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Outline of lectures
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» Introduction
» Historical context
» Collider observables
» Event generators
» Parton showers
» Leading-order formalism
» Assessment of formal precision
» Combination with fixed-order calculations
» Matching to NLO calculations
» LO-Merging of multiplicities
» Combination of matched results



QCD in eTe~ annihilation
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LEP-1 & SLC
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» SPEAR (SLAC): Discovery of quark jets

» PETRA (DESY) & PEP (SLAC): First high energy (>10 GeV) jets
Discovery of gluon jets (PETRA) & pioneering QCD studies

» LEP (CERN) & SLC (SLAC): Large energies — more reliable
QCD calculations, smaller hadronization uncertainties
Large data samples — precision tests of QCD



Discovery of the gluon
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[TASSO] PLB86(1979)243 & Proc. Neutrino '79, Vol.1, p.113
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» Gluon discovery at the PETRA collider at DESY
» Typical three-jet event (right) vs. two-jet event (left)


http://inspirebeta.net/search?action_search=Search&p=Phys. Lett. B,86 243
http://inspirebeta.net/search?action_search=Search&p=Bergen 1979, Proceedings, Neutrino ’79,Vol.1*, p. 113

Basic process for efe~ —hadrons
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» Prediction for ete™ — ¢ at leading perturbative order
differs from ete™ — uTu~ only by quark charges 0
. . Oete— LO ~
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[Particle Data Group] JPG37(2010)075021


http://inspirebeta.net/search?action_search=Search&p=J. Phys. G 37 075021

Three-jet cross section & corrections to ete~ — hadrons
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» Kinematic variables z; = 2’5'269 b2 b2
—x; <1, T1+T2+23=2

. . . p3 + D3

» Differential cross section 0 0
d?c %s o z2 + 23
=o0o0—Cp ———F——

dzidzs g (1—=21)(1 —2x2) D1 D1
» Divergent as E 1

» 1 — 1 (ps || p1) d T g N\ ot

> 22 = 1 (ps || p2)
> (1171,:132) — (1, 1) (.’1}3 — 0)

» Divergences canceled by virtual correction
Total correction to ete™ — hadrons:
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High-energy colliders and jets
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Jet algorithms
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» |dentify hadronic activity in experiment
with partonic activity in pQCD theory

= Requirements

» Applicable both to data and theory

> partons
» stable particles
» measured objects
(calorimeter objects, tracks, etc.)

» Gives close relationship between jets
constructed from any of the above

» Independent of the details of the
detector, e.g. calorimeter granularity




Jet algorithms
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Further requirements from QCD

» Infrared safety — no change when adding a soft particle

» Collinear safety — no change when substituting particle
with two collinear particles

Counterexample:

Counterexample:




Jet algorithms
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» Most widely used jet algorithms today of sequential recombination type
» Example: Durham algorithm

1. Start with a list of preclusters

2. For each pair of preclusters calculate
ki

min {E2 EQ} (1 —cosb;;) =~ P
cm

Yij = E2
3. Identify yi = min{ yij}
4. If yri < Yeut, define all preclusters as jets and stop
else merge preclusters k£ and [ and continue at step 1
» Ambiguities:

» Distance measure y;; (e.g. Jade algorithm y;; — 2p;p;/EZ.,)
» Recombination scheme (e.g. four-momentum addition px; = pr + 1)
> Resolution criterion ycut

» For hadron collider algorithms, see [Salam] arXiv:0906.1833
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http://inspirebeta.net/search?action_search=Search&p=0906.1833

Jets in ete~ —hadrons
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n-jet fraction

0.8

0.6

0.4

0.2

ALEPH E_, =206 GeV

PYTHIA6.1
,,,,,,,, HERWIG6.1

-+ ARIADNE4.1

7 -1
109;0cue)

Tk
[ALEPH] CERN-EP-2003-084

» Can compute n-jet rate in
coherent branching formalism
[Catani,Olsson, Turnock, Webber]
PLB269(1991)432

» Alternatively simulate
with MC event generators

= 91.2 GoV
m =45 GeV

— PS massless
- Analytic massless

— PS massive
- Analytic massive
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http://inspirebeta.net/search?action_search=Search&p=CERN-EP-2003-084
http://inspirebeta.net/search?action_search=Search&p=Phys Lett B269 432

Event shape variables
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» Shape variables characterize event as a whole

» Thrust (introduced 1978 at PETRA)
T = max 721 Ipl_‘ 7
il Zj |PJ'|
» T — 1 — back-to-back event
» T — 1/2 — spherically symmetric event

Vector for which maximum is obtained — thrust axis 7ip

» Jet broadening
> ken, [Pk X fir]
Bi= —< =
22;’ |75
Computed for two hemispheres w.r.t. 7i7, then
» Bw = max(Bi, B2) — Wide jet broadening
» By = min(By, B2) — Narrow jet broadening
» C-Parameter
Linearized momentum tensor
1 p?pf
Zj |ﬁj| B ‘ﬁz| ’
Eigenvalues )\,’ define C = 3()\1/\2 + )\2)\3 + /\3/\1)

0f =

12



Application of event shape variables
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» Discovery of quark and gluon jets — Sphericity & Oblateness

» Measurement of strong coupling constant — T, C', B, My, jet rates

; [Dissertori et al.] arXiv:0906.3436
ALEPH data X
=10 F E,=912 GeV h
=z NNLO NLO
<
L
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http://inspirebeta.net/search?action_search=Search&p=0906.3436

Parton evolution

» Consider eTe™ — 3 partons

1 doa_s as 2 1+(1-2)2
o2 59 dcosfdz F 27 sin2 0 z

0 - angle of gluon emission
z - fractional energy of gluon
» Divergent in
» Collinear limit: 8 — 0,7
» Soft limit: z — 0
» Separate into two independent jets

2dcos)  dcost dcosf dcosf dcosf N de? d6?

sin20 ~ 1— cosf 1+cos€zlfcos¢9 1 —cos@ 02 02

» Independent evolution with 6

s d6? 14 (1—2)2
dog ~ O'QZCFﬁﬁdZ%
jets



Parton evolution
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» Same equation for any variable with same limiting behavior

» Transverse momentum k3% = 2%(1 — 2)%0*E?

» Virtuality t=2z(1—2)0*E?
» Call this the “evolution variable”

402 dk2.  dt

—=—T== VAN collinear divergence
02 k&t

» Absorb z-dependence into flavor-dependent splitting kernel P,;(z)
2 Y
—& it A
1—2 z
2 2 - oz 1=z B
’mww< TR[Z +(1—z)} mﬁfcfx[l_z > (1-2)

» Branching equation emerges, but so far only pQCD, no hadrons

don41 ~ on Z —dz — - ab(z)

jets

15



The DGLAP equation
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[Altarelli,Parisi] NPB126(1977)298
» Hadronic cross section factorizes into perturbative & non-perturbative piece
Q

a:a;;g/dxfa(w,u%)f}a(u%) e TF

» Evolution from previous slide turns into evolution equation for f,(z, u%)
» fa(z,p2) cannot be predicted as a function of z, but

dependence on 2 can be computed order by order in pQCD
due to invariance of ¢ under change of ur

» DGLAP equation <> renormalization group equation

d falzt) 4 _ [tdzas Paq(*) 4 n /1 dz ag Pga(=) &
dlog(t/u?) e 22T f(a/z0) e 2 2Mfo(a)z)

d fglz,t) % a % 1 dz a. Pag(2) % . / dz o Pgg(2) %
dlog(t/u”) iz (w 2 2 fo(ase) 2 2 pg(2)zt)
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http://inspirebeta.net/search?action_search=Search&p=Nucl. Phys.,B126,298

Properties of DGLAP kernels
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» At leading order, splitting functions are probability densities
They obey a special symmetry relation (¢ > 0)

1—¢ 1-¢
> [ acr©= [ acra@+06)

b=q,9
qug / dCC Py (€) /

Can thus replace 1/2 — z in branching equations
» Physical sum rules must hold at any order

1—¢

d¢ { %PQQ(C) +ng qu(()] +O(e)

1
/ d¢ qu(() =0 — flavor sum rule
0

Z / d¢ ¢ Pac(¢) =0 — momentum sum rule

€=q,9

— defines regularized DGLAP splitting functions Py as

S-1+e) Z/isd«Pac(c)}

¢=q,9

Puy(2) = lim [Pab(z)@(l cem gy -5, 21T
e—0

17



PDF measurements
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PDF measurements
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H1 and ZEUS
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How event generators fit in

Experimentation
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Event generators in 1978
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[Andersson,Gustafson,Ingelman,Sjéstrand] Phys.Rept.97(1983)31

e Y snw ww

» Lund string model: ~ like rubber band that is pulled apart
and breaks into pieces, or like a magnet broken into smaller pieces.

» Complete description of 2-jet events in eTe™ —+hadrons

21


http://inspirebeta.net/search?action_search=Search&p=Phys Rept 97 31

Event generators in 1978
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sussouTiNe JETGENGH)
COMMON /JET/ K(100,2
COMMON /PAR PUD: S, SiGnAs CX2, EBEG, WEIN. IFLEES
COMNON TOATAL/ MESO(912), CHIX(612)+ PHAS(19)
iFLSON=Ci0-IFLese)

st

N

C 1 FLAVOUR ANO PT FOR FIRST aUARK
IFLI=1ABS (IFLEEG)
PT1=S1GHASSORT (-ALOG (RANF (0)) )
PHI126. 28320 RANF (D)
PX1=PT1aCOS(PHIT)

TIASINGPHI 1)

100 1=
¢ 2°PLAUOUR AND T FOR NEXT ANTIGUARK
2214 INT CRANF () /PUD).
PT2251GHAYSART (-ALOG (RANF (0)))

PHI2=6, 28320 RANT (0)
PX2:PT24C0S (PHIZ)
2PN

AND_FLAVOUR MIXED

c €0
um ©eirisen
K A ek 1
. o
T CTMIX ¢ CHIXCKM 1))+ INT CTHI X CHIX (K1 2))
¢ PT FRON CONSTITUENTS

PHTSH (1,23 0024P01,5)
€3 RANDOR CHOLCE OF Xa(E:PIINEEON B+ D AVALLABLE GIVES € AN P2

IF RANF(0).LT.CX2) Xat.-Xan(1./3.)
P D CraieriTss ol 12
= CXUrPHTS/ (o) /2.
c61F \msuslb DECAY CHALN INTO STABLE PARTICLES
120 1PD=1
xr(x(lrmz\ 6E.8) CALL DECAY(1PD.1)
F(IPD.LT. 1.AND. 1.LE.6) GOTO
OF GUARK FORMED IN PAIR WITH ANTIQUARK ABOVE

PY1n-pY2
€ 8 IF ENOUGH E+PZ LEFT, GO T0 2

WeC1.-0 o

IF (W.GT.WFIN.AND.1.LE.93) GOTO 100

Ne
RETURN
N

SUBROUTINE LIST(N)
COMMON /JET/ KC100,2) 1 P(100:

cOmaN TDATAS/ CHAL 93+ I
wRITE 6

B o cae cHALONCL 1))
1F(K(11) (LE.0)

C2=CHAZ(K(112))

7:K(1:2))/20)

100 IF(K(I11) [LE.0) WRITE(61130) 1o IC1s €20 €31 (PUIsd)

IO FORRTC/ /1 Thta1 40 TAT Q11124 PART 1132, STAD'
T8, P2’ TR0 €4 TO2, 0

130 FORMAT(10X,12,4X, 1%, 1212(4X146) 13 (41 F8. 1))

e nsm crael. Thorte. “Gves vecar rooucts

110 FI1L5) PmAS (R c 112
2 IN THREEPARTICLE DECAY CHOICE OF INVARIANT WASS OF PRODUCTS 2¢3

¢ 'Becay pRoaucts Lorenrz TRAREFORNED 10 LAB SYSTER
00

WRITE(81120) 11 €1y €20 €3y (PCL1d)s =113)
5

[Andersson,Gustafson,Ingelman,Sjostrand] Phys.Rept.97(1983)31

SUBROUTINE EOIT(N
comMoN /JET/ K(100,2), P(100:5)
COMON 7E0PARY ITHROUL ININI PRIN, THETAL PHLL BETACD)
073300 PRCS)
c1 mou AMAY NEUTRALS 0F UNSTABLE OR WITH 700 LOW PZ OR P

SUBROUTINE DECAY (16D 1

comon’ yE17 KC100,2), mum

COMMON /DATAL/ NESO CHIX (6122, PHASC(19)

comon 7orTaz/ nnnuzn coR(z9). KoP(29:
NENSION UCT) ) B

ReRAN
m-xmmnu.z» 7

Ser. cencioen coro 100
Npe39lk0p 106,30 /20

1E i ThRow e 1. 012> 0 110
WD X(1.2) [GE &) 60T0 110
1ECITHROM. GE 13, Ab K (112 €. 1) 60T 1

o ea.z) Goro
(P(1PD,3) 4141510802
1

e ©

2
yecsp- sc)/(&.-swﬂ(sa-i
ianT saests HTouseT

uoum:)-cos:msu)

3
= ',’S b pe'30"s
R
44100 (NO-IL-2) 5 (L1 120 ;.w..j,;,;
FAZSORT((P(10,8)asto (FE1113)+P (13150 002 8
s L L Eiown 130 7¢ 31 49RO $ROT (1120 9PRC2) 4ROTCH D PREE)
Y2 a1 © 300ERALL LoRENTI ‘Bo08T SIVEN eV eETa VeETon
O IE(BETACH £r21BETAC) 1 SETACY 13T NE ) pETUR
=

BETAC

BETACE) #12)

PHInG 2332 0RAN
ur1v-swn(L-\u:n.zn:oﬁmm
2D 28RT (1120 4a2) 4SIN (PIT reh

o2 sEvnuunlrn<u[u(zur(x.7nlEVAr:uPﬂ-J\

oA 1 (um.mu.mwz»-mnm.w:».mn.:n..;/
A(PUI0I 1) aa2epcI0, 2)

TP i TANDLIL Ea13 D RANF (03 GT.TONY GoT 140 150 o1

3 150 PLILE)

RETORN

1133 06AR (G 4. 4GA)ABEPHPCL1 23 HEETACD)
A (PC114)+BEP)

(Sanzer i) o
SORT (PAeZ4P (1215) 41

010 eNo-

i . socx oany
et R R

. 3 DR BRE TR TR

179 Bf(”x"lﬂd Nm L] COMMON /DATA1/ MESO(S:2)s CMIX(E:2)s PMAS(1%)

g g T .
180 Ju1,3 n . /0 ’
i

= 200 punched cards

Fortran code
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http://inspirebeta.net/search?action_search=Search&p=Phys Rept 97 31

Experimental situation in 2016
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ATLAS

EXPERIMENT

Event: 531676916
2015-08-22 04:20:10 CEST
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Event generators in 2016

Need to cover large dynamic range

» Short distance interactions

» Signal process
» Radiative corrections

» Long-distance interactions

» Hadronization
» Particle decays

Divide and Conquer

» Quantity of interest: Total interaction rate
» Convolution of short & long distance physics

TpiprsX = D /dzldwf‘plfi(mau%)f'pz,j(xzaﬂfv)&i_yqx(xlxzvu%)
i,j€{a,9}

long distance short distance

24



General-purpose event generators for LHC physics
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[Buckley et al.] arXiv:1101.2599
Herwig

» Originated in coherent shower studies — angular ordered PS
» Front-runner in development of MCONLO and POWHEG

» Simple in-house ME generator & spin-correlated decay chains
» Original framework for cluster fragmentation

Pythia
» Originated in hadronization studies — Lund string
» Leading in development of multiple interaction models

» Pragmatic attitude to ME generation — external tools
» Extensive PS development and earliest ME®PS matching

Sherpa

» Started with PS generator APACIC++ & ME generator AMEGIC++
Current MPI model and hadronization pragmatic add-ons
Leading in development of automated ME®PS merging
Automated framework for NLO calculations and MC@NLO

vvyy

25


http://inspirebeta.net/search?action_search=Search&p=1101.2599
http://www.sherpa-mc.de
http://www.sherpa-mc.de

Radiative corrections as a branching process
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[Marchesini,Webber] NPB238(1984)1, [Sjsstrand] PLB157(1985)321

» Make two well motivated assumptions
» Parton branching can occur in two ways

—@ - observed
_@— + e - unobserved

» Evolution conserves probability
» The consequence is Poisson statistics

» Let the decay probability be A
» Assume indistinguishable particles — naive probability for n emissions

A’n

n!

Pnaive (n7 )‘) -

> Probability conservation (i.e. unitarity) implies a no-emission probability
AT >
P(n,)\) = 2 exp{—A} — > Pm,A) =1
n! =

» In the context of parton showers A = exp{—\} is called Sudakov factor

26


http://inspirebeta.net/search?action_search=Search&p=Nucl Phys B,238 1
http://inspirebeta.net/search?action_search=Search&p=Phys Lett B,157 321

Radiative corrections as a branching process
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Decay probability for parton state in collinear limit

RETAS ST GRS
jets b 2

Parameter ¢ identified with evolution “time”
Splitting function P(z) spin & color dependent

qu(z) =Cr {% -1+ 3)} qu(z) =Tr [22 +(1- 3)2]
1—

Matching to soft limit will requires some care, because
full soft emission probability present in all collinear sectors

ng(z):C'A{i—Q-&-z(l—z)} F(zer1-2)

1 2 .51 pipk
tl-z (piq)(qpr)
Soft double counting problem [Marchesini, Webber] NPB310(1988)461

Let us first see how to compute the Poissonian in practice

27


http://inspirebeta.net/search?action_search=Search&p=Nucl Phys B310 461

Monte-Carlo methods: Basic integration
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» Pseudo-random number generators produce uniform numbers
» The probability to draw a point in [z,2 + Ax] is Ax
hence we can compute integrals as expectation values

I —/ dz = Zl =(1) =
N - Number of MC events (pomts)
» The statistical uncertainty on this integral is
2\ _ 2
o1 = % -0, if N>1
» Repeating this with an unknown function f(x) and
arbitrary integration range reveals the power of the method:
MC error scales as 1/\/ independent of number of dimensions

1= /abdmf(z)

(£2) = ()2
N -1

=[b—al(f)

or=[b—a]

28



Monte-Carlo methods: Basic hit-or-miss

o1 A
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Hits T
— ..
Misses +Hits 4
Throw random points (x,y),
with x, y in [0,1]
For hits: (x %+ y2) <r?=1
Evaluating =
e
3.155
3.150

ey

N R A
AN

3125

Estimate

3.120

10 10° 10 10
Number of steps

)



Monte-Carlo methods: Importance sampling
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» So far we used uniformly distributed random numbers

» Assume we want points following the distribution g(x)

and that g(z) has a known primitive G(z) = [* da’g(2)
» Probability of producing point in [z, 2 + dz] should be g(z) dx
» This can be achieved by solving the following equation for x

/az dz’ g(z') = R/ab dz’ g(=")

where R is a uniform random number in [0, 1]

z=G! [G(a) + R(G(b) - G(a))]

30



Monte-Carlo methods: Importance sampling
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» In many cases we can approximate the unknown integral of a function f(x)
with some known function g(x) such that primitive G(x) is known
» This amounts to a variable transformation
G(d)
I = / dz g(z) = / dG(z) w(z) where w(z)= /(=)
Q(IB G(a) g9(z)
» Integral and error estimate are
2\ _ 2
1= [Gb) - G(a)]{w) o = [G) - G(a)] ] ]if _<1“’>
N - Number of MC events (points)
» Note: I is independent of g(x), but o is not

— suitable choice of g(z) can be used to minimize error

31



Monte-Carlo methods: Poisson distributions
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» Assume nuclear decay process described by g(x)
» Nucleus can decay only if it has not decayed already
Must account for survival probability <> Poisson distribution
b
G(z) = g(x)A(z,b) where A(z,b) = exp{—/ d:v'g(a:')}
» If G(z) is known, then we also know the integral of G(z)
b b ’
/ dz'G(z') = / dz’ S2E0) A
T T dx’
» Can generate events by requiring 1 — A(z,0) =1— R

e=G1 [G(b) +1ogR]



Monte-Carlo methods: Poisson distributions
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p= iy 08

» Hit-or-miss method for Poisson distributions — veto algorithm

» Generate event according to G(z)

> Accept with w(z) = f(x)/g(x)

» If rejected, continue starting from x
Probability for immediate acceptance

M oo {- [ ' ' g(o') |

Probability for acceptance after one rejection

%g(m)/zbdrlexp{—/:ldx'g(z')}< %) (1) exp{ / da’ g(x }

: : o . . b b b
» For n intermediate rejections we obtain n nested integrals [,' [ ... [

Tn—1

v

v

v

Disentangling yields l/n! and summing over all possible rejections gives

o) e { - /dxg } > U}dr {g(z’)—f(z')]]”:f(x>exp{—/:dx’f(:c’>}

33



Monte-Carlo method for parton showers
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v

Start with set of n partons at scale ¢, which evolve collectively
Sudakovs factorize, schematically

At =Jait), At t) = T] Aisj(tt)
i=1 J=a,9
Find new scale ¢t where next branching occurs using veto algorithm

» Generate ¢ using overestimate oy ™ P (z)

» Determine “winner” parton ¢ and select new flavor j

» Select splitting variable according to overestimate

» Accept point with weight as(k3)Pup(2) /a2 PR (2)

Construct splitting kinematics and update event record

v

v

Continue until ¢ falls below an IR cutoff

v
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