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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
» Going beyond the leading order
» 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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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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[ALEPH]
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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
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» 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

e An

P e M\

» 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
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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 Paa () 4 n /1 dz ag Poa(2) &
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)

16


http://inspirebeta.net/search?action_search=Search&p=Nucl. Phys.,B126,298

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

Modeling & 00 ooy
Simulation - S o ':,,’;::
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Event generators in 1978
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[Andersson,Gustafson,Ingelman,Sjéstrand] Phys.Rept.97(1983)31
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» 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

20


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

23



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

24


http://inspirebeta.net/search?action_search=Search&p=1101.2599
http://www.sherpa-mc.de
http://www.sherpa-mc.de
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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, + Az] is Ax

hence we can compute integrals as expectation values:
» Let the integrand be f(x). Then

b _ N
1:/ o f(z) = 03" flw) = (b al()
a i=1

The statistical uncertainty on this number is

2\ _ 2
or=[b—al % where (f2>:%2f(zi)2

We call this the Monte-Carlo error of the integral



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))]

29



Monte-Carlo methods: Importance sampling
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p= iy 08

» 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

30



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

» Importance sampling for Poisson distributions

» 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’>}

32



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



Color coherence and the dipole picture
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[Marchesini,Webber] NPB310(1988)461
» Individual color charges inside a color dipole cannot be resolved if
gluon wavelength larger than dipole size — emission off “mother”

O - v

» Net effect is destructive interference outside cone with opening angle
set by emitting color dipole — phase space for soft radiation halved
[Gustafsson,Pettersson] NPB306(1988)746
» Alternative description of effect in terms of dipole evolution
» Modern approach is to partial fraction soft eikonal
and match to collinear sectors [Catani,Seymour] hep-ph/9605323

PiPk 1 DiDk 1 DiDk
(pipj)(pjpr)  pipj (Pi +pr)P;  PrPj (Di + Pk)D;
k J i k J i k J i
. +

34
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Color coherence and the dipole picture

e An

» Splitting kernels become dependent on anti-collinear direction
usually defined by color spectator in large-N, limit

» Singularity confined to soft-collinear region only
captures all coherence effects at leading color, NLL
2
1 N 1—=2 W2 ki
1—z (1—2)2+k2 Q?

» Complete set of leading-order splitting functions now given by

by = e[ 200
Pt =0 [FEUZE]  p ) = a4 - 27]

1—-2 1
ng(Z’HQ):2CA|:m+;_2+Z(1_Z)]

P e M\



Color flow

ol Ay

p= iy 08

» Parton showers replace gluon propagators by means of the identity
0% = 2Tw(TTY) = 2TAT), =T 26846, Th,

—~ N——

standard parton shower

» Quark-gluon vertex

1 1
TaTkl 2 (5il5jk — F&,-jékl)
c

» Gluon-gluon vertex
FOCTET TS, = 8:10knbmj — SinbmiOk;

Al
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Color flow
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» Typically, parton showers also make the leading-color approximation

/

» If used naively, this would overestimate the color charge of the quark:
Consider process ¢ — qg attached to some larger diagram

1
T%T]gl — 551'163'1@ <>

arpa .
& ijlik = Créi

Cx
A s,
2 ik
» While color assignments in the parton shower are made at leading color

the color charge of quarks is actually kept at Cr

1
but now we have 3 0310 jmOm;01 =

37



Color flow
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» Having matched the eikonal to two collinear sectors implies
that in g — gg splittings color and kinematics are entangled

DiPk 1 DiDk . 1 1—2
(pipj) (o) Pipj (Pi + PR)D) pipj (1 —2)2 + «2

» There is only one possible color assignment for each leading-color dipole

1—=2
(1-2)24~k2
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Kinematics: Final state radiation

ol Ay

p= iy 08

» Want to construct three (massless) on-shell momenta from two,
correspondlng to branching process zg — i, in presence of k — k

» Calculate p7; and Z = (pipx)/(Pijpr) from PS variables ¢ and 2

» First generate the propagator mass by rescaling

3 P
T i wo_ ij o
P =Py + 2])”17 Py P = <1 — Qﬁijﬁk> Py

» Then branch off-shell momentum into two on-shell momenta
2
p. .
F=zpt 4+ (1—2)—L—pk + k¥
¢ 2pijPr " +
p2
Pl = (1-2) 5} +5 T — kY
pz]pk

» On-shell conditions require that
- 1 4k2,
k. =pz1-2 &  iZx=-[1£,1--F
2 Dy

— for any finite kr we have 0 < 7 < 1
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Kinematics: Initial-state radiation

ol A

O]

T N

» Initial-state kinematics slightly more involved
as recoil should not be taken by opposite-side beam

aj
» Compute new beam momentum by rescaling to new partonic cms energy

T 2papb ~ 1L

2pajpb aj
» Compute final-state momentum and internal momentum as
P2,

Ko 3o aj w

Puj = 2P% + 5 ——p, +k

“ ¢ 2ppa 0t

2

p .
Mo ) pt aj H w
p; =(1-2)pf ———p, —Fk
j=0-2r 2pppa 0 -
» Recoil is taken by complete final state via Lorentz transformation
2p;(K + K) 2p: K
bopht 22 K+ K)*+ 22— KF
P =P (K + K)2 ( ) K?

where K# = ph —pg—&-pb and K~ —p~+pb

0



Properties of splitting kernels

ol Ay

p= iy 08

» 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
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Relation between parton shower and DGLAP evolution
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p= iy 08

» DGLAP equation for fragmentation functions
dzDg(z,t)
% Z / d’T‘/ dz— zPab(z)] TDy(7,t) 6(z — 72)
» Refine plus prescription [2Pab(2)] . = lim 2Pup(2,€)
O(z—-1 1=e
Pa(e:9) =Pu() 01 —c =) —du, 3. ZETIED [acep
ce{q,g} 0
» Rewrite for finite &
1—¢
dIn Da(z,t) Qs “dz o 5 Db(x/z,t)
dint Z / dCC Pac(C) + Z / z Pab Da(x,t)
€=4.9 =
» First term is derivative of Sudakov factor A = exp{—\}

Aa(t, Q) ,exp{ /Q2 d Z/ SPac(C)}

c=4q,9
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Relation between parton shower and DGLAP evolution

ol An

p= iy 08

» Use generating function I, (z,t, Q%) = Da(z,t)Aq(t, Q?) to write

dInTl,(x,t, Q% ) Z /1 sdz % 5 Puy(2) Dy(x/z,1) '

S dnt/Q2 £ ~ Da(z,t)

v

If hadron not resolved, obtain

d Mg (x, t, Q%) o(t, Q%) 1—¢
e (o) = e = X [ s Pa)

b=q,g

» Survival probabilities for one parton between scales ¢ and ta:
(:L' t2,Q ) R . .
T(s .00 esolved hadron <> constrained (backward) evolution
a(r tl,Q )
t . .
Et%Q% No resolved hadron <> unconstrained (forward) evolution
1,

v

Parton-showers draw to-points starting from ¢; based on these probabilities
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Effects of the parton shower

Thrust (Ecvs = 912 GeV)
e o e O RAR

1/0de/dT

—e— ALEPH data
Eur.Phys.J. C35 (2004) 457
—— Dire

[
3

*
3
3
e e ol il ol

0.6 il

cecc b b b b b b e
06 o065 o7 o075 08 085 09 005

do/dyxs

102

wn

Differential 2-jet rate with Durham algorithm (91.2 GeV)

5
»
A

—e— JADE/OPAL data
Eur.Phys.J. C17 (2000) 19

1¢

vl bl il

REARRERRP AR R AN ima 1 1111 m—— ma
¥

IS TS RN
‘Hwﬁq—r—v”nw—rm—r—rrrnj
bl v Lo

104 1073 1072 107"
[Durham

Y

» Thrust and Durham 2 — 3-jet rate in eTe™ —hadrons

» Hadronization region to the right (left) in left (right) plot

)
12
<
&
=4
&
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Effects of the parton shower

el A

do/dp, [pb/GeV]

» Drell-Yan lepton pair production at Tevatron

» If hard cross section computed at leading order, then
parton shower is only source of transverse momentum

py(e’¢) @ Tevatron Runl

= CDF 2000

L e e e e Al ¢

(enhanced start scale)

—— CS show. + Py 6.2 had.
___ CSshow. + Py 6.2 had.

—
e . s e

P e M\
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Effects of the parton shower

Dijet azimuthal decorrelations
e L e e

110 < p/GeV < 160

T ATLAS data
Phys Rev.Lett. 106 (2011) 172002
7 Dire
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Hands on tutorials

ol AR

» Great resource for learning parton showers:
“Hackathons” at CTEQ/MCnet schools
http://www.slac.stanford.edu/~shoeche/cteql?7
svn co svn://svn.slac.stanford.edu/mc/ps

Tutorial on MC event generators

Held by the MCnet collaboration at CTEQ 2017.

T N

Instructions

PS coding tutorial
MC running tutorial

TASI Lectures

arXiv:1411.4085

Tutorial on Parton Showers and Matching

1 Introduction

In this tutorial we will discuss the construction of a parton shower, the implementation of on-the-fly
uncertainty estimates, and of matrix-clement corrections, and matching at next-to-leading order. At the
end, you will be able to run your own parton shower for ¢*e~ —shadrons at LEP energies and compare
its predictions to results from the event generator Sherpa (using a simplified setup). You will also have

constructed your first MCANLO and POWHEG generator

2 Getting started

In order to run this tutorial you should install PyPy and Rivet on your PC. The following command will
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Formal precision of parton showers

T N
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How to assess formal precision?
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P e M\

PS proven to be NLL accurate for simple observables, provided
that soft double-counting removed (* before) and 2-loop cusp
anomalous dimension included [Catani,Marchesini Webber] NPB349(1991)635
Not entirely clear what this means numerically, because

» Parton shower is momentum conserving, NLL is not

» Parton shower is unitary, NLL approximations break this
Differences can be quantified by

» Designing an MC that reproduces NLL exactly

» Removing NLL approximations one-by-one
Employ well-established NLL result as an example

» Observable: Thrust in e"e™ —hadrons
» Method: Caesar [Banfi,Salam,Zanderighi] hep-ph/0407286

This discussion will be technical, but it is needed to show
that equivalence at NLL does not mean identical numerics
Please bear with me and ask questions as needed to clarify!
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NLL resummation for simple additive observables

ol Ay

p= iy 08

[Banfi,Salam,Zanderighi] hep-ph/0407286
» Contribution of one emission with momentum k to observable v

V() = (’“gl ) U VA ) = SV

where k# = (1 — 2)p* + Bn* + ki, is soft-gluon momentum
» On-shell condition 8 =k2./Q?/(1 — z) = n=1log((1 — 2)Q/k7)
» Define “evolution” variable ¢ = Q2v?/(a+?) = k2.(1 — 2)—2b/(a+b)
» Integrated one-emission probability for ¢ > Q2v2/(a+tb)

Qg | 1 au(el—2)7) 20 .
BNLL(v)=2/Q2 2 : [/0 dz 2 (&C Qﬂz) )1729(77)* 704755) CrBy

» Cumulative cross section X(v) = 1/ [* di(do/dv) given by
SN (v) = e INLL() F (o)
F(v) = lime_0 Fe(v) is pure NLL, accounting for multiple emissions

/ © 1 m 1 d i m
Fe (v) = eFnen(@)Ine Z ol (H Ri\ILL(U)/ 5) 9(1 - ZCJ)
t\i=1 € g j=1

m=0
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Parton shower for simple additive observables

Lad Aﬁ
Uhl‘\\'
» Integrated one-emission probability in parton shower
Q2 d. Zmax « 1—2 aQT?b 2
Roswy =2 [0 % [ efAT o L2 e
Q2vatt & Join 2 1—=z

z-limits from momentum conservation, ©(n) removes soft double-counting
» Ypg(v) determined by unitarity (i.e. Poisson statistics)
» One can find a unified NLL/PS expression for R(V) and =(v)

() exp{ E=CE de;v(s)}

— 1 (13 i 1 S Ve

x> — |11 g, Reul&) -2V
m=0 i=1Y Ymin S? j=1

where
Swv,soft /1 o max Swv,colly o max
ag ( <) Z< v, soff C ag (l‘< ) Z< v, coll 1
R () = vty ZE sv /> e op 7
= ,min -z ™ »min 2
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Differences between pure NLL and parton shower

ol Ay

p= iy 08

[Reichelt,Siegert,SH] arXiv:1711.03497

» Isolated differences in terms of resolved /unresolved splitting probability:

§U750ft 2 max §U7‘3011 2 max
P T e Gy e S i U N NP L
>Sv .
s zmin 1 — Z s zmin 2
NLL Parton Shower NLL  Parton Shower
a+b a+b
20 ot 1- (5/@2) 23 ol 1 1- (5/@2)
/’L2>v,soft 5(1 - Z) a+b /1’2>v,c011 f 5(1 - Z) a+b
aZvsott 2-loop CMW azvel | 1-loop  2-loop CMW
I athb a+b
D | 1-vi - E@)F e | 0 1- (@)%
/j’2<v,soft Q%}m (1 - Z)m 5(1 - Z) a+b M2<v,coll n.a. £(1 - Z) a+b
aSvssoft 1-loop 2-loop CMW aSul | na.  2-loop CMW

» Can cast pure NLL into PS language by using NLL expressions in PS
» Can study each effect in detail by reverting changes back to PS
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Baseline for comparison

v oE p

A ]

! [ ]

= [ ]

—+— Analytic NLL € 0 1

—+— Shower e = 0.001
—+— Shower ¢ = 0.01 7

Shower € = 0.1
10" —
O S I e R R o B AR
sE =

= 2 E-

-

g ofl

E o]

] LE ,
TR b e
H= =

s 2E Sopre nomoe of alyfic NLL ¢ = 0.01

= 1B 1 L B T L el L [l

S 0 Bl o ¥ iR 1 e R S

g Lo ST G
R R
H= =

5 IE “.ot Analytic NLL € = 0.1

E of RENCEE AT

5 -1E B

8 LE E
] R I
2 s - o5 0

logyo(2)

» Modified parton shower exactly reproduces pure NLL result
> Eems=91.2 GeV, o (Mz) = 0.118 fixed flavor ny =5

wn

P

|
B
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Local momentum conservation and unitarity

— — = T
T = oaf -
F" single emission 4 ‘T F 9
IS4 1 IS 1
—— Analytic NLL € — 0 1 r 1
Shower e = 0.001 L ]
2(1-z) > KB/Q? 1 —— Analytic NLL € — 0
—+— same plus 2 = k} i —+— Shower e = 0.001 s
Shower ¢ = 0.001 2 =1 (E/QA)
2(1-2) > K3/Q% >0 ~—+— Shower ¢ = 0.001
r —+— same plus p* = k% 1 107t - 1ot = K

o - S
. 0.8
o i 0.72—
p - N B B R B B R
= e S e . = 5 ” 3 .
108102 )
> NLL—PS in 2 /max > NLL—PS in zsoft,
(4-momentum conservation) (from PS unitarity)
» NLL—PS in zel > NLL—PS in 2, .
(phase-space sectorization) (from PS unitarity)
» NLL—PSin 2, .,
(conventional)
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Running coupling and global momentum conservation

1A

)

PA-T<0)

Ratio

—— Analytic NLL € — 0 il
Shower e = 0.001 B
2-loop (< ©,50ft)
—— 2-loop CMW (< 0, s0ft)
101 - —+— Shower e = 0.001 |
£ 2-loop CMW 1
IOEHH}HH}HH}HH;
0s B 3
08 & -
0.7;— é
0.6 —
Evov v v by 0 PRI
2 > 1 > o
log(0)
NLL—PS in 2-loop CMW < v, soft
(from PS unitarity)
NLL—PS in 2-loop CMW overall

(conventional)

PA-T <)

Ratio

e.
T,

%

—+— Analytic NLL — 0

—— unitary Shower ¢ = 0.001
z(1-2) > K/Q% >0

—+— o from 4-momenta

—— soft kr & z definition

. PRI IR
-2 15 -1 0.5

logyo(

NLL—PS in observable
(use experimental definition)

NLL—PS in evolution variable
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Overall comparison NLL / PS / Dipole Shower

e An
Tl
= 12F =
£ B Analytic v
de 10 Resummation Shower *; TE B
£ —— DGLAP Shower o E ]
S ——~ CS Shower [ L ]
6 [ ]
£ —+— DGLAP kr ordered
4= DGLAP &1 ordered R
S —— Dipole kr ordered
F o incl. gluon splitting |
= £ *- Dipole kr ordered ]
£ ‘x.\_\ £ —— NLL Bl
oo b b e b by TS S SNT E R SR RS R
E e
1.2 £ —
1.05 £ 11
£ 10 bbb g 4 g o I
3 & AT s “V E 09 fmr E
095 = S o7 E
09 E L [ | . 0.6 = i . Ll =
-10 8 6 4 2 0 2 15 1 05 o
In 5 log;(v)

Tuned comparison of differences between formally equivalent calculations
Simplest process and simplest observable, but still large differences
Origin of differences traced to treatment of kinematics & unitarity

At NLL accuracy, none of the methods is formally better than another
— Difference is a systematic uncertainty & needs to be kept in mind
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Parton showers at NLO



Quick and dirty introduction to DGLAP
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v
Q)
o
3
)
c
+
()
o
+
o
|
<
S
s
=
I
<2
=
I
5]
=
3
=
(S

v

Phase space factor for one additional parton in collinear limit, D =4 — 2¢
Note: y =t/Q?, see for example [Catani Seymour] hep-ph/9605323

Q272a (47r)5
1672 T'(1—¢)

ddyq = dydz [yz(1—2)] "¢

v

Factorized matrix element squared in collinear limit
€EVE 2e

MT Pyq(z
(4m)= Q%y

|Mnt1]? = |Mn|? )

292 p>e E
CSQy Pyq(z) — |Mn|* 8mors (1?)

v

Combine into branching probability at fixed x, where z < 1
Ldog _ (1 dy as(?) eE (QP\TF .
oo dx /0 ylte 27 T(1—e¢) (“2 ) [2(1 = 2)] 77 Pgq(x)

_ 1as(p?) e Q2\° .
T e on 1“(17—5) (ﬁ) [2(1 = 2)] 77 Pgq(x)
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Quick and dirty introduction to DGLAP

ol Ay

p= iy 08

v

Upon adding virtual corrections o5y we obtain

1 do
3 «a
/ de — + o2 v =0y —
0 dx T

v

Alternatively we can write

1 dos Qg 1 dos
de 4 =2 — o9 — ) 6(1 — = de |[—| =0
I e e L B R b

» From previous slide we obtain by expanding in ¢

1 d S 2 eTe™
~[52] - e G 4o @

» Now we compute the single-hadron inclusive cross section
— At LO, just multiply o2 with bare fragmentation function D} (z)

(z, Q2 < h
Z 02,q; [Do,lh (z) + Do,q,;(x)]

59



Quick and dirty introduction to DGLAP
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p= iy 08

» At NLO this becomes a convolution due to z-conservation

doh(z, Q2 1y o
Q) [N o [ Dl (/) + Dl (0/2)]
¢ %3

Qs Qs ~ Q2
{(1+ 7) 51— 2) + 52 Paa(2) og 55 +}

ny 2
Qs ~ Q
+ 2 E 02,q; Doh,g(l"/z) {;qug(z)log ?2 +]

=1
» Observable fragmentation functions at NLO are now introduced as

DY) = D@ + [ > Pulz)1og % KE Dgy(a/2)
z b=q,9
» This implies that D obeys a renormallzation group equation

dDah(;B,p%) / dz as
— = = Poy(2) D ()2, 1%,
dlog(p3/Q%)  Ja bzq;g e r

> Eventually we can write the single-hadron cross section as

LD (122 E ot

dz s

z on
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Parton evolution at the next-to-leading order
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[Curci,Furmanski,Petronzio] NPB175(1980)27, PLB97(1980)437
[Floratos,Kounnas, Lacaze] NPB192(1981)417

» Higher-order differential cross sections for partonic final states
exhibit IR divergences after regularization and UV renormalization

» IR poles removed in matching to fragmentation functions and PDFs
» Coefficients can be computed from differential cross sections

DO =6,61—2) K}/ K}
1
PP =- P0G o M / O
J z

(@) __1,m Bo 5(0) 1
Dji (2, p1) = — iji (=) + Epji (=) + 22

(oo )/ o

1 dz
/ ZPP@ P /)
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Parton evolution at the next-to-leading order

e An

T N

» Individual splitting kernels P;i”) not probabilities, but sum rules hold
In particular: Momentum sum rule identical between LO & NLO

_ 1—e¢
Pay(2,6) =Pap() O(1 —c —2) — 5y, 3 2EZ1TE) / dC ¢ Pac(©)
c€{q,9} 0

— PS implements renormalization group equation if Sudakov defined as

Q2% 47 1—¢
Aa(t,Q2)=exp{—/t Ty dccg—;Pac«)}

c=4q,9

£

» Negative weights accommodated by modified veto algorithm
[Schumann,Siegert,SH| arXiv:0912.3501, [Lonnblad] arXiv:1211.7204

Standard probability for one acceptance with n rejections

% g(t) exp{—/ttldfg(i)} ﬁ [/tjlldti<l _ %)g(ti) exp{—/:i+1dtg(ﬂ}:|

i=1 i

Split weight into MC and analytic part using auxiliary function h(t)

o w1 [ (s 2 om0

w _ h(®) o h(ti) g(ti) — f(ti)
(Gt tn) L5 e = 7o)
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Parton evolution at the next-to-leading order
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[Prestel, SH] arXiv:1705.00742

» Fully exclusive simulation requires computing splitting functions
on the fly using differential NLO calculation & IR renormalization

» Schematically very similar to Catani-Seymour dipole subtraction

» Simplest example: Flavor-changing configuration ¢ — ¢’

Zj Zi
q / / q
Saij Sai

Tree-level expression! « real-emission correction in CS

.. t2.. 42 _ -.)2 .
P, /:%CFTR—SMJ { I 4 %+ (o = 2) + (1 —2¢) (Za‘i’ZZ’* Sai )]

aq
Sai SaiSaij Za + 2z Saij

Subtraction term <« differential subtraction term in CS

1432 2 20
Saij j - ZaZi
= CpTr2 ( —L —e(1—-3,) ) (1- L -
4 F Rsai (1_2j ( ZJ))( 1_5(5a+2i)2)+

Yza + 2i) tai; = 2(2a8i5 — ZiSaj) + (2a — #i)Sas
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Parton evolution at the next-to-leading order
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[Prestel SH] arXiv:1705.00742
» Complete NLO result schematically given by

Py (2) = Caqr (2) + Tyq (2) + /d<1>+1 [qu/(z, Byq) — sqq/(z,ml)]

» Real correction R, and subtraction terms S,,, ,” previous slide
Difference finite in 4 dimensions — amenable to MC simulation
» Must add integrated subtraction and renormalization counterterms

Iqq/(z) :/d<I>+1Sqq/(z, <I>+1)
Corr () = [ X (P @)+ 2788 @) 2P (/)
I (z) =20p (# In(z(1 — z)) + x)

» Analytical computation of I not needed, as 1+ P/e finite
generate as endpoint at s,; = 0, starting from integrand at O(e)

» All components of P, eventually finite in 4 dimensions
Can be simulated fully differentially in parton shower
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Parton showers in a nutshell

ol Ay

p= iy 08

Tincl |: A(t& Qz)

+/dt/d—P A(t, Q%)

«—— Approximate

;(/dt/d = p z)) A QY)



Parton-shower matching & merging

Exact ———

«—— Approximate

in ;
ner jet Structure




Lad

Parton-shower matching & merging

AR

e M\

Merging related

Matching related

1990 1995 2000 2005 2010 2015

1985
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Fixed-Order NLO & IR Subtraction
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Toy model for IR subtraction at NLO
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[Frixione,Webber] hep-ph/0204244

» Assume system of charges radiating “photons” of fractional energy x.
» Predicting observables at NLO amounts to computing expectation value

1 do do do
0) = li dez=2|(—) O —) o 0]
(0) Jm o T T |:(das)B O+(d$>v 0+(d$)R 1($):|

» Born, virtual and real-emission contributions given by

(%)B,V,R = Bol) (Vf + BT\;S) 3(z), RS?)

KLN cancellation theorem: lim,_,o R(z) = BV,
Infrared safe observable: lim, o O1(x) = Og

Virtual correction Vi —  finite piece
BV,/2¢e — singular piece

Implicit: All higher-order terms proportional to coupling «
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Toy model for IR subtraction at NLO

e An

P e M\

» Add and subtract approximation of real correction in soft limit
1 —2¢ 1 _
(OYn = BVSO(O)/ de+/ e R(x)O(x)H_?EVSO(O)
0 x 0 z
» Second integral non-singular — set ¢ =0
BV, b O(z) — BV, O
©)r= 5200+ [ da Rlz) Ola) ©
2e 0 T
» Combine everything with Born and virtual correction
1
d.
(0) = (B + vf) 0(0) +/ & [R(z) O(z) — BV, 0(0)]
0o
Both terms separately finite
» Rewrite for future reference

(0) = <B+V+I)O(O)+/1d—x

0o

[R(z) O(z) - S 0(0)]

I = —BV,/2¢ — Integrated subtraction term
S = BV, — Real subtraction term



IR subtraction at NLO

ol A

)

» QCD subtraction more cumbersome:
» Soft limit color dependent [Bassetto,Ciafaloni,Marchesini] PR100(1983)201

. 8 2e
ML, gy )P 7250 5 2T e

hai PiP
. T Tk pipk
O A T sy Ky m)m
(pi + pr)p)
T; - color insertion operator for parton ¢
[1,...,4,...,k,...,n)m - m-parton Born amplitude

» Collinear limit spin dependent [Altarelli,Parisi] NPB126(1977)298
. 2¢e
j—coll 8T

|2 i,j—co 12 s

ML, yiyeesdyenim)
2pipj

X m<17"'7Zj7"'7n|ﬁ(ij)i(z7kT7€)|17"'7ij7"'7n>m

Pijyi(z kr,€) - Spin-dependent DGLAP kernel
» Basic features surviving from toy model are phase-space mapping
and subtraction terms as products of Born times splitting operator
» Commonly used techniques: Dipole method & FKS method

[Catani,Seymour] NPB485(1997)291, [Catani,Dittmaier,Seymour, Trocsanyi] NPB627(2002)189
[Frixione,Kunszt,Signer] NPB467(1996)399

T N
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Matching NLO & PS

1 AL
NS
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Matching schemes

el An
e M\
Two major techniques to match NLO calculations and parton showers
Additive (MC@NLO-like) Multiplicative (POWHEG-like)
[Frixione,Webber| hep-ph/0204244 [Nason] hep-ph/0409146
» Use parton-shower splitting kernel » Use matrix-element corrections to
as an NLO subtraction term replace parton-shower splitting

kernel by full real-emission matrix

» Multiply LO event weight by
element in first shower branching

Born-local K-factor including

integrated subtraction term » Multiply LO event weight by
and virtual corrections Born-local NLO K-factor
» Add hard remainder function (integrated over real corrections

that can be mapped to Born

consisting of subtracted
according to PS kinematics)

real-emission correction
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Toy model for modified subtraction

e An

P e M\

[Frixione,Webber| hep-ph/0204244

v

Revisit toy model for NLO

(0) = <B+V+I>O(O)+/1d—z

[

[R(z) O(z) — S 0(0)]

v

In parton showers, any number of “photons” can be emitted
Emission probability controlled by Sudakov form factor

A(z1,72) = exp {f/f df K(z)}

1

Evolution kernel behaves as lim K(z) = lim R(z)/B = V|
z—0 z—0

v

v

Define generating functional
* 4z dA(z,2)
z dlnzx

Fiid(@,0) = A(zo,z) On(2) + F(z,0)

zo

v

]'—1%(5":0) now replaces observable O — Naively:
0O(0) < start MC with 0 emissions — ]—'15,%(1, 0)
O(z) < start MC with 1 emission — .7-'15/}27(1:,0)
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Toy model for modified subtraction
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» Combined generating functional would be
! Ld
[(B+V+I) 7/ xs}fﬁga,o”/ L R(z) Fli (=, 0)
0o 0o z
» This is wrong because

FO.(0) = A(ze, 1) 0(0) + /1 %K@)A(m)om) +...

» So B]—'ﬁ% generates an O(a) term that spoils NLO accuracy

! !

-

75



Toy MCGNLO

e An

P e M\

[Frixione,Webber| hep-ph/0204244

The proper matching is obtained by subtracting this O(«) contribution

v

(0) =

x

(v ) [ (o ) | AR20.0)

NLO-weighted Born cross section

n /O ' ‘LZ [R(:r) . BK(x)] Fl(z,0)

hard remainder

Like at fixed order, both terms are separately finite
We call events from the first term S-events (Standard)
and events from the second term H-events (Hard)

For further reference, define DX () := BK(z) as well as

B = <B +V+ I) + /1 de (D(K)(:c) — S) . H®(z) =R(z) - DX ()

0 T

vy

v

— compact notation

1
= 0 dz 1
(©0) =B F (0) +/O ?Ha{)(x) Fl(x,0)
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Modified subtraction in QCD

e An

ke AN
[Frixione, Webber] hep-ph/0204244
» Leading-order calculation for observable O
(©0) = [ 4vsB(2s) O(@R)
» NLO calculation for same observable
(0) = /dch {B(@B) + \7(<I>B)}O(<1>B)+/d<I>RR(<I>R)O(<I>R)
» Parton-shower result until first emission

)= [azs B<¢B>[A(K)<tc>o<%>+ | 21K (@) A (1(@1) O(@r)

te

O(—O;S)/dq)B B(@B){l—/. d‘I’lK((I)l)}O(q)B)-i- dCI’BdCIH R(‘I)B)K<‘I)1)O(¢R)

Phase space: d®; = dtdzdé
Splitting functions: K(t,2) — as/(2rt) 3 P(2) ©(u3) — 1)
Sudakov factors: AX)(¢) = exp{ -/, d<1>1K(<I>1)}

7
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Modified subtraction in QCD

e An

P e M\

» Subtract O(a;) PS terms from NLO result

/d(I)B {B(¢5)+\7(¢’B) +B(<I>B)/d<1>1K(<I>1)}

+/d<I>R {R(@R) —B(@B)K(<1>1)}

» In DLL approximation both terms finite —
MC events in two categories, Standard and Hard

8 = BIO(05) = B(&g) + V(@p) + B(bp) [ dbiK(@)
H — HX) =R(®R) — B(®5)K(P1)

» Color & spin correlations — NLO subtraction needed
1/N. corrections can be faded out in soft region by smoothing function

BX)(@p) = B(®p) + V(®5) + 1(P5) +/d<1>1 [B(<I>B)K(¢)1) fs(qm)] f(®1)

HE) (@p) = [R(®R) - B(®p) K(®1) | f(@1)
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Dealing with color and spin

SLAC
Method 1 [Frixione,Webber] hep-ph/0204244
> f(®1) — 0 in soft-gluon limit
» Full NLO in hard / collinear region
» Subleading color terms not ¢;-dependent in soft domain
Method 2 [Krauss,Schonherr, Siegert, SH] arXiv:1111.1220

» Replace B(®5)K(®1) = S(®R), includes color & spin correlations

» Can lead to non-probabilistic AS)(t)
— requires modification of veto algorithm
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MC@NLO

ol Ay

p= iy 08

[Frixione,Webber| hep-ph/0204244

» Add parton shower, described by generating functional Fyc

= / 4o BM) (@) {2 (13, 0) + / 4% r HX) (@) FLA(H®R),0)

Probability conservation: Fyc(t,1) =1 — cross section correct at NLO
» Expansion of matched result until first emission

(0) = /d@BE(K)(q’B) [A(K)(tC) O(®p) <_>

/d@R HE) (can) O(®R)

AL

» Parametrically O(a;) correct

+ [ deiK(®1)AF) (¢(21)) O(@y) | +
te

» Preserves logarithmic accuracy of PS
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MCG@NLO - Features

el A

pp — tt+ X @ 14 TeV

PP (Gev)
50 100
T

10

P e M\

[Nason,Webber] arXiv:1202.1251

1000

) ©®

>20 GeV
®\<17 all

Solid: MC@NLO
Dashed: Herwig
Dotted: NLO

t,
1ol = py, pr
t)
Iy, Iy
100 b
o)
£
a
8 ot
< 10
S

1000
B (Gev)

1
1500 2000

500
T T

» MCGONLO interpolates smoothly between real-emission

. 2
log (B /GeV)

ME and PS
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MCG@NLO - Features
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[Torrielli,Frixione] arXiv:1002.4293

pp— W + X @14 TeV

1.2 T T —TT T
] S i 1 ] H
09 =3
1 e
108 £ in =
102 . —=
’,g MC@NLO+Pythia E
: . MCONLO+Herwig
" E Pythia (no MEC) 3
100 | =
10-1 P B | R [

2
Log1o(p1(W)/GeV)

» MCG@NLO with different PS agree at high pr <+ NLO
» Differences at low pr due to differences in PS
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MCG@NLO - Features

ol AR

e M\

[Huang,Luisoni,Schénherr, Winter,SH] arXiv:1306.2703

L I B B L L B B R

= 3 i . ]
= 3 = L ]
= ] £
z 1 E_E 1
Q9 1 = < o2 —— SMC@NLO, HW =0 -
= E E u=VIj2..V2kr 4
= ] r — PS,B—B 1
& o —— S-MC@NLO, HW) =0 - o1 - w=v172..V2kr .|
2 - V2kr E| r 1
) 3 L ]
01 - =
; 11 r ]
¢ 1.05 r 1
10 02~ -
b= N ]
Jogs F 1
£ og [ SuErra+GoSan ]
P T AR I TIEN R _0‘3\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\
o 05 1 15 2 25 o 10 20 30 40 50 70
log(pri/GeV) PT i [Gev]

Leading color appropriate for sufficiently inclusive observables

Full vs leading color has larger impact on Arp — explained by
kinematics effects using arguments of [Skands,Webber,Winter] arXiv:1205.1466
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Matching — Uncertainties

MPL ol Ay
Variation Tl
o HEHR
variation variation
Inclusive jet multiplicity (anti-kt R=0.4) Forward energy flow in dijet events, p'f*® > 20 Gev
= T T T T T I o e e e B e e e
o v E ]
S e ATLAS data S oo [ T MO data E
EurPhys]. C71 (2011) 1763 1 5 E JHEP 1111 (2011) 148 3
— SuErea MC@NLO S 500 SHERPA M"?Z]LO =
u E -
WR = pE=}Hr, po=4%po E HR = HE= 31T e el
400 — ]
300 - 3
ZR/ e ;ﬁ:;::ion 200 = UF, pig variation —J
0 A E
. E Mg variation |
MPI variation 100 [~ MPI variation =
HERPA+BLACKHAT E Suerra+BrackHAT ]
| | | Bl b b b b b b by o 104
i i i R e e s e e m e m
s | I | = ﬂ E
5 E T 1. =
= ]
< + . { | f vy 3 5 ‘ ‘ l ﬂ l E
B f | | St
= = £ ‘ ‘ [ 1
£ 3 0.8 —
E 3 Bl b bvn b b b b b e 1A
2 3 4 5 6 32 34 36 38 4 42 44 46 48
Niet 1

Jet multiplicity — uncertainty due to choice of 1,

Forward energy flow — major uncertainty from underlying event
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Matching — Uncertainties

Inclusive jet transverse momenta in different rapidity ranges
8

[pb/GeV]

do/dp

10 T T T T T T T T T T T T T \‘
=
107 —— ATLAS data = El
Phys. Rev. D86 (2012) 014022 S &
10° —— Swerea MC@NLO = E|
[ —1 El
105 MR=Hr=gHr, po=3p1 - E|
—— SuErra MCONLO Z
104 mr=pr=1H, po=1hpo 5
JR, i variation =
103 .
Jg variation
o
102 MPI variation E
k)
)
=
s
g
o
3
)
= 12< |yl <21
} }
s
g
o
3
o)
=
s
£
il
3
o)
=
s
£
el
3
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POWHEG
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[Nason] hep-ph/0409146

» Aim of the method: Eliminate negative weights from MC@GNLO

Replace BK — R = no H-events = B®) positive in physical region
Expectation value of observable is

(0) = / 4e5BM (@) {A(R%sw0<<I>B>

Shad R<¢)I{) R
1P, —— AR (1@ ) O(®
+(/tc, d 1B(¢’B) (t(®1), Shad) O(®PR)

,u2Q has changed to hadronic centre-of-mass energy squared, Spaq,
as full phase space for real-emission correction, R, must be covered
Absence of H-events leads to enhancement of high-pr region by
B
K= 5= 1+ O(as)
Formally beyond NLO, but sizeable corrections in practice
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POWHEG - Features

(4}
3
(Q]

— POWHEG+HERWIG

100

[Alioli,Nason,Oleari,Re| arXiv:0812.0578

= —~NNLO LHC E

=12
rrrrr POWHEG (jp=ptp=mmy) my=120 GeV
= 1071 ) ---MC@NLO E 3 — POWHEG i
8 NLO 2 ---POWHEG (B -~ B)
2 . /
o 1072 ] & /
k3 LHC 3o /
N
3 my=120 GeV NLO
10-3 oo
me " 10-5 Mp=Mp=My
Mp=pp=mMmry L
° 100 400 u;o > > 400

200
Pt [GeV]

» Large enhancement at high pr

200
pf [GeV]

» Can be traced back to large NLO correction

» Fortunately, NNLO correction is also large — ~ agreement
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Improved POWHEG

e An
e M\

» To avoid problems in high-pr region, split real-emission ME
into singular and finite parts as R = R* + R/

» Treat singular piece in S-events and finite piece in H-events
Similar to MC@GNLO with redefined PS evolution kernels
» Differential event rate up to first emission

(0) = / dopB®R) (ap) {A“”(t“,shmoO@B)

*Shad R3(PR) RS
+/ Ao ——LL AR (4(D1), s100) O(PR)
te "B(®p) ( )0

+ / d®r RS (®R)



POWHEG - Features

Lad

)

1 A
DN

[Alioli,Nason,Oleari,Re| arXiv:0812.0578

T T T
el — POWHEG h-w g
---POWHEG h=my=400 GeV
Y ----POWHEG h=120 GeV
8
X
B 108 F NLO
=
s
]
104 |
my~>o
. —mH
MRp=Mp=mT
105 L L
[ 200 600 800

400
p [GeV]
» Singular real-emission part here defined as
h2
Py +h2
» Can "tune” NNLO contribution by varying free parameter h

R*= R
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Multi-jet merging



Basic idea of merging

e An
e M\
» Separate phase space into s R R
m " u " . 210°F — we
hard” and “soft” region g \ Z et
: I — W+ jet
Parton shower populates soft domain gw; Wi o
N*LO real corrections replace 1i 1
PS emission term in hard domain
» Need criterion to define "hard” & "“soft” 10"Hrr 3
— jet measure (Q and ]
. 107 <
corresponding cut, Qcus E

L L O R IR RN P R S2 U S|
20 40 60 80 100 120 140 160 180
pLW/GeV
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Parton shower histories

» Start with some “core” process
for example ete™ — q@

» This process is considered inclusive
It sets the resummation scale ,ué

» Higher-multiplicity ME can be
reduced to core by clustering

» |dentify most likely splitting
according to PS emission probability

» Combine partons into mother
according to PS kinematics

» Continue until core process reached

K

[André,Sjstrand] hep-ph/9708390

kT

cluster once
find some kt

kT

cluster twice
find some ki


http://inspirebeta.net/search?action_search=Search&p=hep-ph/9708390

Basic idea of merging
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» MCQLO split into Q < Qcut (PS) and @ > Qcus (ME) region
PS expression replaced by real-emission matrix-element in ME region

©) = [aesBn) {NK)(W%)O(M

!

=

+ ["% ae K@) A (@), 13) O(Qeut — Q) O(cbg)]

: i

+ / AP pR(® ) A (1@ ), 13) O(Q — Qeut) O(®R)

» Jet veto in PS / Jet cut on ME K

» To match K(¢1), weight R(¢1) by as(k2.)/as(1%)
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Truncated vetoed parton showers
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[Lénnblad] hep-ph/0112284

> In hard region A(t(®r),u3) is additional weight
» Most efficiently computed using pseudo-showers
Recall PS no-emission probability: Constrained: I1(z, t2, u3)/Tl(z, t1, u3))
Unconstrained: A(ts, ud)/A(t1, 13)

» Start PS from core process

» Evolve until predefined branching
<> truncated parton shower

» Emissions that would produce
additional hard jets
lead to event rejection (veto)
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Truncated unvetoed parton showers

e An

e M\
[Nason] hep-ph/0409146
» For t # @, PS may generate emissions between ué and t(®g), as
At 1g) = At py; > Qeut) At pgy; < Qeut)
5 “a
A(t, pg; > Qeut) = exp f/ d®y K(®1) ©(Q — Qeut)
t

» Momentum and flavor conserving implementation non-trivial
Example: Two emissions may be allowed, while one may be not

» Effects of non-trivial terms formally suppressed
Better algorithm may be easier to implement
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Evading truncated unvetoed parton showers

e An

P e M\

[Lonnblad] hep-ph/0112284

» Generate truncated unvetoed configurations with parton shower
effective redefinition of ), assuming PS ordering parameter ~ “hardness”

» Schematic illustration of phase space coverage
(a) (0) (c) (d)

Prmax Prmax Prmax Prmax

z z z z

from 2-jet ME from 0-jet ME from 1-jet ME from 0-jet ME

» Straightforward implementation, no reshuffling of kinematics or flavor
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Effects of merging - Z4jets at the Tevatron

e An

(Njet) (scaled to first bin)

MC/data

P e M\

104 T T T =

PUIT

109

£ ] \
100 = | | ] _
14 I I I E|
12 E

1E I ———————

08 ;—f

0.6 - | iij
1 2 3

N

» MC predictions for exclusive n-jet rates match data well as long as
corresponding final states are described by matrix elements
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Effects of merging - Z+jets at the LHC

O(ZIY*(~ I'T) +2 N, [pb]

MC/Data NLO/Data

MC / Data

ATLAS
Ldt=461"
anti-k, jets, R=0.4
P> 30 GeV, Iy <4.4

Zy(- Mysiets (egn)
<&~ Data 2011 (s = 7 TeV)
—=— ALPGEN

—&— SHERPA

—&— MC@NLO

¥ BlackHAT + SHERPA

I
-
>

T T
BLACKHAT + SHERPA

(Vo) dordia |

MC/Data NLO/Data

MC / Data

|
B

e.
T,

[ATLAS] arXiv:1304.7098

B M B T
E ATLAS Z(- Tye= 2ot (=) |
L Ldt=46f0" Ze~ Data 2011 (IS = 7 TeV)
[ ‘anti-kjets, R=0.4 —=— ALPGEN ]

P> 30 Gev, y*| <4.4 —&— SHERPA
¥~ BLACKHAT + SHERPA

102

i-‘z‘ ¥ BuackHar + SHERPA ]
P Y L EE BPYR PP PR RS B 5 5|

0.8~ —

0-5*"H}‘H‘}HH}HH}HH}HH}T

14 & ALPGEN ]

1.2 —

VPV s i Tm i NI s =
1 L e
0.8~ —

08

LA™ 4 SHERPA ]

1.2 =
1 v

0.8[ e e LA s S A CaREr:

0.6 L L I | L 17
0 05 1 15 2 25 3

1a ¢/| (leading jet, 2nd leading jet)
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Lessons from HERA

Simulation often too focused
on resonant contributions

Need be inclusive to describe
DIS, low-mass Drell-Yan or
photon / diphoton production

%%
MTECTa

¢0,,,/dQ?dn, [pbIGeV?]

-

d%0,,,/dQ2dn,, [pb/GeV?]

e An
D e AN

[Carli,Gehrmann,SH] arXiv:0912.3715

-1 05

5

600 < Q<5000 Gov*

N FE N N
0. ! 2

M ab

ba1 HL Data |
= Sherpa E|
5<Q7<10GaV* (x84 E
|- -4 & 6
E = - 2
e w«'mon'in El 1020570 GeV
F 1 % °F
E =
E 3 20<Q7 <35 GeV* (x4) 3 5
[ 1% R
E = &
E—— s<o<no Ei
F i w
E E 1
—— E|
C | | I | I L o
1 05 0 05 1 15 2 25 E
Moo
T T IS ~ g7
13 300 < @7 < 600 GeV?
[T R e W 41 Soos ==
= shea = ==
160 <QF < 200 GeV* (x 100) 3 Toos |
i £
% Goos o pEEEEE
= +
200<Q* <3066V (x10) 3 003 [ -
1
#ﬂ; ®o02 |
4 0.01 |-,
00<Q <m0 Gt d)
3 0 L L
B -1 o 1 2
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Unitarization
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[Lonnblad,Prestel] arXiv:1211.4827, [Plitzer] arXiv:1211.5467
[Bellm, Gieseke, Platzer] arXiv:1705.06700

» Unitarity condition of PS: il
1= 200 + [ avi k(@) A0 wf 1
te § .
» ME+PS(@ONLO) violates PS unitarity & e .ol
as ME ratio replaces splitting kernels g
in emission terms, but not in Sudakovs © o5l
(I) . (b UMEPS
K(®1) - R(®1,®5)
B(®p) 09t

1 10
» Can be corrected by explicit subtraction tus [GeV]

R(®1,Pp)

KO TR,

:|(—)(Q - Qmu)A“()(t)}

Jte

1= {A(K)(tc) + [ do;

unresolved emission / virtual correction

(®1,®B)

K(®1)0(Qecut — Q) + RB(‘bB) oQ - cht):| A ()

+/d<1>1
t

c

resolved emission
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Combining Matching and Merging
NLO Merging
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Combining Matching and Merging

ol Ay

gy N0

ME ——>

;-i;%ﬁ@ .,
ﬁé
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Combined matching and merging with POWHEG
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[Hamilton,Nason] arXiv:1004.1764
[Krauss,Schonherr,Siegert, SH] arXiv:1009.1127

» Increase accuracy below Q. to full NLO

<O> = /d@BB(R)(‘bB)[A(R)(tL;,Shad)O(q)B)
I

g RO 5 g ]
+/; dq)lB(ch)AiR (t(@l), had)@(cht Q) O(@R)

S
0 0
+ / A9 5 k) (@ R)R(D ) A (LD ), 1) O(Q — Qeut) O(PR)

» Local K-factor for smooth merging j\f%
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Combined matching and merging with MCGNLO
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» Increase accuracy below Q. to full NLO

(0) = / depB™) (Pp) [A<K><tc,ué>0<%>
!

<>
{0 |
2

+ [ 40K (@0) A (1, 2)0(Qewt — Q) O(PR)

te

+ /dq)R H(K)(CDR)@(cht - Q)O(q:'R)

P

+ / d®r kF) (@ R)R(®R) AX) (¢, 1y; > Qeut) O(Q — Qeut) O(PR)

» Local K-factor for smooth merging }(ﬁ
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Combining matching and merging
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d”/dPr,vr [pb/GeV]
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+ b,
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[Hamilton,Nason] arXiv:1004.1764
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Merging of multiple matched calculations
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Merging of multiple matched calculations
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» ME+PS merging for 0+1-jet in MC@NLO notation
(0) = / d<1>BB(<I>B)[A<K><tC>0(<I>B)+ / d®1K(21) AT () ©(Qent — Q) O(®r)
te

T / P R(®r) AK) (@), 1) O(Q — Qeut) O(Pr)

» Reorder by parton multiplicity k, change notation Ry — By
» Analyze exclusive contribution from k hard partons only (to = 13))

k—1
0yl = / A2, By [T A (tig1,t) ©(Qr — Qeut)
=0

ty
X |:A;(€K>(tmtk) O + d®q Ky Ag{)(tk-&-latk) O(Qcut — Qrt1) Ok41
te
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Merging of multiple matched calculations
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[Lavesson,Lénnblad,PresteI] arXiv:0811.2912 arXiv:1211.7278
[Gehrmann, Krauss,Schonherr, Siegert, SH] arXiv:1207.5031 arXiv:1207.5030
[Frederix, Frixione] arXiv:1209.6215

» Analyze exclusive contribution from k hard partons

k—1
<O>ZXC1 = /d‘:bk B}(CK) H AEK) (ti+17ti) ®<Qk - Qrtut)
1=0

tiy1

B k=l oot
X <1+B<K)Z/- délKi@(QchmH...)
k =0
X[A(K)(t )0k + [ a1 K A (b4 i1, 1) O(Qent — Qrsr) O
k cylk k 1 k2 k+1,Ulk cut k+1 k+1
te

+ / d@p1 HYO AP (84, 12) ©(Q1 — Qeut) ©(Qeut — Qret1) Ok

» Born matrix element — NLO-weighted Born
» Add hard remainder function

» Subtract O(ay) terms from truncated vetoed PS

108


http://inspirebeta.net/search?action_search=Search&p=0811.2912
http://inspirebeta.net/search?action_search=Search&p=1211.7278
http://inspirebeta.net/search?action_search=Search&p=1207.5031
http://inspirebeta.net/search?action_search=Search&p=1207.5030
http://inspirebeta.net/search?action_search=Search&p=1209.6215

A different perspective on NLO merging

ol Ay

» Define compound evolution kernel
Ki(®hp1) = Ki(®pp1) Otk — tir1)

+ ) Ki(®i) Ot — thy1)O(tpgr — tiy1)
i=n

» Extend modified subtraction
BIO(@)) = [Br(@h) + Vi(@x) + 1k(@1)]

+ /d<I>1 [Bk(@k)f(k;(cbl) - Sk(<1>k+1)]

H](CK)((I)IC+1) =Ry(Ppr1) — Bp(Pp)Kp(P1)
» Differential event rate for exclusive n + k-jet events

o)t / 49, B 0(Qx — Qeur)

1
X [ (K)(tcaNQQ)Ok + /d‘1>1 Ky Ag()(t,#é)@(cht = Qr+1) Ok41

te

+ /d‘Pk-H HEJ” AS‘) (tk+17N2Q) O(Qeut — Qr11)

|

p= iy 08

109



eTe"—hadrons at LEP

(4}
3
(Q]

[Lavesson,Lonnblad] arXiv:0811.2912
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» Scale variations around 2%

» Agreement between 1- and 2-loop
but no further reduction of uncertainty
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eTe"—hadrons at LEP
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[Gehrmann,Krauss,Schonherr,Siegert, SH] arXiv:1207.5031
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» Thrust and total jet broadening

» NLO merging of 2, 3 & 4 jets plus 5 & 6 jets at LO
vs MCONLO merged with up to 6 jets at LO


http://inspirebeta.net/search?action_search=Search&p=1207.5031

W +jets production at the LHC

W+ > Ngjets) [pb]

|
B

e.
T,

[ATLAS] arXiv:1201.1276
[Krauss,Schonherr,Siegert,SH| arXiv:1207.5030
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NLO merging of 0, 1 & 2 jets plus 3 & 4 jets at LO
vs MC@NLO merged with up to 4 jets at LO
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Top pair production at the LHC
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[Frederix, Frixione] JHEP12(2012)061
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Unitarized merging at NLO
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[Lonnblad,Prestel] arXiv:1211.7278
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Higgs+jets production at the LHC
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Combining Matching and Merging
NNLO Matching
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Unitary Matrix-Element Parton-Shower merging
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[Lénnblad,Prestel] arXiv:1211.4827
» PS expression for infrared safe observable, O

(O) :/dfl’o Bo -7:0(#2@0)

t
Fn(t,0) = Ap(te,t) O(®y) + [ dP1 Ky Ap(E,t) Fryi1(f,0)
te

Add ME correction to first emission (BoKo — B1) & unitarize
+/ d®, Ao(tl,ué)B1 ]'—l(tlyo)*/ dd, AO(tly,U%g)Bl O(®o)
t t

Le fe

ME evaluated at fixed scales yup,r — need to adjust to PS
_ as(bt1) fa(za,t1) fa’(xa’vui“)
O‘S(#%) fa(xau“%:) far(xqr,t1)
Replace By by vetoed xs Bif = Bo — [, d®1B;

(0) :{ /dcbo BLe +/t dd, [1 - Ao(tl,,ﬁQ)wl]Bl} O(®0)

v

v

v

+ [ d®1Ao(t1, pg) wi Bi Fi(ti, 0)
te
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Extension to NNLO
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[Lonnblad,Prestel] arXiv:1211.7278
i [Li,Prestel, SH] arXiv:1405.3607
» Promote vetoed cross section to NNLO

» Add NLO corrections to By using S-MC@NLO
» Subtract O(as) term of wy and Ag

(0) = / A%y B O(®0)

+ /t d®; [1 — Ao(t1, 13) <w1 +uit) + A(()U(tl,;[é))] B1 O(®o)
+ : d®, Ao(tl,ué)(wl + wi]) + Af)w(tl-,/té)) B1 Fi(t1,0)
+/‘ dd; [1 - AO(tLNQQ)] B O(®o) + /t d®1A0(t1, ugy) BY' Fi(t1,0)
+ [ ae [1 = A0(t1, %) HE O(@0) + [ %2 0(t1,1) HE £ (t2,0)
+ ) d®y HY Fa(t2,0)
» BR=B; —B; =V +1; + [d®;1S10(t2 — t1)
HY (HE) — regular (exceptional) double real configurations


http://inspirebeta.net/search?action_search=Search&p=1211.7278
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Comparison with MC@NLO
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Impact of PDFs

ol AR

NS
< T T N T T T T
8 10%F fs=7Tev , E 3 10%F (s=7Tev , 43
E_ [ 60 GeV<m ;<120 GeV R i 35_ [ 60 Gev<m <120 GeV — ERRR %
= r — NNLO ] = r — NNLO 1g
& r ] I 3 12
& £ ]
5 10t E 5 10t E
o E | © E ]
1 my2<p <2m, E 1 m/2<p <2m, E
RIF, 3 RIF E|
mH/2< H <2mH 3 B my2< p <2m” 3
Sherpa+BlackHat i i
9 11 9
z z
z 1 z
e e
o 09 o 09F
= Eotonbenbobonn b s b bon i E TR FNEEY ETT IR FNURY FRTA N = AT NITEE
o 0 10 20 30 40 50 60 70 80 90 100 o
p. . [GeV

0 10 20 30 40 50 60 70 80 90 100
p.  [GeV

» MCGONLO with NLO PDFs » MCGONLO with NNLO PDFs



Impact of PDFs
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» MCGONLO with NLO PDFs

» MCONLO with NNLO PDFs
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Thank you for your attention
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