + 0.752 In(e) + 0.035 In*(a)

C | | | I 1 1 11 l | 1 | 11 1 11 l ] N

3 4 O 1 1 L Ll l 1 1 L L1l l 1 1 L L1l

10 10 102 10°
\'s [GeV —

[GeV] \s [GeV]
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PARTICLE PRODUCTION

... energy dependence of charged hadron multiplicity:

Elektron
sﬁ
Positron 20
>
10
Elektron Elektron
Quark uark

TSS: QCD @ LHC

ZEUS

30 [

ZEUS (39 pb™)
e Current Region Breit Frame (x2)(2E7)
m Current Region HCM (x2)(W)

ARIADNE C.R. Breit (x2)(2E)
ARIADNE C.R. HCM (x2)(W)
HERWIG C.R. Breit (x2)(2E")
HERWIG C.R. HCM (x2)(W)

o e*e (x1)(s'?

| 1 1 1 I T |

l 1 00
Energy scale (GeV)

Fragmentation is ~ universal!

Introduction to Terascale Physics 2011




FEW SLIDES: THE UNDERLYING EVENT

“Everything except the hardest 2->2 interaction in the event”

&

@,

'®)

'®,

'®)
N

TSS: QCD @ LHC

h

‘-

Pile-up — several pp collisions

Multi-parton interactions.

Beam remnants, other soft stuff

Potential impact on all analyses!

Study using, for example, energy

flow in different regions.

leading track

=

. toward .
Tsol o agk60° LT

transverse “~_ -* transverse
60</A9|<120° .7 ” "~ 60</A9|<120°

away
A¢[>120°

Introduction to Terascale Physics 2011
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FEW SLIDES: THE UNDERLYING EVENT

“Everything except the hardest 2->2 interaction in the event”

A 08 T LI B B R B B B B B
R ATLAS
£ F \'s = 900 GeV
T 06
Z -
© 05F
Vv -
04— =t =] Y
03  spaiaimmmmmmmmmmi= e T EEENG -
020" s pota 2009 - - - PYTHIADW =
0.1 —— PYTHIA ATLAS MC09 ---+ PYTHIA Perugia0 -
= - = HERWIG+JIMMY ATLASMC09 ==+ PHOJET D
Co oo oy o by o by s by by by by by gy
g ' I
iy - 3
Q I
g R

= Behaviour with CMS energy?
= Modelling?

Pile-up — several pp collisions

Multi-parton interactions.

leading track

=T

toward L’

AGl<60° .7

- transverse
TSL _60</A9|<120°

away .,
A¢|>120°

~

TSS: QCD @ LHC Introduction to Terascale Physics 2011

Beam remnants, other soft stuff
Potential impact on all analyses!

Study using, for example, energy
flow in different regions.
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INTERMEZZO: PDFs (and factorisation)

> Factorisation of cross section > Hard scales, small ag: expand “hard
into soft and hard (or long- and scattering” into powers of as.
short range contributions) 05

July 2009

o.(Q)

s a Deep Inelastic Scattering

04 | oe e'¢ Annihilation
o® Heavy Quarkonia

=QCD 0os(Mz) =0.1184 +0.0007

10 Q [GeV] 100

= Functions f,;: parton distribution

functions; need to be obtained
from experiment!




INTERMEZZO: PDFs (and factorisation)

Factorisation of cross section Plug in any hard matrix element you

into soft and hard (or long- and are interested in!
short range contributions)

(2)
e\
(b)
\ N —=— —= .
A4 ‘ (¥ y
N, f |3
/% <y ¥
(c)
" y NUTINITY x...,sz«su;z,\y PIY
% 9 ¢ o 9 % o
16:?\‘\91}\%@ E :fp)eﬂq qugx{}'o,_
® < AL oY S X
Functions f, : parton distribution
. ifp* . Shown: ME for 2->2 QCD events
functions; need to be obtained ' '
from experiment!
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INTERMEZZO: PDFs

Remember factorisation: ofs) = Y, ff dudx,f;,(5.0°)f;,,(%::0°);(%.%:.0°)

= Functions f,;, describe structure of the proton — probability to find parton of type i
(quark, antiquark, gluon) with momentum fraction x, if looking with resolution Q2.

= Problem: Parton distributions not calculable from first principles — need precision data
to derive them - HERA electron-proton collider!

Quarkjet
[ -
-
Quarkjet Il -
v, - Emm
.. . . .
<« iy = |
- ‘~T':-_1"~-._ - . -
Elekt —
ektron — | |
R —
= "--_
510 | | ISy
Protonrest 1 1
Protonrest

— Elektron
i

Elektron
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INTERMEZZO: PDFs

Proton parton distribution functions — the structure of the proton

Remember factorisation:  ols) = E, f f dxldxzf,-,p(xl,Qz)f j/p(xz,Qz)@j(xl,xz,Qz)

= Functions f;,, f;,, describe structure of the proton — probability to find parton of type |
(quark, antiquark, gluon) with momentum fraction x, if looking with resolution Q2.

= Problem: Parton distributions not calculable from first principles — need precision data
to derive them - HERA electron-proton collider!

= Electron / photon acts as magnifying glass for proton structure; resolution ~1/Q !!!

Elektron
™ . % E
D S e Proton
/
With varying resolution
Photon virtuality Q2 A~1/Q see more and more

W of the proton substructure
= f,, depend on Q2!

TSS: QCD @ LHC Introduction to Terascale Physics 2011 page 30



INCREASING RESOLUTION A= )




HERA INPUT

Low x: With increasing Q2
(resolution), more radiated
gluons and quark pairs
from g2 qq are seen!

|| T,

High x: With increasing Q2?,
less and less un-radiated
partons are left here!

or(x.QZ) x 2!

10°

10°

10

10

'
"~

10

-3
10

* =0.000032, =22
x= 000005, i=21
* = 0.00008, i=20
x=000013,i=19
x= 000020, i=18 {
x =0.00032, i=17
x =0.0005, =16

W x= 00008, i=L5
‘:ﬁ:’:“ x=0.0013, i=14

® HERA Le'p (prel)
' Fixed Target
HERA I PDF (prel.)

x=00020,i=13
x=00032, i=12
° x =0.005, i=11
W x= 0008, i=10
M x=0013, =9
x=002, =8
x=0032,i=7
o x=005i=6

x=0.08,i=5

x=013 i=4
st - x=018, =3

Ty x=025i=2
N
. \

o

TEIERESmE00 . 0 4
SRR s o N

x=040, i=1

10 10° 10° 10 10°

QY GeV’

April 2008

HERA Strocture Functions Working Group



FROM STRUCTURE FUNCTIONS TO PDFs
By means of “DGLAP evolution” H&Q) a0

inQ*>  2x
Connection F, to f,.:
I/p* dz x 2 2
f—— P, ( VFy(2,0°) +22P,,(D)g(z.0%) Y. O
F2 = FZ('X’Qz) = Eeizx i/p(x9Q2) * < 2 i
i | Hland ZEUS Combined PDF Fit
ot T T T T T ! g
: : oo =10 GeV: |}
Done by several groups, with slightly Q ’ Iz
. ! 1<
different concepts: osl —— HERA-I PDF (prel,) |
I B exp. uncert.
" HERA'PDF, CTEQ, MSTW, I . model uncert.

Xu

AB(K)M, JR, NNPDF

0.6

Strong rise of gluon density one of
the important results of HERAI!!

%47 g (x 0.05)

PDFs available via different libraries:

- PDFLIB 02
xS (x 0.05)
« LHAPDF |

= Interfaced to experiment-specific softwar To e

HERA Structure Functions Working Group
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PDFs AT THE LHC

o~

T Illlllll T T T 11717 LA T ll||lll| T lllllllI T T g

> Currently LHC experiments Ems; 1 Atlas ang cus
use the eX|St|ng PDFS 08 ? [] Atlas and CMS rapidity plateau
based on HERA and other 107 = D0 Central+ivd. Jets
data 3 CDF/D0 Central Jets
' 100L =2
> Soon: crucial tests of PDFs B -
- 11 ”» 10 =
using “candle” processes Q
like W/Z production: 04 mo
Sl
> Input data from LHC! 10°L
..,(qq) lumlnoclty at LHC (\o =7 TeV) : g '
3 "7 ‘ 10°F : . .';’}1’3‘::’ :
O 115 M=10Cel
8 0 QMR
P pert. QCD L AN :
g ‘ . L non-pert. " mﬂﬂ RS -
8 s 4 H|||||HHHIIHUHHIHHHHHHWHHWU"“' JLAB
E 10 E it
o'g. E 1 Illlii;l 1 lIIIlIII 1 Illlllll 1 IIIIlIII 1 IIIIIIII 1 IIIIIIII 1 IlIlIIi
S oss 07 ¢ 107 1wt o107 1wt ot
2 o8 Parton x X
& 10




PDFs AT THE LHC

. | AU L L L L L
> Currently LHC experiments 3108;_ 1 Atlas ang cus
use the eX|St|ng PDFS b;c; ? [] Atlas and CMS rapidity plateau
based on HERA and other 107 B DO Centralifva. Jets
- CDF/D0 Central Jets
data. Y
> Soon: crucial tests of PDFs 5 g ::ZS
. “ ” 10 F
using “candle” processes Q s
like W/Z production: 104l mm mees e
= CTEQ6.6 3 ? [ sLac HCB ‘,"
o ABKMOS 10 — 1 7
1.15 GJROS g
1.15' _ t hurptao 102? M-10éev
. [ | b
g I W' I' i } l. | pert. QCD .|||||||||H|H”
E 1;; [ [ l' [ ‘ ‘ 1 n non_pert. I””ll"”””””““I I
e Hitiyl! SRRl [
§°.95: . PO I % ] " ‘ LR L | 10 1 ||||||]||“HHH””””M”H
...J' I T ! E 1 llllii;| 1 lIIIlIII 1 Illlllll 1 III[lIII ‘l IIlIIIII ’)I IIIIIIII 1 IlIlIIi
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HARD QCD AND JETS

> ... there’s more to events in hadron-hadron collisions!
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JETS IN HADRON COLLISIONS

Remember factorisation:

» Factorization
0= Ezjf;/p ®O’lj <>bf‘j/p

Simplest 2->2 process
with incoming partons:

" qgq->qq, q9—>49g,
gg—->99, 9g9->qq

Final-state quarks and gluons cannot exist freely - parton shower and
hadronisation = bunches of hadrons = “hadronic jets”.

= Simplest QCD signature: (balanced) pair of jets.

= Need “jet algorithm” to reconstruct jet (four-momentum) from hadrons / energy
deposits in the detector.

= Then measure jet properties like transverse energy and momentum, (pseudo)
rapidity, multiplicity, substructure, mass, dijet mass, angular correlations, ...

= Compare to QCD theory!
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JETS IN HADRON COLLISIONS

Remember factorisation:

o= Ezjf;/p ®6’l] <>bf‘j/p

Simplest 2->2 process
with incoming partons:

" qgq->qq, q9—>49g,
gg->99, 9g9->qq

All 2->2 processes.

= All in current calculations,
plus virtual+real corrections
(everything up to “next-to-
leading” order (NLO).

TSS: QCD @ LHC
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JET PHYSICS

. at different experiments:

(%%A'”_AS Jet Event at 2.36 TeV Collision Energy

2009-12-14, 04:30 CET, Run 142308, Event 482137

EX P E R I M E N T http://atlas.web.cern.ch/Atlas/public/EVTDISPLAY/events.html

TSS: QCD @ LHC Introduction to Terascale Physics 2011




JET PHYSICS

... at different experiments:
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JETS IN HADRON COLLISIONS

pr balance of dijets in various experiments.

Y 78
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JET PHYSICS: BASICS

Jets: two-fold purpose in high-energy physics

= Tool for studying (hard QCD) interactions

= Object of study in itself: Fragmentation etc.

Jets — although clearly visible to the naked, untrained eye — are neither
a simple nor a well-defined concept!

= A jet algorithm is a mathematical prescription for clustering the objects of the final
state (if possible both in the experiment and for theoretical predictions and models).

= Different classes of algorithms, different fields of applications (hadron colliders, lepton
colliders, HERA, ...), different physics questions = jet physics is a science in itself!

= Jet algorithms shall fulfill a number of requirements (without completeness):
theoretically safe, easy to handle, small hadronisation corrections, unbiased, ...

Currently two classes of algorithms used: cluster algorithms and cone-
based algorithms

= Historically, the Tevatron experiments tended to cone-based algorithms, e+e- and
HERA to clustering algorithms;

= At LHC, both collaborations study a multitude of different algorithms.
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JET PHYSICS: RESULTS FROM LEP

In ee—>qq(q,q) or in yy collisions:
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JET PHYSICS: RESULTS FROM HERA (1)

In photoproduction, in deep-inelastic scattering, in diffraction
ZEUS ZEUS
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JET PHYSICS: RESULTS FROM HERA (1)

In photoproduction, in deep-inelastic scattering, in diffraction

ZEUS
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JET PHYSICS: RESULTS FROM HERA (2)

Comparison of 1,2,3 jet production!

= Clearly visible: Effect of ag for each additional radiation (plus phase space)
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JET PHYSICS: RESULTS FROM HERA (2)

Comparison of 1,2,3 jet production!

= Clearly visible: Effect of ag for each additional radiation (plus phase space)
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JET PHYSICS: RESULTS FROM HERA (2)

Comparison of 1,2,3 jet production!

= Clearly visible: Effect of ag for each additional radiation (plus phase space)

T 1 T T T T 7T T T T L] T Yll[
+1Jet «2 Jets = 3 Jets 0 PM'
-1 \\

-
u‘\‘
s“.‘
-~

(=

-
-———
-
S
-
-~
-
-

-
-
..
-
-~
-
-

[t
o

I '
a,, LO

[
o

do/dQ? (pb/GeV?)
=

.+ Hl-Daten 1999-2000
10 — ] — a;,'NLO'

l

=o

i

Daten/NLO
o

(=

o
n

o a;,'NNLO'
Q" (GeV")

TSS: QCD @ LHC Introduction to Terascale Physics 2011 page 48



JET PHYSICS: RESULTS TEVATRON

Measuring jets up to energies of 600 GeV!!!!

§ 1052 DJ Run Il preliminary
@
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S 105 \s=196Tev
o -
T {L L~08fb"
- Reone = 0.7
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Nice description by NLO QCD calculations! In contrast to HERA, rather
experimentally limited (jet energy scale uncertainty).
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JET PHYSICS AT THE LHC

Tests of hard QCD, and discovery potential (e.g.dijet resonances, later)

SUATLAS 2-Jet Collision Event at 7 TeV
V? ) EXPERIMENT

2010-03-30, 13:16 CEST
Run 152166, Event 399473

T
““'ﬂ )

Ve

http://atlas.web.cern.ch/Atlas/public/EVTDISPLAY/events.html

TSS: QCD @ LHC Introduction to Terascale Physics 2011
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JET PHYSICS AT THE LHC

Tests of hard QCD, and discovery potential (e.g.dijet resonances, later)

1A EXPERIMENT =

Run Number: 152409, Event Number: 8186656
Date: 2010-04-05 12:28:45 CEST

L]
- - .
*
. . -
.
L4 B
. RN 2 e .
eI SR A
. LR 54N o " s
- AN AN ‘
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. ey 4
: 3
-

=~
6 Jet Event in 7 TeV Collisions
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JETS IN HADRON COLLISIONS

Inclusive jet cross section, CMS

N CMS preliminary, 60 nb1 \s =7 TeV
[ [ [ [ 11 || [ [ [ 1T 1 ||
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JET PHYSICS

Inclusive jets measured by CMS compared to NLO calculations
corrected for non-perturbative effects.

systematics of PF jets) )
CMS prellmlnaly 60 nb . \jg 7 TeV CMS prellmirSarz, 60 nb'! \Jg - 7lTev)
] ) LI | ll ] ) ] LI B B )

11 18

¢ 05<iyi<1.0 (:256) - . JPT it
5 10° «  1.0<]y]<1.5 (x64) e ]
e p e 1.5<]y]<2.0 (<16) AFN E
. 2.0<ly|<2.5 (<4) ;
gh‘o, 2.5<]y1<3.0 (1) ﬂ \ — E
B 10° 4 .4 f ] E
o sz/\ -
10jr — NLO pQCD+NF 4 Theory uncertainty D
[CJ Exp. uncertainty & - [] Exp. uncertainty -
107 Anti-k; R=0.5 PF ‘ |  — ansatz :
L1111 [ L1 11l 1 PR T T B I

20 3 1m 200 1000 ) 020 30 100 200 1000
p. (GeV) p_ (GeV)

= Few % difference in JES between algos — 10% on the xsec

Good description by QCD calculations. Uncertainties depend a lot on
eta and p;, room for improvement!
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JET PHYSICS

Inclusive jets measured by ATLAS compared to NLO calculations
corrected for non-perturbative effects.
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Good description by QCD calculations.

TSS: QCD @ LHC
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INCLUSIVE JETS - WORLD DATA

Overview of jet production
data from various colliders
and experiments.

Excellent agreement of
data with NLO QCD
calculations

QCD as a “precision
theory™!!!

Important input to the
understanding of back-
grounds to searches.

TSS: QCD @ LHC

102 inclusive jet production
" in hadron-induced processes
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DI/TRIJETS/MULTIJETS —

T

o = . -1 Jet -2 Jets + 3 Jets
Remember factorisation: Each S k\ ==NLO Q€D
iy . [=9 .— . —
additional jet suppressed by as. B’
More jets / final-state particles o
- more complex QCD dynamics! * | Hi-Daten 19992000
L e maas |

l

Many interesting studies:

=o

. o :: I L}
= Measurements of strong coupling — =
in ratios often uncertainties cancel % o
(later)! g 15
1
0.5 | — Ll
10° , 10°
Q (GeV)
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DI/TRIJETS/MULTIJETS fetecior ioves

- £ FE ppovs=7Tev .
Remember factorisation: Each © %" [ o p™ 200 GeV (x107) e
additional jet suppressed by ag. iz 10°F & 120=p7®<200GeV (x109) 4~
- o 90< <120 GeV (x10) ¥ N
More jets / final-state particles oL ® 70< p™ < 90 GeV N 27
- more complex QCD dynamics! E L= 720b" L
, : . - lyl< 1.4 4 o
Many interesting studies: | e 2
1 ;
g o
= Angular correlations — e.g. A, angle - ++ e .
between two hardest jets. 101 = o
- e o
C e e
| & CMS Preliminary
- '&4—"’ Herwig++ (GEN-SMR)
_ __¢;—¢L'¢' - Pythia 6 (GEN-SMR)
=__¢" -— MadGraph (GEN-SMR)

N B R
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JET RECO AND JET ALGOS (SHOOOORT)

Calorimeter Jets Jet-Plus-Track Jets (JPT) :
Jets clustered from Subtract average calorimeter
ECAL and HCAL response from CaloJet and
deposits (Calo Towers) replace it with the track
Accordingly: measurement

Calo MET ‘ Accordingly: ‘

\
\

Particle Flow Jets (PF) " _

: Reconstructed from tracks of

R ; « charged particles, independent

" from calorimetric jet measurements

Cluster Particle Flow objects: ...m.

Unique list of calibrated e
particles “ala Generator Level” = -
ccordingly: '

»)

F. Beaudette
01/22.7 17:15




CMS JET SCALE CALIBRATION

LR

2 CMS Simulation i

Two Strategies: - ]

MC-truth JEC and In-situ JEC : 8i — Calodots ]
* Majority of CMS physics analyses ‘ JPTJets ;
currently use MC-truth JEC 1.6 anti-k; R=0.5

Absolute Correction

* MC corrections are derived from

Jet Energy Correction Factor

PYTHIA QCD dijet MC events ' S 1
* In-situ JEC sub-corrections will replace 4o  IME-10-003 \\\7 1
MC-truth corrections when available o s
= 1
10 2030 éerlrec;?eod ngto P (IG‘elV)I
Factorized approach: ¥
Requwed Corrections Optional Corrections
Reconstructed Calibrated
Parton
e ’. Q‘ _ravor | e | paron]| el |
[ Relative: Correct to Absolute Correct h
make calorimeter absolut energy scale
response uniformin n In-situ method:
In-situ method: Photon+jet pr balance
L Dijet pr balance ) \MPF method y
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JETS AND THE STRONG COUPLING

One example: HERA jet data ....

da(aS(MZ))‘ )
o ‘ =Cog(M,)+ Cyas(M,)
NLO
do | parametrisation
= 100 —
= $ H1 Data 4
— u}
5 . NLO @ hadr @ 2 NLO QCD
o B measured
= 10k value
u F
T [ L
"5 -
©
U3
- .
10" & 150 < Q% < 15000 GeV* ' -
= extracted
12-'1””l ] l value GS(MZ)
I SR —
08
| | | |

TSS: QCD @ LHC
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THE STRONG COUPLING: SUMMARY

ZEUS jets

PLB 649 (2007) 12

OPAL four-jet rate

EJC 47 (2006) 295

CDF jets

PRL 88 (2002) 042001

HERA average 2007

HERA og Working Group

LEP QCD average

http:/1epqed.web.cern.chyLEPQCD/

LEP EWWG average

arXiv:0712.0929 (hep-ex)

World average
Bethke, hep-ex/0606035

| | | |

TSS: QCD @ LHC

|
0.13 0.14 0.15

0g(M,)
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THE STRONG COUPLING: SUMMARY

05

a(Q)

July 2009 |

s o Deep Inelastic Scattering

04 | oe e'¢ Annihilation
0® Heavy Quarkonia

03+
02+
01}
=QCD a4(Mz)=0.1184 =0.0007
1 100

Y QIGeV]
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JETS AND NEW PHYSICS 3.7 g

P 10 Z’eqq 1
Jets play crucial role in many new o b
physics scenarios 'k
10 f... _—_ QCD
= Often QCD rates for similar signatures higher! 10°L8 % —
= Need to understand QCD!!! 10* ,.-«"_-' 77 __——_
10°F " . —
rooF ! t T
s 10_7 ..,'.-o-.-ﬁ'""“'.:.-"_
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= | 8 ||
B 200 B T |
! \ Reducible bkag X H ’ ’
S : = o = [ ! . ] |
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50: H%Yv —— ] = AT I T P P T

PO T T T T T S T Y YT T S Y S S
1 (] 1000 2000 3000 4000 5000 6000 7000
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DIJETS AND NEW PHYSICS

In principle already in LO two jets. For example in decays of heavy
gauge bosons Z' or excited

Looking for correct description of quarks q*>qg.

QCD radiation and new physics.

- Smooth curves, no bumps - limits! New limits by LHC already now!!!
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JET PHYSICS: DISCOVERY POTENTIAL?
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DIJETS AND NEW PHYSICS

> ATLAS on excited quarks Q- jj:

0.4 <M (q") < 1.29 TeV excluded at 95% C.L. |l N,

% ..... S A z —— ,
10¢ — — = Q" MRST2007 Modified LO -
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SUMMARY

Covered a few basics and some history of Quantum Chromodynamics
Soft physics:

= Difficult to model, perfect to “tune” the MC models
Jets as an important tool for

= QCD studies

= Background studies for new physics searches

= Jets as active field of research in themselves
PDFs, and extractions of strong coupling constant, ...

Jets and new physics —

= ... for example in dijet mass spectra.

= (But there is much moretoit...)
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MINIMUM BIAS, PARTICLE PRODUCTION

Averaged charged particle multiplicity:

= Models underestimate increase with centre-of-mass energy.
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PARTON DISTRIBUTION FUNCTIONS

Why does f,, depend on Q?? [ f;;, = fl-,p(x,Qz)

= Virtual processes in the hadron: See more of the inner life when increasing the
resolution (the scale / the energy, decreasing the distance, get closer) - change of
probabilities to find quarks with certain properties.

a(x) a(x) 9(x) a(x)

aly) 2 aly) : a(y) § a(y) :i

PagX/y) Pag(X/y) Pyq(X/y) Pag(xiy)
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JET PHYSICS: ALGORITHMS

Cone algorithms: Aim at minimising the relative transverse momentum
in cones of fixed sizes (directions of largest energy flow in the event).

Clustering algorithms: “Resumming” the parton showering /
fragmentation process, using some distance criteron:

All particles clustered
to a number of jets !l

Possible criteria:

* invariant mass

« distance in angle
» some combination
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JET PHYSICS: ALGORITHMS

Cone algorithms: Aim at minimising the relative transverse momentum
in cones of fixed sizes (directions of largest energy flow in the event).

Clustering algorithms: “Resumming” the parton showering /
fragmentation process, using some distance criteron:

All particles clustered
to a number of jets !l

Possible criteria:
* invariant mass
« distance in angle
» some combination
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ATLAS JET SCALE CALIBRATION

Sequential correction procedure to
aid the calibration (non-uniformity, energy
loss, leakage, pile-up, non-compensation)

= EM+JES: bring jets from EM scale to had scale

= GS: jet-by-jet info about properties of jet

= GCW: correct individual cells for different

response to had and EM depositions.

= LCW: cluster correction with MW

= Result: 7% scale uncertainty above 100 GeV!
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ATLAS JET ENERGY RESOLUTION
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Jet energy resolution measured in situ using dijet asymmetry
or “bisector” technique.

MC describes data resolution within 14% for jets with 20 < p; < 80 GeV.
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TRIMMING, TUNING, PRUNING

In
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CALORIMETERS: JETS

Hadronic jets one of the main tasks of calorimeters. Very simple
application (but very important for early data taking, confirmation of SM,

etc.): incklusive and di-jet distributions.
Jet |

Large field: different algorithms (k-, — L
anti-k;, SisCone, ...) with different radii
running on a variety of objects.

Ns=7 TeV L=73nb CMS preliminary

03 ) < v 4 I

Asymmetry (MC)
L ~ ~ A
a 02 Asymmetry (data)

Use asymmetric dijet method to
estimate jet p; resolution: Difference in
pr (partly) due to resolution!
! =>» Already now better than design
50 100 200 300 400 1000 value of 100%/Sqrt(E)'
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Full data sample analysed

Searches for excited quarks: q*-> jj

Looked for di-jet resonance in the measured M(jj) distribution
- spectrum compatible with a smooth monotonic function - no bumps

" Latest published limit:
=N 0.4 < M (q*) < 1.29 TeV excluded at 95% C.L. CDE: 260 < M (") < 870 GoV
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