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Basics of QCD

e The QCD Lagrangian
o Perturbation Theory & The running coupling

Soft & collinear singularities
The concepts of parton showers and jets

QCD for processes with incoming protons

Monte-Carlo event generators

Steffen Schumann Elements of QCD for hadron colliders


http://www.sherpa-mc.de

Soft & collinear singularities: recap

I) soft/collinear gluon emission cross section factorizes
2 2
|Magg|“dPgae ~ [Mggz| dPgzdS

h
where 20.Cr dE df do

s E sinf 27
~- divergent as E — 0 and/or 6 — 0

ds =

II) very singularities cancel between real & virtual parts

owor(eTe” = qq) = 04z 1 +1.04525¢ ) (Q2)
tot qq qq

LO S~=———~——"" higher orders
NLO

~ perturbation theory works well for inclusive cross sections
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Soft & collinear singularities: recap

I) soft/collinear gluon emission cross section factorizes
2 2
|Magg|“dPgae ~ [Mggz| dPgzdS

where
20sCr dE df do

s E sinf 27
~- divergent as E — 0 and/or 6 — 0

ds =

II) very singularities cancel between real & virtual parts

owor(eTe” = qq) = 04z 1 11,0452 (Q2)
tot qq

LO S~=———~——"" higher orders
NLO

~ perturbation theory works well for inclusive cross sections

~ let’s look a little more exclusive now
~ estimate the number of emitted gluons

Steffen Schumann Elements of QCD for hadron colliders


http://www.sherpa-mc.de

Multiple gluon emissions

Let's try to integrate emission probability to estimate mean number of gluon
emissions off a quark with energy ~ Q

Q w/2
(N, 2asCF/ dE/ i@e (E0 > Qo)

o divergesfor E -0& 6 — 0
@ cut out transverse momenta (k; ~ E@) smaller than Qy ~ Aqcp
~~ below that the language of quarks & gluons loses its meaning
(Ng) ~ aSCF In? g + 0O (asln g))
assume Q = 200 GeV & @y =1 GeV ~ In? Q% ~ 30
~~ simple expansion in as spoiled by large logarithms, (Ng) > 1

Is 1st order perturbation theory useless beyond total cross sections?

@ Could try to calculate next order, and see what happens!
o Can try to approximate higher-order contributions!

@ Look for better behaved final-state observables!
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Multiple gluon emissions

Once a gluon is emitted it can itself emit further gluons
@ consider collinear (& soft) emissions only [logarithmically enhanced]

@ in the small angle limit (§ < 1) emissions factorize

205 Cr dE df
T~ E 0

o — 20,Ca dE df
<N o - ™ E 0

@ same divergence structure, independent of who emits

=
1

2

e only difference being the colour factor (Cr = 4/3, C4 = 3)
~> gluons emit more

@ expect 1st-order structure (aIn> @/Qp) to appear at each new order
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Multiple gluon emissions

Start out with the gg system

al
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Multiple gluon emissions

Quark emits small angle gluon

al
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Multiple gluon emissions

Gluon radiates a further gluon

al
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Multiple gluon emissions

And so on and so forth ...

al
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Multiple gluon emissions

Meanwhile the same happend on the other side
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Multiple gluon emissions

At some point a non-perturbative transition happens

al
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Multiple gluon emissions

Resulting in a pattern of collimated hadrons (at smal angies wrt to the quarks]
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Gluon vs. Hadron multiplicity

gluon multiplicity can be calculated by sum- charged hadron multiplicity in

ming all orders of perturbation theory (n): ete— collisions
Cre= 1 Ca \"
N, ~ — — [ —=— <n>
< g> CA nz:; (n!)2 (27‘(’[)30&5) o[ aco
o Fop [ 2 15 T
Ca ngas(Q) * I(-):;ul

MKII -

interprete as a function of @ = /s
TPC/2y

eMEXD>OO»
a'
2
@
o

direct comparison suggests

(Nhad) = cric(Ng) e
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Gluon vs. Hadron multiplicity

gluon multiplicity can be calculated by sum- charged hadron multiplicity in

ming all orders of perturbation theory (n): ete— collisions
oo n
M) ~ £ () el
Ca =1 (n!)? \ 2mbgas 20 |- @
CF 2CA 15 v
~ O E P Ay *
CA 7TbOOLs(Q) x Ié:;ul
10 o MKII 4
B . _ O Jade
interprete as a function of @ = /s 0 Pt
5T % TPC/2y
. - & HRS
direct comparison suggests 3 Toper
0
(Nnaa) = crit (Ng) 20 40 60 %, /6o

Seems like perturbative QCD can get us quite far!
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Parton-Shower simulations

Using the soft/collinear approximation we can make predictions for events’
detailed partonic structure, when supplemented with a model for hadronization
for hadronic final states even.

However, we cannot perform analytic calculations for every observable ever be

measu red . [too many experimenters, too many observables, too few theorists]

The solution: Parton-Shower simulations

@ implement space-time picture of parton evolution fimied to leading logarithms]

@ successive parton emissions for arbitrary processes

@ Markov-chain Monte Carlo process describing the parton proliferation
@ observable/process independent

~+ cornerstone of Monte-Carlo event generators, more soon
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The emergent picture: final-state jets

Jet definition (prel.): jets are collimated sprays of hadronic particles

@ hard partons undergo soft and collinear showering

@ hadrons closely correlated with the hard partons’ directions

Counting jets
~ near perfect two-jet event

~> almost all energy contained in two cones
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The emergent picture: final-state jets

Jet definition (prel.): jets are collimated sprays of particles

@ hard partons undergo soft and collinear showering

@ hadrons closely correlated with the hard partons’ directions

Counting jets
~~ hard emissions can induce more jets

~~ jet counting not obvious, is this a three- or four-jet event?
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Jet definition (addendum): jet number shouldn’t depend upon just a
soft/collinear emission

~ Infrared & collinear safety

VAR

LO partons NLO partons parton shower hadron level
Jet | Defn Jet | Defn Jet | Def" Jet | Def"
jet1 jet2 jet1 jet2 jet1 jet2 jet1 jet2

VAR VA VAV

Infrared & Collinear safe jet definitions

crucial for comparing theory with experimental results
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Jet algorithms

Jet definition

@ group together particles into a common jets et aigorithm]
@ typical parameter is R, distance in y — ¢ space, determines angular reach

@ combine momenta of jet constituents to yield jet momentum frecombination scheme]

two generic types of jet algorithms are commonly used:

e
@ cone algorithms
o widely used in the past at the Tevatron
o jets have regular/circular shapes
o some suffer from IR or collinear unsafety

@ sequential recombination algorithms
o widely used at LEP [purham k1 algorithm]
e jet can have irregular shapes
o default at the LHC experiments [antik; algorithm]
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Sequential recombination algorithms

A generic jet finding algorithm
@ compute a distance measure y;; for each pair of final-state particles
@ determine all distance measures wrt the beam y;g

© determine the minimum of all y;'s and yig's

@ if y; is smallest, combine particles ij, sum four-momenta
@ if yig is smallest, remove particle /, call it a jet

@ go back to step one, until all particles are clustered into jets
in analyses one typically uses

@ jets with inter-jet distances yj; > Yyt [exclusive mode]

@ jets with inter-jet distances yjj > ycut & E > Ecyt [inclusive mode]

different algorithms use different measures: y;; & yig
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Sequential recombination algorithms: the kt algorithm

recall the soft and collinear limit of the gluon-emission probability for a — ij

QOéSCA/F dE,' d@;j
dS ~ " )
m  min(E;, E;) 6;

using min(E;, Ej) we can avoid specifying which of i and j is soft

The kr-algorithm distance measure

2 min(E?, E?)(1 — cos ;)

. 1970
.y'J_ Qz

in the collinear limit: y; ~ min(E; EJ )QU./Q
relative transverse momentum, normalized to total energy

soft/collinear particles get clustered first

LI A A

effectively inverts the sequence of shower emissions
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Sequential recombination algorithms: the anti-k+ algorithm

recall the soft and collinear limit of the gluon-emission probability for a — ij

ds ~ 2OLSC,' . C/E, dé)U ,
™ mln(E,-,EJ-) 9’]

using min(E;, E;) we can avoid specifying which of i and j is soft
yij = 2Q% min(E; %, E;%)(1 — cos ;)
jet-finding starts out with hard objects

VNS
~~ softer particles get clustered into hard jets later on
~~ produces nicely regular shaped jets

o d

default in current LHC physics analyses
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Jet algorithms at work: k7 jets at LEP

kT jet fractions at LEP

100 T T

OPAL —
—
- .
ol Ecm 91 GeV ./ 2-jet

< /‘/
S, o
8 / o mxA 2-3-4- 5-jet data
=
©
S
= QCD O(a 2):
S — 2= 0017 E2,. Ajis= 110 MeV.
I I A N pl = Ecm, Ays=230MeV ]
o ™
E “u

\- _ ]
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A-jet
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Jet algorithms at work: anti-kt jets at LHC

anti-kt inclusive jets at LHC

anti-k, jets, R=0.4 Iyl <0.3 {x 10,2)

L]
i O 03<ly|<0.8(x10%
1
_[Ldt=37pb , \s=7 TeV B 08<ly]<12(x109
—— O 12<y|<21(x10%
e A 21<ly[<28(x10%
e e A 28<lyl<36(x107)
—9—_9_ * —— Y 36<|y|<44(x10°)
. —e— .-
—— —e— —e-
- o —o—
== —— o
—— —a— g -,
e . —o-
—— i -o-
e —o— - -
—— _E'_-E- B ==
o=t — -E'—EI- -
—A— — = -
e - =B=
== —r— ——r— ,g,ﬂ
—— ==

=l
Systematic == =) S
uncertainties  =Y= Sl !
@ NLOJET++ ==
(CT10, p=p™™) x
? Non-pert. corr. | A TLASl
1 L L TR R R

20 30 10° 2x10? 10°
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Processes with incoming hadrons

@ so far considered processes with final-state hadrons only

@ to predict cross sections for processes involving initial-state hadrons,
detailed understanding of the short distance structure of protons is needed

@ at hadron colliders all processes, even of intrinsically electroweak nature,
e.g. v, W,Z, h, are induced by quarks & gluons
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Processes with incoming hadrons

@ so far considered processes with final-state hadrons only

@ to predict cross sections for processes involving initial-state hadrons,
detailed understanding of the short distance structure of protons is needed

@ at hadron colliders all processes, even of intrinsically electroweak nature,
e.g. v, W,Z, h, are induced by quarks & gluons

Starting point: the naive parton model
@ quarks deeply bound inside proton
@ binding forces responsible for confinement due to soft gluons O ~ Aqcp
@ the exchange of hard gluons would break the proton apart [recoil]
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Processes with incoming hadrons

@ so far considered processes with final-state hadrons only

@ to predict cross sections for processes involving initial-state hadrons,
detailed understanding of the short distance structure of protons is needed

@ at hadron colliders all processes, even of intrinsically electroweak nature,
e.g. v, W,Z, h, are induced by quarks & gluons

Starting point: the naive parton model
@ quarks deeply bound inside proton
@ binding forces responsible for confinement due to soft gluons O ~ Aqcp
@ the exchange of hard gluons would break the proton apart [recoil]

~~ learn about the proton structure via Deep-Inelastic-Scattering (DIS)
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Processes with incoming hadrons: factorization

hadronic cross section in the naive parton model

U(S) :Z/dX]_f;‘/p(Xl)/dXQG/p(X2)6',‘j*>X(X]_X2S)
ij

i (1)

Fo it ()
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zPy

Z3Ps

&a(o‘s)

factorized cross section

@ assume partons move collinear
with the protons: p; = x;P;

@ partonic cms energy: S = x3XS

@ fi/p Parton-Distribution-Funtions
parametrize number densities of
quarks inside protons
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Parton-Distribution-Functions

Parton-Distribution-Functions: sum rules

@ |p) = |u u d), the valence quark distributions

o [ (fpb) = o) =2 & [ ae (fap() ~ ) =1

o fraction of proton's momentum carried by quarks

Z/dxxf )~ 0.5

~» well, we kind of forgot the gluons, carry >~ 0.5 of protons’ momentum
~> gluons appear in splitting processes g — qg
~ let's better check impact of higher-order QCD corrections
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Factorization revised

most fluctuations inside the proton happen at times thaqa ~ 1/Aqcp
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Factorization revised

most fluctuations inside the proton happen at times thaqa ~ 1/Aqcp

@ a hard interaction (e.g. v* in DIS) probes much shorter times tjparq ~ 1/Q
@ hard probes take instantaneous snapshots of hadron structure
@ PDFs are scale dependent objects: f;/,(x) — f;/p(x, @*)

increase

@b (0]
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Factorization revised: the factorization scale

consider soft & collinear emissions from an inital-state quark

\
\ ’

2/ asCr dz dk?
T Tg4n(p) = on(zp) = f

(1-zp

7 1—2z k?
where we assume o, involves momentum transfer Q > k;

b b (D o asCr dz dK
R \ og+h(P) = —on(p) T 1-z K2

total cross section receives contributions from both

asC dk2 dz
Og+h+ Ovih = — F / / [Uh(ZP) —on(p)]

infinite finite

regulate the singularity in the k; integral by pr, the factorization scale
absorb the singularity into redefined, scale dependent, PDFs
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The hadronic cross section revised

Factorization into hard and soft component (resummed in PDFs)

O pps Xt (51 110 1) = Z/dxldXz firp (0, HE) By p (02, 1) A6 (35 {Px ) 10 10F)

@ emissions with k; < ug implicitely included in PDFs

@ emissions with k; 2 pur described by the hard process

@ change of PDFs wrt to pf covered by perturbative QCD, calculable
[in analogy to the renormalization scale, ug]
~> only need to extract PDFs at some non-perturbative input scale

o typically we identify pr with the inherent process scale, @
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PDFs for the LHC

~ 2 : ~ 2
o B o H
< : s :
Xis Q2= 100 | Gevm2 Xis [ Qes2= 10000  GeVas2
= —_uwp MSTW2008l068¢l /0 = —_uwp MSTW2008l068¢l /0
Tdown down
16 upbar 16 pl
14 = 14 =
1z | 12 |
1TE 1T
os [ o8 [
06 0.6 |
04 0.4
oz | oz |
o

@ current PDF sets extracted from DIS, pp & fixed target data
@ only since very recently first LHC data gets included in fits

@ much, much more to come over the next years
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Summary 2nd lecture

perturbative QCD gets us quite far

multiple gluon emission & jets
@ we can calculate multiple gluon emissions efficiently
@ resummation of leading higher-order terms [parton shower]
@ giving rise to internal structure of jets

@ proper jet definition allows to consistently use jets
o in fixed-order calculations
o after parton showering
e including hadronization corrections

The hadron—hadron cross section
@ factorization of soft and hard component
@ hard kernel convoluted with non-perturbative PDFs
@ need to be extracted from data

@ PDFs scale dependent, evolution described by pQCD
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Search for New Physics in a busy QCD environment

SUSY Signal SM Background

a jet jet
g v
Er
¢
Er N
7N jet
jet

o identify relevant/measureable signatures

Er

~~ largest cross sections for color-charged particles

@ find selection criteria to enhance signal over SM background [S/B ~ 1]
~» many hard jets, isolated leptons/photons, large #r
~» might need to focus on rare decays, e.g. h — vy

~~ New Physics encoded in energies, flavors, kinematical edges
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What does discovery look like?

Searching for New Physics in collision experiments

Find excess of events over the Standard Model expectation

) o)

3 [+

2 2

a0 =0

2 2

£ £

© ©

e QCD < Eelely

prediction prediction
mass mass
@ fully reconstructed resonance, @ inclusive multi-particle final state,
e.g. new gauge boson Z’ e.g. unreconstructed cascade decay

@ simple invariant mass variable @ sum of all transverse momenta
~ largely background independent ~» knowledge of backgrounds crucial

o’

y
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The theory challenge

Precise SM predictions

&

Flexible New Physics simulations
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Theoretical modelling of hadron—hadron collisions

Monte Carlo Event Generators
e Hard interaction

exact matrix elements | A1]2

@ QCD bremsstrahlung

parton showers in the initial and final state

o Multiple Interactions

beyond factorization: modelling

e Hadronization

non-perturbative QCD: modelling

e Hadron Decays

phase space or effective theories

Pythia, Herwig, Sherpa

[Buckley, S. et al. Phys. Rept. 504 (2011) 145]

= stochastic simulation of pseudo data
= fully exclusive hadronic final states
= direct comparison with experimental data, e.g. ATLAS, CMS, LHCb, D@, CDF

modulo detector simulation
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Hard-Process generation
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The Hard Process

Opp—X, = Z / dxpdxp fa(xl’ N'Z:)fb(xz’ lez) |-A/‘-ab—>X,.|2 do,

generic features

@ high-dimensional phase space dginfe,] =31 — 4

° | M 2 wildly fluctuating over &,
@ steep parton densities [parametrization]
state-of-the-art ,C(B

@ tree-level fully automated [up to 2 — 8 — 10] i

o extract Feynman rules from Lagrangian £ /
[FeynRules by Christensen & Duhr Comput. Phys. Commun. 180 (2009) 1614]

o generate compact expressions for |M|?
o self-adaptive Monte-Carlo integrators

~ e.g. MadGraph, Alpgen, Sherpa \L
@ at NLO QCD first 2 — b results available
- ons with M, Pdd
< automation of one-loop calculations within reach n n
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Hard Processes at Next-to-Leading Order QCD

Anatomy of NLO QCD calculations [in dim. regularization d = 4 — 2¢]

Jé\’ﬁg = /d(4)03+/d(d)(rv+/ d @R
n n n+1

o (UV renormalized) virtual-corrections ¥ ~ IR divergent

@ real-emission of ~ IR divergent

~~ for IR safe observables sum is finite
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Hard Processes at Next-to-Leading Order QCD

Anatomy of NLO QCD calculations [in dim. regularization d = 4 — 2¢]

Jé\’ﬁg = /d(4)JB+/d(d)UV+/ d @R
n n n+1

o (UV renormalized) virtual-corrections o ~ IR divergent
e real-emission o ~ IR divergent

~~ for IR safe observables sum is finite

Dipole subtraction method [catani, seymour Nuci. Phys. B 485 (1997) 201]

o= [[a0ee | a0 fao] ] [sounae]
n loop 1 -0 n+1

€

@ subtraction terms yield local approximation for the real emission process
@ describe the amplitude in the soft & collinear limits /¢ and 1/ pole

/ d(d)gA = Z /d(d)O'B ®/d(d) Vdipole
n+1 n 1

dipoles
spin- & color correlations €—> <> universal dipole terms
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Hard Processes at Next-to-Leading Order QCD

The emerging picture: a fully differential NLO calculation
aé\’ﬁg :/ [d(‘l)URdM)UA} +/ {d(‘l)oB Jr/ d(d)aer/d(d)crA}
n+1 n loop 1 =0

Monte-Carlo codes One-Loop codes
o all the tree-level bits @ Loop amplitudes, i.e. 2%(AVATB)
@ subtraction of singularities @ Loop integration

o efficient phase-space integration ~» 1/¢, 1/€? coefficients & finite terms

o’

some recent NLO calculations by the year:
2009 W + 3jets, tthb
2010 W + 4jets, Z + 3jets
2011 Z + 4jets, tT + 2jets, bbbb, WW + 2jets, 4jets
2012 v 4 3jets
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Hard Processes at Next-to-Leading Order QCD

BLACKHAT+SHERPA: Z + 4jets LHC predictions ta et al. Phys. Rev. D 85 (2012) 031501] J

@ include one-loop virtual & real emission corrections, e.g.

Z _e Z e
4 ot q o
q q
g Q
g o
g g Q ()
~~ reduced scale uncertainties in cross sections & differential distributions
10 T T T T T T T T T T T T 10
-- Lo Z1y +4jets + X N5 = 7Tev BlackHat+Sherpa
_ — NLO
% If)l L + E| VU:
©
S0 [ sennics ¥ L {0
5 Py > 20GeV, W <25
65GeV < M <116Gey | | 385 LOscle dependence
10°F R = 05 fanik,) k3 NLO scale dependence 3
aan) + + - + +
5 —— LO/NLO
°F oS SE s g
sl ot e
§ B
‘T%«Azsw«x e
osh Mt ey
g 05 F ©LO: Z/IW
Zo4f — NLO:Z/IW I — NOZ/W h*‘\‘ f
RO SR L_ chisg muk r“.ww*w“ H
No2f " Mw\ﬁ i < i ! 02

S0 00 150 S0 w0 150 50 100 150 S0 00 150
First Jet p, [GeV] Second Jet py [GeV] Third Jet p; [GeV ] Fourth Jet p [GeV]
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Parton Showers & Matching with Fixed Order
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Approximating multi-parton production

n-parton cross section dominated by soft and/or collinear emissions J

final-state splitting initial-state splitting

Y4 zp

E=1-z)p

N asCr dz dfkt2 ool 2 ol )asCF dz dfkf
Thtg =0 T k2 g+h\P) = IMZP) T e

@ valid when the gluon is much lower in energy than the emitter, i.e. z <1

@ emission angle 6 (k; ~ Ef) is much smaller than the angle between the
emitter and any other parton in the event [anguiar ordering, color coherence]
~~ lends itself into simulation: parton shower of subsequent emissions
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Approximating multi-parton production

The QCD Parton Shower picture

q

o1

@ construct explicitly the initial- & final-state partons history/fate
@ successive branching of incoming and outgoing legs
~ exclusive partonic final states
@ evolve parton ensemble from high- to low scale @y ~ O(1GeV?)
~~ link the hard process to universal hadronization models

@ model intra-jet energy flows: jets become multi-parton objects
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Matching exact matrix elements with parton showers

The art of combining matrix elements with parton showers
e model (few) hardest emissions by exact matrix elements
@ avoid any double counting or dead regions of emission phase space
@ preserve fixed-order & logarithmic precision of the calculation

@ seminal work:
o multileg tree-level matching: Catani et al. JHEP 0111 (2001) 063 ~~ ME+PS
o NLO + Parton Shower: Frixione, Webber JHEP 0206 (2002) 029 ~~ MCatNLO

DOUBLE
\v/) \l{// COUNTING \v/)
§ TIV TS H § T ¥y V- % LA R RE
shower Z+parton shower Z+2partons shower of Z+parton
generates hard gluon
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Matching exact matrix elements with parton showers

The art of combining matrix elements with parton showers
e model (few) hardest emissions by exact matrix elements
@ avoid any double counting or dead regions of emission phase space
@ preserve fixed-order & logarithmic precision of the calculation

@ seminal work:
o multileg tree-level matching: Catani et al. JHEP 0111 (2001) 063 ~~ ME+PS
o NLO + Parton Shower: Frixione, Webber JHEP 0206 (2002) 029 ~» MCatNLO

ACCEPT ACCEPT REJECT
Qmerge
p, cut
shower Z+parton shower Z+2partons shower of Z+parton

generates hard gluon

~~ the new standards for LHC event generation jawai et al. £ur. Phys. J. 53 (2008) 473]

~» necessitates truncated showering [rsche, s. et al. JHEP 0905 (2009) 053]
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Leaving the perturbative ground:
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The Underlying Event: remnant-remnant interactions

Definition: An attempt
@ everything but the hard interaction including showers & hadronization
< soft & hard remnant-remnant interactions

) "
‘7-‘: = .E‘i
!

!
q

dn/dy

....... pedestal height
/ underlying [event \
y

Multiple Parton Interactions /useing pacton

Proton
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The Underlying Event: remnant-remnant interactions

Definition: An attempt
@ everything but the hard interaction including showers & hadronization
< soft & hard remnant-remnant interactions

. e >
) Vi

Beyond factorization: Multiple-Parton Interactions

s/4
d 252
0(298]23 (pT mm) = / d 2 UQCD (PT)

pT min
d6_2—> a2 2
= /// dxadxedpTo(Xa, PT) fo(x6, PT) dQQCD ~ S(fT)
PT min T pT
252 ¢ 2 ND
< for low pT.min: (0355 (P min) [IA) > 1= (n)
. : . m" _
~> there might be many interactions per event P, = %e (m
n!

~ strong dependence on cut-off pr min ~~ energy dependent!
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Experimental Evidence

direct: DPS in v + 3jets

CDF Phys. Rev. D56 (1997) 3811

CDF 16 GeV y/n° + 3 Jets

1-Vertex Events

=

® Dota

0.052 radians!

F [ oP component, from
Two-Dotaset Method (52.6%)

— Monte Carlo admixture i
52.6%0P + 47.4%PYTHIA I
E |

3

A4S, p—angle between pairs (radians)

Steffen Schumann

indirect: jet shapes

‘COF Run I Preliminary

£ {
=

0.2

Statstical uncertainties only

o DataL=17m"
— Pythia Tune A
— Pythia wio UE
—— Pythia Tune DW

Zosee +jets
66 < Mo < 116 GoV/c?
E5 >25GeV, | < 1
WEl <1 1| 12< gl <28
o' > 30 Gevie, Iy < 2.1
AR(ejet) > 0.7

0.2 04 06 0.8

) l
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Multiple Interactions: A simple model

Sjéstrand, Zijl Phys. Rev. D 36 (1987) 2019

@ hard process defines scale pr parg
@ generate sequence of additional 2 — 2 QCD scatterings ordered in pr
2
PT ,hard
1 daé?s 1 daéa% o
P(pT) = dp2 exp§ — 2/ T
onp dpy onp dpy
PT
with 65¢5 regulated according to
d6_2—>2 d0~_2~>2 4 20,2 2
QZCD QZCD 3 PL — aS(sz +2P¢0) [parameter pr o =~ 2 GeV]
dp? dp? (P +P10)?  a2(pl)

further features
@ impact parameter dependence [typically double Gaussian]
~~ central collisions more active, P, broader than Poissonian
@ use rescaled PDFs taking into account used up momentum
~» P, narrower than Poissonian
@ attach parton showers/hadronization
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The Underlying Event: comparison to Tevatron data

Ncharged VS. PL,jet1 in different A¢ regions w.r.t the leading jet

€ 1G,uu‘\\u‘\u\‘uu‘uu‘m\‘uu‘\m‘\m‘um £ A
2 g 4 =2 E 1
> £ > 3.5F |
© E o £ bl
G 8 ] 3:, 1
=7 A
3 6 4 3250 !
2 £ E 2 £ ]
F X ER: 2 =
4? E 1.5F 3
3 E g ]
E E 1= I 9
2- -~ Sherpa w/o MI E E ]
E iy PYTHIA w/ M 3 F B!
= 1 05 E
02" Hel E E
0.1 E
0
-r?; TR |, ook Pindi e \ | Trackiuicina Poighoys
0 5 10 15 20 25 30 35 40 45 50 0 5 10 15 20 25 30 35 40 45 50
Charged Jet #1 T et [GeV] Charged Jet #1 T et [GeV]
Direction Diregtion
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From partons to hadrons: Hadronization Models

Objectives: dynamical hadronization of multi-parton systems
@ capture main non-perturbative aspects of QCD
@ universality
— robust extrapolation to new machines, higher energies
— should not depend on specifics of the hard process
@ model (un)known decays of (un)known hadrons
— hadron multiplicities, meson/baryon ratios
— decay branching fractions
— hadron-momentum distibutions

Lund string fragmentation Cluster-hadronization model

implemented in PYTHIA implemented in HERWIG & SHERPA
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From partons to hadrons: Cluster-Hadronization Model

@ Cluster-formation model

@ Cluster-decay model

features
o preconfinement [colour neighboring partons after shower close in phase space] _—
o parametrization of primary-hadron generation :M<>
@ locality and universality <
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From partons to hadrons: Cluster-Formation Model

Parton shower ends up with colour-ordered parton list

:) Parton masses Primary cluster mass distribution with CRM
— constituent masses % B ete — Hadrons —
apys o SHERPA preliminary
D Enforced gluon splitting .
_ o 10 uds only | ——E_ = 20.0 GeV
9799, g — 91929192 s it E.,- 912 GeV
D White clusters formed S w0k Een= 206.0 GeV
::Q ; — ean: 2.46569
1 = r
f = 10 ey mean: 2.46059
z 71 F mean: 2.45246
g PNG 10l
i ¢ F S
10 E
Soft Colour Reconnection sf N T
1050 50405066 7086 80100

M./ GeV
~~ independent of cm energy of the hard process
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From partons to hadrons: Cluster-Decay Model

Cluster mass distribution

008 T T T T T T 1 1 T
Ansatz: Cluster mass = transition type m»." e ]
- - 7 3 N 4
# M in hadronregime el R
— 1-body decay C — H ot o energyi 9L GV
003 L parton-shower cut-off: | GeV ]
# else 2-body decay C — XY L 1
- 001} e B
= determine My & My I )
0 2 4 B 8 10012 14 18 18 20
s select channel Cluster mass M in GeV/
s C—CC [ C—HH
o C—CHIHC kinematics U, flavour content
Hadron mass spectrum
X\ T SRR
ozp — relative abundance |
é s [ cm emergy: 91 GsV ]
parton-shower cut-off. 1 GeV'
o1
3
0o0s
C _
Y 4 Du o0s 1 15 2 25

Hadron mass m in GeV
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Point of reference: LEP @ /s = 91.2 GeV

particle multipl s: HERWIG++
[Gieseke et al. JHEP 0402 (2004) 005]

Particle Measured LEP Herwig++

All Charged 20,924 & 0.117 20.814

5 2127 £ 06 22.67

=0 9.50 + 0.33 10.08

p(770)0 1295 + 0.125 1.316
17.04 + 0.25 16.95
2.4 + 0.43 2.14
0.956 == 0.049 0.893
1.083 + 0.088 0.916
0.152 =+ 0.03 0.136
2.027 = 0.025 2.062
0.761 = 0.032 0.681
0.106 =+ 0.06 0.079
2.319 + 0.079 2.286
0.731 = 0.058 0.657
0.097 = 0.007 0.114
0.991 F 0.054 0.047
0.088 = 0.034 0.092
0.083 = 0.011 0.071
0.373 = 0.008 0.384
0.074 = 0.009 0.091
0.099 = 0.015 0.077
0.0471 + 0.0046 0.0312*
0.0262 + 0.001 0.0286
0.0058 + 0.001 0.0288*
0.00125 & 0.00024  0.00144

event shapes: SHER

[Sherpa unpublished]
2N pi

2 |pil

T = max|,—;

1 — Thrust

-

&
E ©w
T
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CD at TeV energies
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Direct multijet production @ LHC

ATLAS pure jets analysis [G. Aad et al. Eur. Phys. J. C 71 (2011) 1763]

inclusive jet rates inclusive xsec ratios
a T T T T T T T T
B10° ATLAS T & 4t ATLAS |
> L.
© 5[ 1 © nzoaj.Lu\zzApb'
10 )
0.25 —e— Data (\s=7 TeV)+syst. 3

‘ --== ALPGEN+HERWIG AUET1

10°F 1 02b e PYTHA MBI E

— — ALPGEN+PYTHIA MCO'
3L 4
10 . SHERPA
R=04, | Ldt-2.4pb

JQRE T DT TVt |
--i-= ALPGEN+HERWIG AUET1x1.11

PYTHIA AMBT1x0.65

ALPGEN+PYTHIA MCO9' x1.22 E

- SHERPAy1.06 |

0.5t 1 | I I L
3

5 6 5 6
Inclusive Jet Multiplicity Inclusive Jet Multiplicity (n)

~> multijet-production rates well under control
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Direct multijet production @ LHC

ATLAS pure jets analysis [G. Aad et al. Eur. Phys. J. C 71 (2011) 1763]

3-to-2 jet ratio

pIRin > 80 Gev

3-to-2 jet ratio

piin > 110 Gev

T T T T
[ ATLAS i

oy

e
o

N
»

o
w

e

T T T T
I ATLAS %

oo [Lazers
i

MC/Data [do/d ps* ¥[d o/d p*?
o
o

0 1o

RN S|

200 300 400 500 600 70 800
Py (leading jet) [GeV]

o
o

200 300 400 500 600 7
p; (leading jet) [GeV]

~~ more differential observables can discriminate calculations

~~ matrix-element based approaches superior for high-pr jets
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Direct multijet production @ LHC

ATLAS Z(—> ete™ /,Lﬁu_ )—|—jets analysis (c. aad et ai. Phys. Rev. D 85 (2012) 032009]

Data/MC Data/NLO

Data/MC

inclusive jet rates

ATLAS
Ldt=36pb"
[ antic,jots,

04,
Pi'>30 GeV, et

T T

Z/y*(— IM)+jets (I=e,u combined)

4% Data 2010 (15 = 7TeV)

—8— ALPGEN + HERWIG

—~— Sherpa

#¥= NLO BlackHat
CTEQ6.6,1 = Hr/2

L L L 4 I ]
[ ##% Data 2010/ BlackHat E
=3 theoretical uncertainties

/A, Data 2010 / ALPGEN
C=0 NNLO uncertainties.

7 Data 2010/ Sherpa

7

D,
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inclusive xsec ratios

2,

°

L o(@/1*(=> M)

2 Ne))
o e

Sy M
S
| g |

°
T

T T T
ATLAS ZIy*(~ IM)sjets (I=e,u combined)

Ld:-aepb‘ 4% Data 2010 (1s = 7TeV)
anti-k, jets, —=— ALPGEN + HERWIG

te
.30 GeV, |y \<44

V)

L L L

Data/NLO

[ ##% Data 2010 / BlackHat
(=3 theoretical uncertainties

[ ##% Dala 2010 / ALPGEN
(=1

INLO uncertainties

Data/MC

1.6f

1.2f

7 Data 2010 Sherpa

Data/MC
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'Indirect’ multijet sensitivity @ Tevatron

Diphoton analysis of D@ (v. m. abazov et al. Phys. Lett. 8 690]

latest plots: http://www-d0.fnal.gov/Run2Physics/WWwW/results/final/QCD/Q10B/

o
2

do/dM,, (pb/GeV)
2

-
o
£

-
A a 0N

Ratio to SHERPA
e

~~ sophisticated QED@QCD matching algorithm [Héche, S., Siegert Phys. Rev. D 81 (2010) 034026]

diphoton invariant mass

azimuthal decorrelation

-

v

[ D@,421b" @| T 1%Epg,a2m (©
[ ¢ data s £
e e SHERPA e 7
E RESBOS & 10s
' — DIPHOX 3 £
' PYTHIA B [
3 3 1=
- 10
- PDF uncert. | § a- ]
""" scale uncert. 0@ 3+ m
w
H 1 5 o / J
L I 1 I3 $..4 4
50 100 150 200 250 300 350 § 1.6 1.8 2 22 24 26 28 3
M, (GeV) A9, (rad)

~> high-multiplicity matrix elements crucial to describe data
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'Indirect’ multijet sensitivity @ LHC

Diphoton analysis Of CMS [S. Chatrchyan et al. JHEP 1201 (2012) 133]

azimuthal decorrelation preliminary NNLO
cMms \s=7TeV, L =36 pb’ Catani et al. Phys. Rev. Lett. 108 (2012) 072001
In| < 1.4, Er, > 20, 23 GeV
—~ 1 e
'8_ [ —— Theory DIPHOX + GAMMA2MC -
= [ —e— Measured i
= L —— sf (17
oF [T S St incenaites 1 —— NNLO
3 - Theoretical scale uncertainties 100 2yNNLO
ko) r PDF + a, uncertainties 1 ---- NLO
o) L 4
el
3
10F 4 &
L ] S
L 1
L 4 <
il
r b ~
L 4 I~}
o
'u\uu\uu\uu\x:
1.5 2 25 3 0.0 05 1.0 15 20 25
A@ g,

ke
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Summary 3rd lecture

Monte-Carlo generators: Stochastic simulation of exclusive events
@ precise predictions for the Standard Model

o multileg tree-level & one-loop matrix elements
o sophisticated parton-shower & matching algorithms

o flexible New Physics simulations
e quick and easy implementation of new ideas
o generic search strategies

QCD is a very predictive theory
Plenty of interesting phenomena

QCD Monte Carlos are predictive tools for LHC physics
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