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PART |I: Introduction

@ Introduction: improving event generators

e QCD Basics: Scales & Kinematics
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PART IlI: Monte Carlo for Perturbative QCD

© Parton-level Monte Carlo

@ Parton showers — the basics
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PART Ill: Precision Simulations

© First improvements

© Matching
@ Multijet merging

© Electroweak corrections
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PART IV: Monte Carlo for Non—Perturbative QCD

© Hadronisation

@ Underlying Event
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PART I: INTRODUCTION




IMPROVING EVENT GENERATORS




Introduction

Strategy of event generators
principle: divide et impera

@ hard process:
fixed order perturbation theory

traditionally: Born-approximation

@ bremsstrahlung:
resummed perturbation theory

@ hadronisation:
phenomenological models

@ hadron decays:
effective theories, data

@ "underlying event”:
phenomenological models
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Introduction

and possible improvements

possible strategies:

@ improving the phenomenological models:

e “tuning” (fitting parameters to data)
e replacing by better models, based on more physics

(my hot candidate: “minimum bias” and “underlying event” simulation)

@ improving the perturbative description:

e inclusion of higher order exact matrix elements and correct
connection to resummation in the parton shower:

“NLO-Matching” & “Multijet-Merging”

e systematic improvement of the parton shower:
next-to leading (or higher) logs & colours

F. Krauss
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Introduction

Motivation — precision edge of particcle physics

o after Higgs discovery: time for precision studies
is it the SM Higgs boson or something else?
relevant: spin/parity (v'), couplings to other particles
o Higgs signal suffers from different backgrounds, depending on
production and decay channel considered in the analysis
@ decomposing in bins of different jet multiplicities yields
o different signal composition (e.g. WBF vs. ggF)
o different backgrounds (most notably: tt in WW final states)
@ to this end: must understand jet production in big detail
name of the game: uncertainties and their control

despite far-reaching claims: analytic resummation and fixed-order calculations will not be sufficient

@ same reasoning also true for new resonances/phenomena

F. Krauss
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Introduction

Motivation — BSM edge of particle physics

- to date no survivors in searches for new physics & phenomena

(a pity, but that's what Nature hands to us)

push into precision tests of the Standard Model

(find it or constrain it!)

statistical uncertainties approach zero

(because of the fantastic work of accelerator, DAQ, etc.)

- systematic experimental uncertainties decrease

(because of ingenious experimental work)

theoretical uncertainties are or become dominant

(it would be good to change this to fully exploit LHC's potential)

—> more accurate tools for more precise physics needed! I
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Introduction

Aim of the lectures

@ review the state of the art in precision simulations

(celebrate success)

@ highlight missing or ambiguous theoretical ingredients

(acknowledge failure)

e (maybe) suggest some further studies — experiment and theory
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QCD BASICS

SCALES & KINEMATICS




QCD Basics: Scales & Kinematics

Contents

2.a) Factorisation: an electromagnetic analogy

2.b) QED Initial and Final State Radiation

2.c) Hadrons in initial state: DGLAP equations of QCD
2.d)

Hadron production: Scales
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QCD Basics: Scales & Kinematics

[ Je]

Factorisation: an electromagnetic analogy

An electromagnetic analogy

@ consider a charge Z moving at constant velocity v

v=0
e at v = 0: radial E field only =
e at v =c: B field emerges: E L B, B 1L Vv, E 1V,

energy flow ~ Poynting vector S~ExB, | v
e approximate classical fields by “equivalent quanta”: photons

F. Krauss
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QCD Basics: Scales & Kinematics
oe

Factorisation: an electromagnetic analogy

@ spectrum of photons:
(in dependence on energy w and transverse distance b )

any = 20 o 48 ez 0 do 8]
" s w b2 T w b?
w T i

@ Fourier transform to transverse momenta k| :

dw ﬁ
w k3

@
dny = —-
7r

note: divergences for k; — 0 (collinear) and w — 0 (soft)
o therefore: Fock state for lepton = superposition (coherent):
|€)pnys = [€) +[e7) +[evy) +lervyy) + ..

photon fluctuations will “recombine”
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QED |Initial and Final State radiation

QCD Basics: Scales & Kinematics
@000

QED Initial and Final State Radiation

F. Krauss

consider final state radiation in v* — ¢/
(electron velocities/momenta labelled as v and v//p and p’)
classical electromagnetic spectrum from radiation function:

(this is from Jackson or any other reasonable book on ED)

_, -
o . v _ v
1-v-a 1-V-ni

with e the polarisation vector and () the direction of the radiation

d2/ €2 2

dwdQ ~ 4m2

7

recast with four-momenta, equivalent photon spectrum:
A2k p A
AN = S (PP
(2m)32ko w | " \p-k p -k
Bk« 2
= 530 - pr’;k
(2m)32ky ™

with the eikonal W .«
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QCD Basics: Scales & Kinematics
[o] le]e}

QED |Initial and Final State radiation

o repeat exercise in QFT, Feynman diagrams:

» [}
i

k
4 P

¢1_k o o ¢+k
e R R

o et (1) [P P G u(p) = eMyarams - Wop
" p-k p-k —ete=y pp’;

Myrurars = ei(p) | (¢)es (k)

@ manifestation of Low's theorem:
soft radiation independent of spin (— classical)

(radiation decomposes into soft, classical part with logs — i.e. dominant — and hard collinear part)
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QCD Basics: Scales & Kinematics
[o]e] le}

QED |Initial and Final State radiation

DGLAP equations for QED

(Dokshitser-Gribov-Lipatov—Altarelli-Parisi Equations)

@ define probability to find electron or photon in electron:

at LO in a(noemission) : £(x, k3) = (1 — x)
and ~(x, k3) =0

(introduced x = energy fraction w.r.t. physical state)
@ including emissions:
o probabilities change
o energy fraction £ of lepton parton w.r.t. the physical lepton object
reduced by some fraction z = x/¢
o reminder: differential of photon number w.r.t. k3 :
adk? dw dny adx

dny =292 % 7 diogkt T wox
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QCD Basics: Scales & Kinematics
Qo0e

QED |Initial and Final State radiation

@ evolution equations (trivialised)

1
di(x, kK1) _ a(k}) [ d¢ x 2 2
dlog ka_ = Tor ?’PM (5’ a(kL)) 5(57 kL)

1
d , k2 k2 d
552 [ 4o G

° kf_ plays the role of “resolution parameter”

@ the P,u(z) are the splitting functions, encoding quantum mechanics
of the “splitting cross section”, for example (at LO)

Pute) = (F22) +300-

o if v — ¢4 splittings included, have to add entries/splitting functions
into evolution equations above
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QCD Basics: Scales & Kinematics

®00000

Hadrons in initial state: DGLAP equations of QCD

Running of as and bound states

@ quantum effect due to loops:
couplings change with scale

@ running driven by S—function

05
2 f April 2012
2 60{5(,UR) o (Q) v Tdecays (N3LO)
6(0‘5) = HRr > s
a,u/R 04\ & DIS jets (NLO)
0 Heavy Quarkonia (NLO)
o e’ jets & shapes (res .0)
= @ a2 + IB]' a3 _|_ . Zp\»l‘c‘lm\ﬁlgy e
A S (471—)2 s o 03 N pp —> jets (NLO
with
02
11 4
Po == Ca— 5 Trn¢
3 3 o1
34 20 = (M) =0.1184
_ 2 =QCD 0,(Mz)=0.1184%0.0007
P = Ci— & CaTrns —4CeTrne m m
3 3 Q[GeV]
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QCD Basics: Scales & Kinematics
O@0000

Hadrons in initial state: DGLAP equations of QCD

@ Casimir operators in the fundamental and adjoint representation:

2

N2 -1
CF = 2NC and CA = NC

with N. = 3 colours and Tg = 1/2.
@ n¢ = the number of (quark) flavours
@ the Casimirs correspond to quark and gluon colour charges
@ explicit expression for strong coupling
&2(1z) 1

O‘s(:u%?) = 4n =

107
Aqcp?

B
ﬁ log

with Aqcep the Landau pole of QCD, Agcep ~ 250MeV.
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QCD Basics: Scales & Kinematics
[o]e] lelele]

Hadrons in initial state: DGLAP equations of QCD

Picture of Hard QCD Interactions

borrowed from QED: lifetime of electron—photon fluctuations:
e(P) — e(p) + (k)

estimate: use uncertainty relation and Lorentz time dilation

o P? = (p+ k)?> = M2, the virtual mass of the incident electron
o life time = life time in rest frame - time dilation

1 E _ _E E k w
Myire Myie — (p+ k)2 2Ek(1 — cos 9) k2sin? 0,2 k2

T ~

o lifetime larger with smaller transverse momentum

(i-e. with larger transverse distance)

same pattern also in QCD

F. Krauss
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QCD Basics: Scales & Kinematics
000@00

Hadrons in initial state: DGLAP equations of QCD

@ physical interpretation:

equivalent quanta = quantum manifestation of accompanying fields
@ in absence of interaction: recombination enforced by coherence
@ but: hard interaction possibly “kicks out” quantum

— coherence broken

— equivalent (virtual) quanta become real
— emission pattern unravels

@ alternative idea:
initial state radiation of photons off incident electron

F. Krauss
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QCD Basics: Scales & Kinematics
000080

Hadrons in initial state: DGLAP equations of QCD

Hadrons in initial state: DGLAP equations of QCD

@ define probabilities (at LO) to find a parton g — quark or gluon — in
hadron h at energy fraction x and resolution parameter/scale Q:
parton distribution function (PDF) f/4(x, Q?)

@ scale-evolution of PDFs: DGLAP equations

6( fQ/h(Xv Q2) )
dlog Q2 \ fy/n(x, Q3)

0 [ (el ) (68)
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QCD Basics: Scales & Kinematics
O0000e

Hadrons in initial state: DGLAP equations of QCD

@ QCD splitting functions:
POKx) = Cr +(5(1—x)} = [Péé)(x)} + 4151 - x)

PR(x) = Tr 'x2+(1—x)2} = Pgd(x)

:1+ 1—x
PG = o [P0 e
X 1—x
Pé?(x) = 2Cy {(1—x)+ . +x(1—x)}
11Ca — 4nf T,
%5(1_)() = {Péé)(x)}+ + 7él)(g(l_x)_

@ remark: IR regularisation by +—prescription &
terms ~ (1 — x) from physical conditions on splitting functions

(flavour conservation for ¢ — gg and momentum conservation for g — gg, qg)

F. Krauss
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QCD Basics: Scales & Kinematics
[ Je]

Hadrons in the final state

Hadron production: Scales

consider QCD final state radiation

pattern for g — gg similar to £ — ¢~ in QED:

2 2
q—ag — O‘S(k ) dky dﬁ Y
dw 2 Fe +(1- E)

wmE1-n) as(k3) AR 1422 ag(KR) AR o
it 4, - Cr 5k dz PY(z).
o Fae T T T e 2P

@ divergent structures for:

z — 1 (soft divergence) <— infrared/soft logarithms
k3 — 0 (collinear/mass divergence) <—  collinear logarithms

o cut regularise with cut-off k| min ~ 1GeV > Aqcp

F. Krauss
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QCD Basics: Scales & Kinematics
oe

Hadrons in the final state

@ find two perturbative regimes:

@ a regime of jet production, where ki ~ k| ~ w > ki min and
emission probabilities scale like w ~ as(ky) < 1; and
e a regime of jet evolution, where k| min < ki < k” < w and

therefore emission probabilities scale like w ~ as(ky ) log? k3 <
@ in jet production:
standard fixed—order perturbation theory
@ in jet evolution regime,

perturbative parameter not as any more
but rather towers of exp [as log k3 log k\l}

e induces counting of leading logarithms (LL), asL?",

next-to leading logarithms (NLL), agl?"—1

etc.

F. Krauss
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PART Il: MONTE CARLO

FOR PERTURBATIVE QCD




MONTE CARLO FOR

PARTON LEVEL




Parton-level Monte Carlo

Contents

Calculating matrix elements efficiently

Phase spacing for professionals

Cancellation of IR divergences

3.a)
3.b)
3.c) Including higher order corrections
3.d)
3.e) Tools for LHC physics
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Parton-level Monte Carlo
0000

Calculating matrix elements efficiently

Simulating hard processes (signals & backgrounds)

o Simple example: t — bW+ — bly;:

2 >w
IMP =} (%2) mbitm =
2 \sin? 0w (py, — My, )25, MG, %\\Qv
T T
@ Phase space integration (5-dim):
_ 2 d?Qy d?Q _ M 2
M= 2mt 1287r3 Pw~ar 4r (1 |M|

5 random numbers — four—momenta — “events”.

Apply smearing and/or arbitrary cuts.

Simply histogram any quantity of interest - no new calculation for
each observable

F. Krauss
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Parton-level Monte Carlo
0e00

Calculating matrix elements efficiently

Calculating matrix elements efficiently

@ stating the problem(s):

e multi-particle final states for signals & backgrounds.
e need to evaluate dop:

N 3
d’q; N
/ [H (277)325] st <P1 + p2 — Z qi> |Mp1pz—>N|2-

cuts i=1

o problem 1: factorial growth of number of amplitudes.
o problem 2: complicated phase-space structure.
e solutions: numerical methods.

F. Krauss
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Parton-level Monte Carlo
[e]e] o]

Calculating matrix elements efficiently

@ example for factorial growth: eTe™ — qg + ng

n | #diags £ 100 o —
011 g‘) ece —> qq+ng
112 -5 100 .
218 = -
3| 48 510k 1
3 _
4 | 384 =
:3 1 L L
z 1 2 3 4

Number of gluons
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Parton-level Monte Carlo
[e]e]e] ]
Calculating matrix elements efficiently

@ obvious: traditional textbook methods (squaring, completeness
relations, traces) fail
= result in proliferation of terms (M; M)

@ better ideas of efficient ME calculation:
= realise: amplitudes just are complex numbers,
= add them before squaring!

@ remember: spinors, gamma matrices have explicit form
could be evaluated numerically (brute force)
but: Rough method, lack of elegance, CPU-expensive

@ can do better with smart basis for spinors (see detour)

@ this is still on the base of traditional Feynman diagrams!

F. Krauss
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Parton-level Monte Carlo
@00

Phase spacing for professionals

Phase spacing for professionals

(“Amateurs study strategy, professionals study logistics”)

@ democratic, process-blind integration methods:
e Rambo/Mambo: Flat & isotropic
R.Kleiss, W.J Stirling & S.D.Ellis, Comput. Phys. Commun. 40 (1986) 359;
o HAAG/Sarge: Follows QCD antenna pattern
A.van Hameren & C.G.Papadopoulos, Eur. Phys. J. C 25 (2002) 563
@ multi-channelling: each Feynman diagram related to a phase space
mapping (= "channel”), optimise their relative weights
R.Kleiss & R.Pittau, Comput. Phys. Commun. 83 (1994) 141

@ main problem: practical only up to O(10k) channels.

@ some improvement by building phase space mappings recursively:
more channels feasible, efficiency drops a bit.

F. Krauss




Parton-level Monte Carlo
(o] o}

Phase spacing for professionals

basic idea of multichannel sampling (again):
use a sum of functions g;(X) as Jacobean g(x).
= N =
= g(X) = Xy cigi(X);
= condition on weights like stratified sampling;
(“combination” of importance & stratified sampling).

algorithm for one iteration:

@ select g; with probability o; — 5.
@ calculate total weight &(%}) and partial weights g;(%;)

@ add f(%})/&(%;) to total result and (%;)/g;(%;) to partial

(channel-) results.

@ after N sampling steps, update a-priori weights. T

this is the method of choice for parton level event generation!

F. Krauss




Parton-level Monte Carlo
ooe

Phase spacing for professionals

@ quality measure for integration performance: unweighting efficiency
@ want to generate events “as in nature”.
@ basic idea: use hit-or-miss method;

e generate X with integration method,
e compare actual f(X) with maximal value during sampling
—> “Unweighted events”.

@ comments:

o unweighting efficiency, weg = (f(X;)/fmax) = number of trials for
each event.

o expect log;, wer = 3 — 5 for good integration of multi-particle final
states at tree-level.

e maybe acceptable to use fiax,eff = Kfmax with K < 1.
problem: what to do with events where f(X;)/fmax,er > 17
answer: Add int[f(X;)/fmax,ert] = k events and perform hit-or-miss
on f(X;)/fmax,et — k.

F. Krauss
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Parton-level Monte Carlo
@000

Including higher order corrections

Including higher order corrections

@ obtained from adding diagrams with additional:
loops (virtual corrections) or
legs (real corrections)

o effect: reducing the dependence on ug & ur
NLO allows for meaningful estimate of uncertainties

@ additional difficulties when going NLO:
ultraviolet divergences in virtual correction
infrared divergences in real and virtual correction
enforce
UV regularisation & renormalisation
IR regularisation & cancellation

(Kinoshita—Lee-Nauenberg-Theorem)

F. Krauss
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Parton-level Monte Carlo
0@00

Including higher order corrections

Structure of NLO calculations

virtual correction
Born term (renormalized) real correction

do = d(DBBN((DB) + dq)BVN(q)B) -l-dq)R'RN(CDR)

= ddg (BN + Vn + I,(VS)) + dér (RN — SN)

(s

after adding a zero: Iy ) deR/BSN

F. Krauss
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Parton-level Monte Carlo
[e]e] le)

Including higher order corrections

@ phase space factorisation assumed here (¢ = O R ¢4)

/d¢18N(¢3 ® 0y) = I (dp)

@ process independent, universal subtraction kernels

SN(CDB & ¢1) = BN(CDB) ® 51(‘1’5 & ¢1)
I (0 © 1) = By(ds) ® 79 (05),

and invertible phase space mapping (e.g. Catani-Seymour)

Pr +—— PR D,

F. Krauss
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Parton-level Monte Carlo
oooe

Including higher order corrections

Aside: choices . ..

@ common lore: NLO calculations reduce scale uncertainties

@ this is, in general, true. however:
unphysical scale choices will yield unphysical results

0 S0 100 150 200 250 300 350 400 450 500
N T T T T T

W +3jes+X  __ Lo

— ' = — NLO 3

> V7= 1Ty

© e,

= [

2 1
i '~

Sl L o

E

g i

s -

10 E

7 g
H 3
i 3
4 —
3 3
T 3
0 L L L I 1 L L L =|
050 100 150 200 250 300 350 400 450 S

Second Jet E; [GeV ]

@ more ways of botching it at higher orders




Parton-level Monte Carlo
@00
Tools for LHC physics

Availability of exact calculations (hadron colliders)

o fixed order matrix elements ( “parton level”) are exact to a given
perturbative order.

(and often quite a pain!)

@ important to understand limitations:
only tree-level and one-loop level fully automated, beyond:
prototyping

. done

for some processes
B first solutions

1 2 3 4 5 6 7 8 9
n FS particles

F. Krauss
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Parton-level Monte Carlo
oeo

Tools for LHC physics

Survey of existing parton-level tools @ tree—level

Models 2 —n Ampl. Integ. public? lang.

ALPGEN SM n=38 rec. Multi yes Fortran
AMEGIC++ SM, UFO n==6 hel. Multi yes C++
Comix SM, UFO n=28 rec. Multi yes C++
COMPHEP SM, LANHEP n=4 trace 1Channel yes C
HELAC SM n=28 rec. Multi yes Fortran
MADEVENT SM, UFO n==6 hel. Multi yes Python/Fortran
'WHIZARD SM, UFO n=38 rec. Multi yes O’'Caml

Krauss
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Parton-level Monte Carlo
ooce

Tools for LHC physics

Survey of existing parton-level tools @ NLO

Krauss
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type technology
H ‘ dependencies on other codes
LoopTooLS integrals
ONELOOP integrals
QCDLoorP integrals
COLLIER reduction
CuTTOoOLS reduction OPP
FORMCALC reduction PV
NINJA reduction Laurent expansion
SAMURAI reduction
BLACKHAT library (amplitudes) OPP (unitarity)
MCcFm library (full calculation) PV & OPP
MJET library (amplitudes) OPP
GOSAM generator (amplitudes) OPP
SAMURAI +NINJA +
MADLOOP generator (full calculation) OL+O0PP
CuTTooLS +
OPENLOOPS generator (amplitudes) OL+OPP
COLLIER +CUTTOOLS +
RECOLA generator (amplitudes) TR
COLLIER +CUTTOOLS +
HELAC-NLO generator (full calculation) OPP

CutTooLS +




GOING MONTE CARLO

PARTON SHOWERS - THE BASICS




Parton showers — the basics

Contents

4.a) An analogy: radioactive decays
4.b) The pattern of QCD radiation
4.c) Quantum improvements
4.d)

Compact notation

F. Krauss
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Parton showers — the basics
[ Je]

An analogy: radioactive decays

An analogy: Radioactive decays

consider radioactive decay of an unstable isotope with half-life 7.

(and ignore factors of In2.)

survival" probability after time t is given by
S(t) = Prodec(t) = exp[—t/7]

(note “unitarity relation”: Pgec(t) =1 — Pphodec(t))

probability for an isotope to decay at time t:

dpdec(t) _ dPnodec(t) _ E
G - a4~ ee(=t/n)

@ now: connect half-life with width ' = 1/7.

probability for isotope decay at any fixed time t determined by I'.

F. Krauss
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Parton showers — the basics
oe

An analogy: radioactive decays

@ spice things up now: add time—dependence, [ = I'(t’)

@ rewrite
t

re — /dt/l'
0
@ decay-probability at a given time t is given by

Paecll) _ () enp | - / dE'T() | = T(£) Paodee()
0

(unitarity strikes again: dP e (t)/dt = —dPp,dec(t)/dt.)
@ interpretation of l.h.s.:
o first term is for the actual decay to happen.
o second term is to ensure that no decay before t
= conservation of probabilities.
the exponential is - of course - called the Sudakov form factor.

F. Krauss
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Parton showers — the basics
®000000

The pattern of QCD radiation

The pattern of QCD radiation

@ a detour: Altarelli-Parisi equation, once more

@ AP describes the scaling behaviour of the parton distribution
function

(which depends on Bjorken-parameter and scale Q2)

1
2
q9be 2~ [ Y fa(@)Patx/y)] a0r. @)
X
@ term in square brackets determines the probability that the parton
emits another parton at scale Q? and Bjorken-parameter y
(after the splitting, x — yx + (1 — y)x.)
e driving term: Splitting function Pg(x)
important property: universal, process independent

F. Krauss
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Parton showers — the basics
O®00000

The pattern of QCD radiation

Rederiving the splitting functions

o differential cross section for gluon emission in ete™ — jets

2 2
daee—>3j CFas X1 + X5

Dade =¥ (- x)(1-x)

singular for x; o — 1.

@ rewrite with opening angle 6,, and gluon energy fraction

x3=2Eg/Ecm.:
dO'ee_>3j o CFOLS 2 1+ (1 - X?,)2
T . = Oee—2j ) - X3
d cos Oggdxs T [sin 04 X3

singular for x3 — 0 (“soft"), sinfse — 0 (“collinear™).

F. Krauss
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Parton showers — the basics
OO®0000

The pattern of QCD radiation

@ re-express collinear singularities

2dcostlye  dcoslyg dcosfgg
sinfg; 1 —cosfge 14 cosfg,
d cos e dcoslg,  dbi,  doZ,

- 1—cosfy 1—cosby 62

2
qg eég

@ independent evolution of two jets (¢ and )

CFOéS d92
doee—3j A Teesdj Z -2 P(2)
2 0,

j€{aq.q}

F. Krauss




Parton showers — the basics
000@000

The pattern of QCD radiation

@ note: same form for any t o 6%
e transverse momentum k3 ~ z2(1 — z)2E26?

e invariant mass q* ~ z(1 — z) E26?

@ parametrisation-independent observation:
(logarithmically) divergent expression for t — 0.

e practical solution: cut-off Q3.
= divergence will manifest itself as log Q3.

o similar for P(z): divergence for z — 0 cured by cut-off.

F. Krauss
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Parton showers — the basics
0000@00

The pattern of QCD radiation

@ what is a parton? Tk
collinear pair/soft parton recombine!

@ introduce resolution criterion k; > Qq.

@ combine virtual contributions with unresolvable emissions:
cancels infrared divergences = finite at O(as)

(Kinoshita-Lee-Nauenberg, Bloch-Nordsieck theorems)

@ unitarity: probabilities add up to one
P(resolved) + P(unresolved) = 1.

F. Krauss




Parton showers — the basics
00000eO

The pattern of QCD radiation

o the Sudakov form factor, once more

o differential probability for emission between ¢° and ¢* + dg?:

as dg? o A2 (A2
dP = 2 dzP(z) =:dqg° T (¢°)

Zmin

e from radioactive example: evolution equation for A

dA(Q?, ¢?) dp
— g S A ) =A@ PIN(@)
Q2
— A(Q? ¢°) = exp —/de"(kz)
pre

F. Krauss
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Parton showers — the basics
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The pattern of QCD radiation

@ maximal logs if emissions ordered

@ impacts on radiation pattern: in each emission t becomes smaller

F. Krauss




Parton showers — the basics
[ Jelele]e}

Quantum improvements

Quantum improvements

@ improvement: inclusion of various quantum effects

e trivial: effect of summing up higher orders (loops) ac — a.(k?)

Ouers ... ru.um%m:”

@ much faster parton proliferation, especially for small kJZ_.

e avoid Landau pole: k¥ > QF > A3cp = Q3 = physical
parameter.

F. Krauss
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Parton showers — the basics
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Quantum improvements

@ soft limit for single emission also universal

@ problem: soft gluons come from all over (not collinear!)
quantum interference? still independent evolution?

@ answer: not quite independent.

@ consider case in QED

F. Krauss
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Quantum improvements

@ assume photon into eTe™ at f.. and photon off electron at
photon momentum denoted as k

e energy imbalance at vertex: k] ~ k|0, hence AE ~ Jz_/kH ~ k”92.
o formation time for photon emission:
@ ee-separation: Ab ~ O.At
@ must be larger than transverse wavelength of photon:
Oee/(k)0%) > 1/k1 =1/(k)0)
@ thus: .. > 6 must be satisfied for photon to form

@ angular ordering as manifestation of quantum coherence

F. Krauss
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Quantum improvements

@ pictorially:

s

gluons at large angle from combined colour charge!
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Quantum improvements

@ experimental manifestation:
AR of 2" & 3" jet in multi-jet events in pp-collisions
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Parton showers, compact notation

Parton showers, compact notation

@ Sudakov form factor (no-decay probability)

t
dt asg d
A (t 1) = exp */ T o dzzﬁ Lirlt: 2 9)
T, T N—

to
splitting kernel for

(if) — ij (spectator k)

@ evolution parameter t defined by kinematics

generalised angle (HERWIG ++) or transverse momentum (PYTHIA, SHERPA)

dt
o will replace —dz— — d®¥;
t 2m

o Scale ChOIce for Strong Coup|ing: Oés(ki) resums classes of higher logarithms

@ regularisation through cut-off t;

F. Krauss
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Parton showers, compact notation

@ “compound” splitting kernels C,, and Sudakov form factors AE,K)

for emission off n-particle final state:

t

(67
@)= 52 3 Kyul®sa). AP ) e |~ [douk,(e1)
all {ij,k} %

@ consider first emission only off Born configuration

dUB = dq)/\/ BN(CDN)

2
Hn

. {A%’(,@, to) + / Ao, {/CN(@)A(N“)(,@, t(cbl))} }

to

integrates to unity — “unitarity” of parton shower

o further emissions by recursion with @2 = t of previous emission

F. Krauss
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Parton showers — the basics

Connection to resummation *°°
Connection to resummation
e consider standard Collins-Soper-Sterman Qr-formalism (CSS):
doag_x l/°d2bL P
—L222 = dox B(¢x) - [ by - Qu)Wj(b; &
ddeﬁ_ X J( X) (27’(’)2 exp(l L QL) J( X)
guarantee 4-mom conservation higher orders
with
collinear bits loops
VT/,-j(b; ox) = Ci(b; ®x, as)Ci(b; ®x, as)Hij(as)

2

dk? QX
exp | — / Tf <A(as(k§)) log k—g + B(as(ki)))
1/p2

Sudakov form factor, A, B expanded in powers of as

F. Krauss
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oeo
Connection to resummation
.. r
@ analyse structure of emissions above 1 @
. . . UN
@ logarithmic accuracy in Iogk— (a la CSS) + @)
L
possibly up to next-to leading log, T 00
o if evolution parameter ~ transverse momentum, T o
o if argument in as is o< k, of splitting, + 0
o if Kjx — terms A;» and B; upon integration /@ OO
(OK, if soft gluon correction is included, and if K;; ;. — AP splitting kernels) Q—Q—Q—Q—»
o

@ in CSS k, typically is the transverse momentum of produced
system, in parton shower of course related to the cumulative effect
of explicit multiple emissions

@ resummation scale puy =~ pg given by (Born) kinematics —
simple for cases like g3’ — V, gg — H, ...
tricky for more complicated cases

F. Krauss
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Connection to resummation

Example: achievable precision of shower alone in DY

pr spectrum, Z— ee (dressed) ¢; spectrum, Z— ee (dressed)

— 10 T T T
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0= |y <1 lyz] <08

1< lyz| <2 (x0.
‘ 08 < [yz] <16 (x0.1)

2 < |yz| <24 (x0.0

16 < |zl (x0.01)

—e— ATLAS data
JHEP 0 (2014) 145
—— ME+PS (1-jet)
5< Quur < 20 GeV

—e— ATLAS data
Phys.Lett. B720 (2013) 32
—— ME+PS (1-et)
5< Quur < 20 GeV
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Improving Parton Showers

Another systematic uncertainty

@ parton showers are approximations, based on
leading colour, leading logarithmic accuracy, spin-averaged

@ parametric accuracy by comparing Sudakov form factors:

dk? %
A—exp{—/J‘ [AIogL+B]},
K2 Q2

where A and B can be expanded in as(k?)
@ showers usually include terms A; 5 and B; (NLL)

@ A; realised by pre-factor multiplying scale ug ~ k|

(CMW rescaling: Catani, Marchesini, Webber, Nucl Phys B,349 635)

o fixed-order precision necessitates to consistently assess uncertainties
from parton showers (quite often just used as black box)

@ maybe improve by including higher orders?

F. Krauss
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Improving Parton Showers

Event generation (on-the-fly scale variations)

@ basic idea: want to vary scales to assess uncertainties
@ simple reweighting in matrix elements straightforward

@ reweighting in parton shower more cumbersome

o shower is probabilistic, concept of weight somewhat alien
e introduce relative weight
o evaluate (trial-)emission by (trial-)emission

F. Krauss
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Improving Parton Showers

Parton showers — the basics

00e000000

Implementation in HERWIG7

Dipole
Dipole
Dipole

e (nr/ V2 15/ V2)
e (V2jur, V2pr)
e (s i)

AO (ur/ V2. pp/V2)
AO (V2up. V2pr)
AO (i)

| -
| ol - -
1 10! 10? 1 10!
pi(H) [GeV
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Improving Parton Showers

Weight variation for W+jets with MEPS@NLO

e uncertainties in p!V CPU budget
° udge
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Improving Parton Showers

Going beyond leading colour

Parton showers — the basics

[e]e]e]e] Jelele]e]

@ start including next-to leading colour

3
&
=
= 0.1
=
1
=1
Z 001
o
0.001
12
= 1.1
& 1
B 0.9
08

(first attempts by Platzer & Sjodahl; Nagy & Soper)

average transverse momentum w.r.t. iz

full
shower —---------
strict large-N,.

(p1)/GeV

@ also included in 1st emission in SHERPA's MC@NLO
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Improving Parton Showers

Towards higher logarithmic accuracy

(Hoeche, FK, Prestel)

Differential jet resolution at parton level (Durham algorithm)

@ reproduce DGLAP evolution at NLO m )
include all NLO splitting kernels f .
@ corrections to standard 1 — 2 trivial wF
o 2-loop cusp term subtracted & e
combined with LO soft contribution b e mesay

o use weighting algorithms

(Hoeche, Schumann, Siegert, 0912.3501)

@ new topology at NLO from
g — g and g — ¢’ splittings

@ generic 1 — 3 process in parton shower

@ implementation complete and
cross-checked (PYTHIA vs. SHERPA)

F. Krauss
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Parton showers — the basics
000000e00

Comparison with data: e~ e™ — hadrons

MC/Data

Krauss

do/dyxs
5

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

(Hoeche, FK & Prestel, 1705.00982)

Differential 3-jet rate with Durham algorithm (91.2 GeV)

—— Data

—+— NLO
1/41 <y <4t
—— LO

1/4t < p} <4t

Dire PS

—+— Data

—+— NLO
- 1/41 < pf <4t
—— Lo

1/4t <y < 4t

107"
Durham

Y3

1072 107"
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Improving Parton Showers

Comparison with data: e~ e™ — hadrons

(Hoeche, FK & Prestel, 1705.00982)

Thrust (Ecpms = 91.2 GeV) C-Parameter (Ecys = 91.2 GeV)

= L L e o B B I B e M R R LS ] - [ T N
5 I I I I 153 E I I L=
3 O 12
5 5 1 =°

< < E

- 1 = 3

—+— Data 107" —— Data —

07 —— NLO —— NLO E

1/4t < py <4t 1/4t < pf <4t q

1072 —— LO 1072 B —— LO

1/4t <y} < 4t 1/4t <} < 4t

MC/Data

0.6 0.65 07 075 0.8 0.85 0.9 095
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Improving Parton Showers

Comparison with data: DY at LHC

(Hoeche, FK & Prestel, 1705.00982)

Z — ee "dressed”, Inclusive 0.0 < |yz| < 1.0, "dressed”
e L B B N R B R L L o A
= o
N .
S 007 —+— Data —+— Data
E‘; 0.06 —— NLO NLO
= 1/4t <y} <4t 1/4t < ph <4t
R o005 —— L0 —— L0

1/4t < pd < 4t 1/4t < pd < 4t

MC/Data
MC/Data

rARN AR AR SR
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o 5 10 15 20
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FIRST IMPROVEMENTS:

ME CORRECTIONS




First improvements

Contents

5.a) Improving event generators

5.b) Matrix-element corrections
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First improvements
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Improving event generators

Improving event generators

The inner working of event generators
. simulation: divide et impera

@ hard process:
fixed order perturbation theory

traditionally: Born-approximation

@ bremsstrahlung:
resummed perturbation theory

@ hadronisation:
phenomenological models

@ hadron decays:
effective theories, data

@ "underlying event”:
phenomenological models

F. Krauss
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Improving event generators

. and possible improvements
possible strategies:

@ improving the phenomenological models:

e “tuning” (fitting parameters to data)
e replacing by better models, based on more physics

(my hot candidate: “minimum bias” and “underlying event” simulation)

@ improving the perturbative description:

o inclusion of higher order exact matrix elements and correct
connection to resummation in the parton shower:

“NLO-Matching” & “Multijet-Merging”

e systematic improvement of the parton shower:
next-to leading (or higher) logs & colours

F. Krauss
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Improving event generators

e remember structure of NLO calculation for N-body production
do = dq)BBN(CDB) + dq)BVN(q)B) + d‘DR'RN(q)R)
=ddp (BN + Yy + I,(VS)) + dor ('RN — SN)

@ phase space factorisation assumed here (¢ = 5 ® dy)
/d¢18/\/(¢5 X Cbl) = I,(VS)(Q)B)

@ process independent subtraction kernels

SN((DB & q)l) = BN(CDB) X Sl(d)zg X q)l)
I (0 @ 1) = By(ds) ® I (0p)

with universal S;(®5 @ ®;1) and I§S)(¢B)

F. Krauss
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Matrix element corrections

Matrix element corrections

@ parton shower ignores interferences
typically present in matrix elements

VI ém 2+ M,<%
e ‘<w +‘<%

@ form many processes Ry < By x Ky

@ pictorially )

2

T T RO NP N B R
0 01 02 03 04 05 06 07 08 09 1
)

o typical processes: q§' — V, e"e" — qg, t — bW

@ practical implementation: shower with usual algorithm, but reject
first/hardest emissions with probability P = Ry/(By x Ky)

F. Krauss
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Matrix element corrections

@ analyse first emission, given by

dO'B = dCDN BN(CDN)

1A
g Ry(dy x &
A/ t0)+ [ o | FEBHEDI AT, o)
0

once more: integrates to unity — “unitarity” of parton shower

e radiation given by Ry (correct at O(as))

(but modified by logs of higher order in cvs from A( R/B)y : @)

@ emission phase space constrained by uy 8

@ also known as “soft ME correction” ® 0

hard ME correction fills missing phase space @00

@ used for “power shower”: 000
un — Epp and apply ME correction o

F. Krauss
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(N)NLO MATCHING
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Contents

6.a) Basic idea

6.b) Powheg

6.c) MCONLO

6.d) NNLO - the new frontier
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Basic idea

NLO matching: Basic idea

@ parton shower resums logarithms
fair description of collinear/soft emissions

jet evolution (where the logs are large) r
@ matrix elements exact at given order -+ @)
fair description of hard/large-angle emissions 4 (@)
jet prOd UCtion (where the logs are small) 1 O O
@ adjust (“match”) terms: 1 ®O0
o cross section at NLO accuracy & 1+ @0 @)
correct hardest emission in PS to exactly
reproduce ME at order as /@ OO0
(R-part of the NLO calculation) Q—Q—Q—Q—>

(this is relatively trivial)
e maintain (N)LL-accuracy of parton shower

(this is not so simple to see)

F. Krauss
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PowHEG

POWHEG

@ reminder: KCj; x reproduces process-independent behaviour of
Rn /B in soft/collinear regions of phase space

Rn(Pn1)

dd
L B (n)

IR Qg
Ry Ay 25Ky (0
15 i.k(P1)

@ define modified Sudakov form factor (as in ME correction)

Rn(Pn1)

My
ARP (12 1) = ex f/dCD ,
N (ks to) P 1 B/\/(¢N)

to

@ assumes factorisation of phase space: ®pny1; = Py @
@ typically will adjust scale of ag to parton shower scale

F. Krauss
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PowHEG

o define local K-factors
@ start from Born configuration ®y with NLO weight:
(“local K-factor")

Aol = doy B(dy)

N
dq)/\/ {BN((DN) + VN(CDN) + BN(CDN) oy S
Pu(dn)

+/dd>1 [Rn(Py @ @1) — Bu(Pn) @ dS(P1)] }

@ by construction: exactly reproduce cross section at NLO accuracy

@ note: second term vanishes if Ry = By ® dS
(relevant for MC@NLO)

F. Krauss
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PowHEG

@ analyse accuracy of radiation pattern

@ generate emissions with A(,JQ/B)(N%V, to):

(NLO)

doy, =doy B(‘DN)
By Ru(6 1)
3 "X <
x ¢ AR iy, o) + / doy ~E P ATE (R (91))
Bn(dn)
to

integrating to yield 1 - “unitarity of parton shower”

@ radiation pattern like in ME correction
e pitfall, again: choice of upper scale y3, (this is vanilla PowHEG!)

@ apart from logs: which configurations enhanced by local K-factor

( K-factor for inclusive production of X adequate for X+ jet at large p | ?)

F. Krauss
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PowHEG
T T T ' ' ‘
b 1 00 b TTNNLO LHC 1
— POWHEG+HERWIG my=120 GeV
rrrrr POWHEG (up=pp=my) "
) ] =
_ 1ot MC@NLO &t -, — POWHEG 1
3 3 ---POWHEG (B - B)
Z 3
1072 b 1 N
% LHC ety
5 my=120 GeV
102 m e
H -3
MR=pp=mr *
s
[ nln n;o ‘-Iln 400 o ‘a" : - “m

pf [GeV] »t 2[“(;'e"]

@ large enhancement at high p7 4

@ can be traced back to large NLO correction

o fortunately, NNLO correction is also large — ~ agreement
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PowHEG

@ improving POWHEG

@ split real-emission ME as N S

N --- POWHEG h=my=400 GeV
= ---- POWHEG h=120 GeV

i1
pr b pl+
—— N —

R=R

do/dp [pb/GeV]

R(S) R(F) Hp=pp=mi
@ can “tune” h to mimick NNLO - or other T T
(resummation) result
o differential event rate up to first emission
(RO RO)/B [ RE) RE)/B 2
do = dogBE) | ART/B)(s 1) + /dtbl?A( /B)(s, k?)

to

+dog R (dp)

F. Krauss
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MC@NLO

MCGONLO

@ MCONLO paradigm: divide Ry in soft (“S") and hard (“H") part:
Ry = RE) + RY = By @ dS, + Ha

o identify subtraction terms and shower kernels dS; = > Kjj«
{ij,k}

(modify IC in 15t emission to account for colour)

2
Hy

doy = doyBu(on) | A3, t0)+/ APy K 4 (P1) AL (13, K3)
——
B+V fo

+dPni1 Hy

o effect: only resummed parts modified with local K-factor

F. Krauss
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MC@NLO

@ phase space effects: shower vs. fixed order

frmraTaTE

do/dy;e [pb.

[ad] (B4-*4)p /op

Yiet—Yu

@ problem: impact of subtraction terms on local K-factor
(filling of phase space by parton shower)

@ studied in case of gg — H above
o proper filling of available phase space by parton shower paramount
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NNLOPSs- the new frontier

NNLOPS in the MINLO approach: merging without @,

(K.Hamilton, P.Nason, C.Oleari & G.Zanderighi, JHEP 1305 (2013) 082)

@ based on POWHEG + shower from PYTHIA or HERWIG
@ up to today only for singlet S production, gives NNLO + PS
@ basic idea:

e use S+jet in POWHEG
o push jet cut to parton shower IR cutoff
e apply analytical NNLL Sudakov rejection weight for intrinsic line in
Born configuration
(kills divergent behaviour at order cg)
o don't forget double-counted terms
o reweight to NNLO fixed order

F. Krauss
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NNLOPSs- the new frontier

NNLOPS for H production

(K.Hamilton, P.Nason, E.Re & G.Zanderighi, JHEP 1310 (2013) 222)

— 10° — 10°

> NnLops [ > .

D10t HoT — ] O 101§

= Z

1072 1 10

o — a,

210 T 207

el ©

g l4¢ ‘ —__—___T— o l4r SR ———— ]

5 = § === E—

M06E ‘ ‘ ‘ ‘ ‘ 1 A 06L ‘ ‘ ‘ A R—
0 50 100 150 200 250 300 50 100 150 200 250 300

pr [GeV] pr [GeV]
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NNLOPSs- the new frontier

NNLOPS for Z production: UNNLOPS

S. Hoche, Y. Li, & S. Prestel, Phys.Rev.D90 & D91

Z pr reconstructed from dressed electrons

= e o L reconsuted rom e i
2001 a1z = E T
= 5=7Tev 3 8 E
21801 60 Gev<m,<120 Gev EL 3
3 160F 48 N
g
S 140F EH 5
RECES
120 E < E
T E
100F E £ F E
P Lo E 10N E e ATLAS PLByos(2011)415
80 — FEWZ E — unLors
60F == my/2< g <2m, NLO' | /2 < pryE < 2y
40 my/2< p_ <2m, NNLO 6 1y /2 < g < 2y
20
1.0 E-mH-H-- o
oLOaftn b e e e s
=1.02F E 5
b 8
e 1 5 Jd
2098 5" B =
0.96Em Ll
el T3 2 0o 1 2 3 4

e'e

@ also available for H production

Krauss
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NNLOPSs- the new frontier

NNLOPS: shortcomings/limitations

@ MINLO relies on knowledge of B, terms from analytic resummation
— to date only known for colour singlet production

@ MINLO relies on reweighting with full NNLO result
— one parameter for H (yy), more complicated for Z, ...

@ UNNLOPS relies on integrating single- and double emission to low
scales and combination of unresolved with virtual emissions
— potential efficiency issues, need NNLO subtraction

@ UNNLOPS puts unresolved & virtuals in “zero-emission” bin
— no parton showering for virtuals (?)

F. Krauss
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Multijet merging

Contents

7.a) Basic idea
7.b) Multijet merging at LO
7.c) Multijet merging at NLO

F. Krauss
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Basic idea

Multijet merging: basic idea

@ parton shower resums logarithms
fair description of collinear/soft emissions
. . exact ME
Jet eVOlUt|0n (where the logs are large) — LOdjet

3]

@ matrix elements exact at given order 4
fair description of hard/large-angle emissions 1
jet production (where the logs are small)

act ME
LO Sjet. but alsc
NLO 4jet

@ combine (“merge”) both:
result: “towers” of MEs with increasing
number of jets evolved with PS

o multijet cross sections at Born accuracy o
e maintain (N)LL accuracy of parton shower

F. Krauss




Multijet merging
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Basic idea

bl A A R A A AR A A A A
210 _
a gl ot
@ separate regions of jet production and jet & e
. . . & L — Wa2Zet |
evolution with jet measure Q, & — e
(“truncated showering” if not identical with evolution parameter) WL T oo i
@ matrix elements populate hard regime
10" |
@ parton showers populate soft domain 1
107 +
L G dirbne 1l

Nt
0 20 40 60 80 100 120 140 160 180 200

P/ GeV

F. Krauss




Multijet merging
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Basic idea

Why it works: jet rates with the parton shower

@ consider jet production in eTe~ — hadrons

Durham jet definition: relative transverse momentum k; > Q,
o fixed order: one factor as and up to Iog2 E° n. per jet
@ use Sudakov form factor for resummation &

replace approximate fixed order by exact expression:

MA< R2(QJ) = [A ( c.m. QJ)]
Ezm 2 2
Wémoj) = ong(82,. @) [ [”ﬁ})dzm(ki,a
Q3 \ /

DB KAl GD)AL(K2, oﬂ

F. Krauss
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Multijet merging at LO

Multijet merging at LO

@ expression for first emission

do = doyBy | A3, )

Hy
+/d¢1 ICNASV’C)(M%V, tN+1)e(QJ - QN+1)

to
+ d®pyy1 By AS\[K)(M%\I+17 tn+1)O(Qnt1 — Q)

@ note: N + 1-contribution includes also N +2, N+ 3, ...

(no Sudakov suppression below ¢, | 1, see further slides for iterated expression)
@ potential occurence of different shower start scales: iy ny1,...
@ ‘“unitarity violation” in square bracket: ByKny — By

(cured with UMEPS formalism, L. Lonnblad & S. Prestel, JHEP 1302 (2013) 094 &

S. Platzer, arXiv:1211.5467 [hep-ph] & arXiv:1307.0774 [hep-ph])

F. Krauss
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Multijet merging at LO

(n — N) extra jets no emissions off internal lines
max—1 n—1 n—1
do = > Sdo, B, | [] ©@Q:—- Q)| | ]] AJ(-K)(tja tjt1)
n=N j=N j=N
ty
| Bt 1)+ [ 001 KAt 112)0(@s — Q)
to
no emission next emission no jet & below last ME emission
Nmax—1 Nmax—1 ]
+d®,,, By, o(Qui— )| | IT a9 )
Jj=N Jj=N i
Enmax b
| (1) + [ 003K A (b1, )
to i

F. Krauss
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Multijet merging
(e]

[e]e]

Di-photons @ ATLAS: m.,, pi 4, and A¢,., in showers

(arXiv:1211.1913 [hep-ex])

B T s T T T T T T T 7
8 ATLAS E 8 ATLAS £ 1
2 - 7T & - 7Tev E < ATLAS
g —— Datazont, fLat-as - & —— Data 2011, L= 491" ERL I
3 N PYTHAMC o x 1.2 (MRST2007) g W PYIHANCHC < LA MRSTO0T) 3 —— et 2011 fLat- a0’
Y4 SHERPANC e x 1.2 (CTEQBLY) 3 s Y sHeRPANGHG <13 (CTEGRLY) QN PYTHAMC e x 1.2 (MAST2007)
Y 4 ) S 245 SHERPANGHIC x 1.2 (CTEGBLY)
=N 10t =, .
= -
E= 4 100k |
—
== 9
—] 104 L ———| 7
——— L —
L F T TN TN T T . . . . .
< = =
g £ g 3
& E & 25F E G 2s5F
% + E & 2E E 5 2E
s T i ) S ERRET S N = R
k] o 8 S 8 =
E 0sE E 05
o 0
< = =
£ ENE EI)
I z z
£ £ 25 £ 25 —t—
z z 2 , a 2 Tt
E} £ 15 Wty g 15
3 44 k| i ) SO SN n k1 ——
g S
05 05
300400 500 600 700 800 56100150200 250 300" 950 400" 40 500 I B E R BT R
m, [GeV] P, [GeV] a9 lrad)
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Multijet merging
(eJele] ]

Multijet merging at LO

Aside: Comparison with higher order calculations

s Aananaans Aananaanc s B e A Mianaases: 3 T T T T T
3 L3 ATLAS E 8 ATLAS 5
2 IS - 7Tev ] Ge7Tev - < ATLAS
& B oman fueasn 4 i A P g 0 Ry
H A DIPHOX-GAMMAZUC (T10) § AN DIPHOX GAUMAZUC (CT10) - 3 I
% 7 2mNLO (sTwacus) 8 2% 2N (STWz008) S DIPHOX\GAMMAZNG (GT10)
Y 2o s Twanos)
e 10
107k g 4
o i
ry = I &
1 SN
B 108 et . . . . .
x x x
3 s E 3 s b 3 s =
I 25 E I 25F W### E I 25 .
s 2y + = 5 2 A = 5 2 Hy,,
ERREL e +§ = g 15 _— + = g 15 'y
T 1EWSS g 1 T AN
osE 05 = 05 .
0 0 0
2 s 3 3 g s
2 25 2 25 2 25
& 2 & 2 & 2
] g ] .
3 15‘ W, 4, 3 15 N E B g,
05 05 05
0700 500 500 400 500 600 700 800 5500150 200" 250 300" 380 400" 480 500 [ B R ST -
m, [GeV] b, GeV] 0, [rad)
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Multijet merging
000000

Multijet merging at NLO

Multijet-merging at NLO: MEPS@NLO

@ basic idea like at LO: towers of MEs with increasing jet multi
(but this time at NLO)

@ combine them into one sample, remove overlap/double-counting

maintain NLO and (N)LL accuracy of ME and PS

@ this effectively translates into a merging of MC@NLO simulations
and can be further supplemented with LO simulations for even
higher final state multiplicities

F. Krauss
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Multijet merging
(o] leJe]e]e]
Multijet merging at NLO

First emission(s), once more

2

Ky
AN (iR o) + /d¢1 KnAS (13t )O(Q) — QN+1)1

to

do = doyBy

+ddpi1 HNAS\’/C)(M%W tn+1)O(Qs — Qu1)

2
My

~ B
+d®ni1 By <1 + BNH / do, /CN> O(Qn+1 — Q)

N+1
tnt1

tny1
. [Ax@l(tN+1, to) + / do, ’CN+1A$V’€21(tN+1’ tN+2)]

to

+dP o HN+1A$\I/C)(M$V’ tN+1)A$V’C+)1(tN+1, tn2)O(Quyr — Q) + ...

F. Krauss IPPP
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Multijet merging
[o]e] le]e]e]

Multijet merging at NLO

pt in MEPS@NLO

Transverse momentum of the Higgs boson @ first emission by

o r ] Mc@NLO

Q pp — h+jets

"é« SHERPA S-MC@NLO

— 107" = —

o E E

< = E

< C 7

) C ]

o |- -
1077 E
1073 -3
1074 I -} ‘ I I | I ‘ | | I ‘ |

o 50 100 150 200 250 300
pi(h) [GeV]

F. Krauss
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Multijet merging
[o]e] le]e]e]

Multijet merging at NLO

pt in MEPS@NLO

Transverse momentum of the Higgs boson @ first emission by
= L L L L B B L B B Mc@NLO , restrict to
v L -

3 L pp — h+jets i Qn+1 < Qeut
2 pp — h +0j @ NLO
10 ' = =
S E B
< £ E
~ |- -
5 L 4
< L 4

1077 E

107 E

1074 I -} ‘ I I | I ‘ I I | I ‘ I -}

0 50 100 150 200 250 300

pi(h) [GeV]
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Multijet merging

008000
Multijet merging at NLO
H .
p' in MEPS@NLO
Transverse momentum of the Higgs boson @ first emission by
= L L L L B B L B B MC@ONLO , restrict to
v L -
% L pp — h+jets i Qn+1 < Qeut
o pp — h+0j @ NLO .
S10t e i s pp—sh41j@NLO  —| @ MCONLO pp — h + jet
o E - " PP ] B
) E i - 3 for Qn+1 > cht
S L. E ]
< L ] ]
1073 = T -
1074 I -} ‘ I I | I ‘ I I | I ‘ I -}
0 50 100 150 200 250 300

pi(h) [GeV]
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Multijet merging at NLO
H .
p' in MEPS@NLO
Transverse momentum of the Higgs boson @ first emission by
= L L L L B B L B B MC@ONLO , restrict to
v L -
% L pp — h+jets i Qn+1 < Qeut
o pp — h+0j @ NLO :
10k ---pp—=h+1j@NLO — @ MCONLO pp — h + jet
§' £ b 3 for Qn+1 > cht
] e - ] @ restrict emission off
ke 1 pp — h+ jet to
1072 } . — Qn+2 < cht
107 T E
1074 I -} ‘ I I | I ‘ I I | I ‘ Il :'\ ‘\’
0 50 100 150 200 250 300

pi(h) [GeV]




Multijet merging at NLO

pt in MEPS@NLO

Multijet merging
[o]e] le]e]e]

do/dp, [pb/GeV]

10

10

-3

o 50

Transverse momentum of the Higgs boson
7\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\7

pp — h+jets
pp — h+0j @ NLO
vl ----= pp— h+1j@NLO
3 . ---= pp = h+2j@NLO

IR : i ‘ I
250 300
p(h) [GeV]

\\\\‘\\\\
150

100 200

first emission by
MC@ONLO , restrict to
Qn+1 < cht

MCONLO pp — h + jet
for Qn+1 > Qeut
restrict emission off
pp — h + jet to

Qn+2 < cht

Mc@NLO

pp — h + 2jets for
Qn+2 > cht
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008000
Multijet merging at NLO
H .
p' in MEPS@NLO
Transverse momentum of the Higgs boson @ first emission by
L L L L B B L B B MC@ONLO , restrict to
: pp — h+jets : Qn+1 < Qeut
pp = It+0j@NLO @ MC@NLO pp — h + jet

= ----= pp— h+1j@NLO

- ' --= pp = h+2j@NLO for Qn+1 > Qeut

@ restrict emission off
E pp — h + jet to

do/dp, [pb/GeV]
T

"-""'“‘-.,..: - _ Qn+2 < cht
] @ MCc@NLO
E ] pp — h + 2jets for
et 7 Qn+2 > Qeut
7 E = @ iterate
1074 I -} ‘ | ] I ‘ | | I ‘ L : ' Lt
o 50 100 150 200 250 300

pi(h) [GeV]




Multijet merging at NLO

Multijet merging

pt in MEPS@NLO

Transverse momentum of the Higgs boson

10

do/dp [pb/GeV]

10

hJ.LJJl”

pp — h+jets

pp — h+0j @ NLO
=== pp = h+1j@NLO
---= pp = h+2j@NLO
pp— h+3j@LO

o 50

100 200 250

pi(h)

150

[o]e] le]e]e]

first emission by
MC@NLO , restrict to
Qn+1 < cht

MC@NLO pp — h + jet
for Qn+1 > cht
restrict emission off
pp — h+ jet to

Qn+2 < cht

Mc@NLO
pp — h + 2jets for
Qn+2 > cht

iterate
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Multijet merging at NLO

pt in MEPS@NLO

do/dp [pb/GeV]

10

10

o 50

Transverse momentum of the Higgs boson

pp — h+jets

pp — h+0j @ NLO
=== pp = h+1j@NLO
---= pp = h+2j@NLO
pp— h+3j@LO

hJ.LJJl”

100 200 250

pi(h)

150

[o]e] le]e]e]

first emission by
MC@NLO , restrict to
Qn+1 < cht
MC@NLO pp — h + jet
for Qn+1 > cht
restrict emission off
pp — h+ jet to
Qn+2 < cht
Mc@NLO

pp — h + 2jets for
Qn+2 > cht

@ iterate

@ sum all contributions




Multijet merging at NLO

pt in MEPS@NLO

Multijet merging
[o]e] le]e]e]

- T T T T T T T T T T T
B F I I I I ]
Q pp — h+jets il
= pp — h+0j@NLO
;10”: == pp—=h+1j@NLO —
3 . -- pp—h+2j@NLO ]
3 Foooosoah e pp — h+3j@LO i
Fii ]
1073 =
10’4 I -} ‘ I I | I ‘ I I | I ‘ Il \‘\ :;

o 50

Transverse momentum of the Higgs boson

100 150 200

250
pi(h)

@ first emission by
MC@NLO , restrict to
Qn+1 < cht

@ MCONLO pp — h + jet
for Qn+1 > cht

@ restrict emission off
pp — h+ jet to
Qn+2 < cht

@ Mc@NLO
pp — h + 2jets for
Qn+2 > cht

@ iterate

@ sum all contributions

@ eg. pj (h)>200 GeV

has contributions fr.
multiple topologies




Multijet merging
000e00

Multijet merging at NLO

Example: MEPSONLO for W+jets

(up to two jets @ NLO, from BLACKHAT, see arXiv: 1207.5031 [hep-ex])

Inclusive Jet Multiplicity

E E T I I I I ER ‘
7 5 —e— ATLAS data 1 2 of
< —— MEePs@NLo 4 5 [ 1
= MEPS@NLO /2. 21 | 7 o025 .
Al 7 — MENLOPS El 5 r E|
+ F MENLOPS /2,200 J 3 aaf E
% [ < Mc@NLo T £ E ]
,,,,,,,,,,,, Dol E
g ) > 20GeV 3 E ]
L (x10) 1 : ]
F ) 18 I ]
r p’f > 30GeV { B - 0B 3
102 * - £ L ]
% eaf 1
E T I | ]
F + = ]
[ + Feed 8 oas|
?Ti L ]
o q ¢ ef P> 30Gev 4
r 1 E | | | [
4 o 1 2 3 4
| | | Nie
o 1 2 3 5
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Multijet merging
[o]e]e]e] Ie]

Multijet merging at NLO

First Jet p Second Jet p.
= L I o L O LA = F 3
3 ! ! ! FofT I s am
Q E —e— ATLAS data = —— MePsaNio
2 10 MePs@NLo E oot weszimon MEPS@NLO /2. 21
— N - —— MENLOPS
N W+ > 1jet (x1) MEPS@]\}"D B2 2 T ! MENLOPS /2.2,
5w —— MENLOPS s McaNto
5 MENLOPS j1/2... 21 w0
1 Mc@NLo
= 102
Wt > 2 jets (x0.1)
s
1o~ 1 4
el }
E T e e I A
107 ey > s (0 s e 1
- - £ e E
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S e L= oz ) | | | [ [ | I
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U 08B = p1 (G
= g-:’ - e e e RO (Lo S = Third Jet p
oE | ‘ ‘ ‘ ‘ = Pl Sspansnans nansnaassansnar
S —e— ATLAS data
18 BT T T T T T g — MiPsanio
L 1oE = = MEPS@NLo 1/2...2u 3
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Multijet merging
O00000e

Multijet merging at NLO

L BT T T T
s SE =

= T T T Eode | E

S 10 —— ATLAS data g o8

A —— MePs@NLo =00

g MEPS@NLO 41/2... 24 2

EJ ST —— MEnLOPS

< MENLOPS ji/2...21

= Mc@Nio

E w2 2jets (x01) =

W > 3 jets (x001)

200 300 400 500 600

700 =
Hr [GeV] 20 I i

100 200 300 400 500 00 700
Hr [GeV]
AR Distance of Leading Jets Azimuthal Distance of Leading Jets
T 0 T I T
= E —e— ATLAS data 1 = —e— ATLAS data
< E —— MgPs@Nto ] 2 —— MEPs@NLo
T 8o MEPs@NLO ji/2...21 — 3 MEPS@NLO /2.2
3 E —— MEnLoPS 3 —— MEnLoPS
60 - MENLOPS ji/2...21 MENLOPS t/2...21
F Mc@Nio Mc@Nto
o
20F :

[

P T N I AN S P AR A

1 2 3 4

MC/data
MC/data

N N P R IR R AP -
o o5 I is

5 6 7 8 25 3
AR(First Jet, Second Jet) Agp(First Jet, Second Jet)
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Multijet merging

Other merging approaches: FxFx & friends

FxFx: validation in Z+jets

(Data from ATLAS, 1304.7098, aMCONLO -MADGRAPH with HERWIG-++)

(green: 0, 1, 2 jets + uncertainty band from scale and PDF variations, red: MC@NLO)

Exclusive jet multiplicity

Scalar p sum of leptons and jets

I —
& 2 Lt
~ 10* i~ Data —e—
= £ inc.
10 < 10" Var
s
N
1 <

—e— Data

inc.
Var
Z/y* —ete

o(Z/y (—ete )+ D
3

MC/Data
n
MC/Data

PP AT TIPS rsrrar Sl B

7 100 200 300 400 500 600 700 800 900 1000
Nje Hr [GeV]

Rl 2 I MR
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Multijet merging

Other merging approaches: FxFx & friends

FxFx: validation in Z+jets

(Data from ATLAS, 1304.7098, aMC@ONLO -MADGRAPH with HERWIG-++)

green: 0, 1, 2 jets + uncertainty band from scale and PDF variations, red: MC@NLO)

Transverse momenturm of 1t jet Ratio of jet transverse momenta Transverse momentum of 3rd jet

= ’7—‘ 0S|
et L al 1 06 e n I et e T e e e mar e | 1 1 1 1
w0 0 30 g0 500 o o0z 04 o6 o8 . © 60 80 w0 10 o 160 o 0
puiand jet/p (st jet) P Grdjeb) [Gev]

b0 700
P (istjet) [GeV]
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Other merging approaches: FxFx & friends

Multijet merging

Differences between MEPS@NLO, UNLOPS & FxFx

FxFx MEPS@NLO UNLOPS
ME all internal V external all external
aMCc@NLO _MADGRAPH COMIX or AMEGIC++
V from OPENLOOPS, BLACKHAT, MJET,
shower external intrinsic intrinsic
HERWIG or PYTHIA PYTHIA
Ay analytical from PS from PS
O(Qy) a-posteriori per emission per emission
Q@,-range || relatively high > Sudakov regime ~ Sudakov regime
(but changed)
~ 10% ~ 10%

F. Krauss
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Other merging approaches: FxFx & friends

Multijet merging

Higgs-p, : exclusive over inclusive rate

Ratio of exclusive over inclusive Higgs production

= g
?—‘ I I I I H
2 L {8
3 g
= Powheg NNLOPs g o]
S . S g
B - SwErea NNLOPS g &
T | R == MG5_aNC FxFx -z 2
k] [ e Surrea MiPs@Nio 1 e
gy o e HERWIG 7.1 ] T
L == 0 Ja
= = 1a
I
=
= g
= inclusive &
- 3
= Bl
= 3
10! =
L exclusive | el
£
3
L | E]
3
N R L
o 20 10 60 80 100

pi(h) [GeV]

o ~ 20% of Higgs with p;, = 60 GeV

Simulations in High-Energy Physics

Ratio of exclusive over inclusive Higgs production

ﬁ
|
H

‘ il

are

80 100
pu(h) [Gev]

not accompanied by a jet
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EW corrections
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8.a) Motivation
8.b) Multijet merging at LO
8.c) Multijet merging at NLO
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EW corrections
(]

Motivation: the size of EW corrections

Motivation: the size of EW corrections

e EW corrections sizeable O(10%) at large scales: must include them!
@ but: more painful to calculate
@ need EW showering & possibly corresponding PDFs

(somewhat in its infancy: chiral couplings)

@ example: Zv vs. pr (right plot)

(handle on pZ in Z — vD)

(Kallweit, Lindert, Pozzorini, Schoenherr for LH'15)

o difference due to EW charge of Z | S e

@ no real correction (real V emission)

MC/Dat:
I

@ improved description of Z — ¢/ ut E

709 S0
e/ Gev]

F. Krauss
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Practicalities

Inclusion of electroweak corrections in simulation

@ incorporate approximate electroweak corrections in MEPS@NLO
@ using electroweak Sudakov factors

Bo(®) = Ba(®s) Aew(P)
@ using virtual corrections and approx. integrated real corrections
Bn(q)n) ~ Bn(q>n) + Vn,EW(¢n) + In,EW((pn) + Bn,mix(q)n)

o real QED radiation can be recovered through standard tools
(parton shower, YFS resummation)

@ simple stand-in for proper QCDGEW matching and merging
— validated at fixed order, found to be reliable,
difference < 5% for observables not driven by real radiation

F. Krauss

EW corrections
0000
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EW corrections

0e00

Practicalities

Results: pp — (U + jets

PP — [ 7+012]@13TeV
T

10° Qeut = 20GeV

do/dpry [pb/GeV]

MEPS@LO
=== MEPS@NLO QCD

#=== MEPS@NLO QCD+EW,ir
—— MEPS@NLO QCD+EW,i5; wo. LO mix

do/dodS

2000
prv [GeV]

(Kallweit, Lindert, Maierhofer, Pozzorini, Schoenherr JHEP04(2016)021)
PP — { 7+012]@13TeV
ERmmas [ T

Qeut = 20GeV.

MEPS@LO

=== MEPS@NLO QCD

=== MEPS@NLO QCD+EW,ir(

—— MEPS@NLO QCD+EW,i w.o. LO mix

do/dodS

2000
prj, [GeV]

= particle level events including dominant EW corrections

Krauss
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EW corrections
[e]e] o]
Practicalities

NLO EW predictions for AR(u, j1)

Angalar

: measure collinear W emission?
Lo LHC@8TeV, p} > 500 GeV, central 1 and jet

o LO pp — Wj with A¢(u,j) =7

F. Krauss
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EW corrections
[e]e] o]
Practicalities

NLO EW predictions for AR(u, j1)

g o measure collinear W emission?
LHC@8TeV, p} > 500 GeV, central 1 and jet

o LO pp — Wj with A¢(u,j) =7
@ NLO corrections neg. in peak
o . large pp — Wjj component opening PS

F. Krauss
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EW corrections
[e]e] o]
Practicalities

NLO EW predictions for AR(u, j1)

g o measure collinear W emission?
LHC@8TeV, p} > 500 GeV, central 1 and jet

o LO pp — Wj with A¢(u,j) =7
@ NLO corrections neg. in peak
large pp — Wjj component opening PS

F. Krauss
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EW corrections
[e]e] o]
Practicalities

NLO EW predictions for AR(u, j1)

measure collinear W emission?
LHC@8TeV, p} > 500 GeV, central 1 and jet

o LO pp — Wj with A¢(u,j) =7
@ NLO corrections neg. in peak
large pp — Wjj component opening PS

@ sub-leading Born (yPDF) at large AR

F. Krauss
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EW corrections
[e]e] o]
Practicalities

NLO EW predictions for AR(u, j1)

measure collinear W emission?
LHC@8TeV, p} > 500 GeV, central 1 and jet

o LO pp — Wj with A¢(u,j) =7
@ NLO corrections neg. in peak
large pp — Wjj component opening PS

@ sub-leading Born (yPDF) at large AR
@ restrict to exactly 1, no p’j_ > 100 GeV

F. Krauss
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EW corrections
[e]e] o]

Practicalities

NLO EW predictions for AR(u, j1)

measure collinear W emission?
LHC@8TeV, p} > 500 GeV, central 1 and jet

LO pp — Wj with A¢(u,j) ~ m

@ NLO corrections neg. in peak
large pp — Wjj component opening PS

sub-leading Born (yPDF) at large AR
restrict to exactly 1, no p’j_ > 100 GeV
describe pp — Wjj @ NLO, p’j_ > 100 GeV

F. Krauss
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EW corrections
[e]e] o]

Practicalities

NLO EW predictions for AR(u, j1)

measure collinear W emission?
LHC@8TeV, p} > 500 GeV, central 1 and jet

LO pp — Wj with A¢(u,j) ~ m

@ NLO corrections neg. in peak
S . large pp — Wjj component opening PS

sub-leading Born (yPDF) at large AR
restrict to exactly 1, no p’j_ > 100 GeV
describe pp — Wjj @ NLO, p’j_ > 100 GeV
pos. NLO QCD, ~ flat

wr NLOQCD

F. Krauss
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EW corrections
[e]e] o]

Practicalities

NLO EW predictions for AR(u, j1)

measure collinear W emission?
LHC@8TeV, p} > 500 GeV, central 1 and jet

LO pp — Wj with A¢(u,j) ~ m

@ NLO corrections neg. in peak
. large pp — Wjj component opening PS

sub-leading Born (yPDF) at large AR
restrict to exactly 1, no p’j_ > 100 GeV
describe pp — Wjj @ NLO, p’j_ > 100 GeV
pos. NLO QCD, neg. NLO EW, ~ flat

wr NLOQCD

F. Krauss
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Practicalities

EW corrections
[e]e] o]

NLO EW predictions for AR(u, j1)

F. Krauss

measure collinear W emission?

LHC@8TeV, p} > 500 GeV, central 1 and jet

LO pp — Wj with A¢(u,j) ~ m
NLO corrections neg. in peak
large pp — Wjj component opening PS

sub-leading Born (yPDF) at large AR
restrict to exactly 1, no p’j_ > 100 GeV
describe pp — Wjj @ NLO, p’j_ > 100 GeV
pos. NLO QCD, neg. NLO EW, ~ flat

sub-leading Born contribs positive
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EW corrections
[e]e] o]

Practicalities

NLO EW predictions for AR(u, j1)

measure collinear W emission?
LHC@8TeV, p} > 500 GeV, central 1 and jet

o LO pp — Wj with A¢(u,j) =7
] @ NLO corrections neg. in peak
large pp — Wjj component opening PS

@ sub-leading Born (yPDF) at large AR
restrict to exactly 1, no p’j_ > 100 GeV
describe pp — Wjj @ NLO, p’j_ > 100 GeV
pos. NLO QCD, neg. NLO EW, ~ flat
sub-leading Born contribs positive

sub®leading Born (diboson etc) conts. pos.
— possible double counting with BG

F. Krauss
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EW corrections
[e]e] o]

Practicalities

NLO EW predictions for AR(u, j1)

measure collinear W emission?
LHC@8TeV, p} > 500 GeV, central 1 and jet

o LO pp — Wj with A¢(u,j) =7
@ NLO corrections neg. in peak
large pp — Wjj component opening PS

@ sub-leading Born (yPDF) at large AR
restrict to exactly 1, no p’j_ > 100 GeV
describe pp — Wjj @ NLO, p’j_ > 100 GeV
pos. NLO QCD, neg. NLO EW, ~ flat

sub-leading Born contribs positive

sub®leading Born (diboson etc) conts. pos.
— possible double counting with BG

E @ merge using exclusive sums

F. Krauss
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EW corrections
[e]ele] ]

Practicalities

NLO EW predictions for AR(u, j1)

T T T T T T T
Vs=8TeV,203 fb” ATLAS

% 122? ;ﬁ':esmpvmmswqeis L%mHGJe(pT%UOGEVE Data Comparison
§ 140; 7;:;:I::.vg'ieizi;;u:;’s.;':w‘;:" ’_‘ é (M. Wu ICHEP'16, ATLAS arXiv:1609.07045)
B b Wkt WO E @ ALPGEN+PYTHIA
100 Ml 3 pp — W + jets MLM merged
80" 3 (Mangano et.al., JHEP07(2003)001)
soéWHH*ﬁ Nl o PYTHIA 8
ZE:T% “FI E pp — Wj + QCD shower
it b ] pp — jj + QCD+EW shower
g E E (Christiansen, Prestel, EPJC76(2016)39)
% h @ SHERPA+OPENLOOPS
B ] NLO QCD+EW+subLO
s A pp — Wj/Wjj excl. sum
5 é (Kallweit, Lindert, Maierhdfer,)
g = (Pozzorini, Schoenherr, JHEP04(2016)021)
o s |
B I T e NNLO QCD pp — VVJ

. - 09 0G06E)
AR(y, closest jet) (Boughezal, Liu, Petriello, arXiv:1602.06965)

F. Krauss




EW corrections
[e]ele] ]

Practicalities

NLO EW predictions for AR(u, j1)

= 120 I T T T RaRay .
= FTom ™™ e ws ] Data comparison
2 e et wer 7 (M. Wu ICHEP'16, ATLAS arXiv:1609.07045)
% 80; SHERPA+OpenLoops W+j & W+jj Q { ° ALPGEN+PYTHIA
col E pp — W + jets MLM merged
C * ] (Mangano et.al., JHEP07(2003)001)
o g H ; Ho 7 e PYTHIA 8
2o 4! e 2 & pp — Wj 4+ QCD shower
F ‘ B ] pp — jj + QCD-+EW shower
S E 72 (Christiansen, Prestel, EPJC76(2016)39)
©
a
= - o SHERPA+OPENLOOPS
= . NLO QCD+EW-+subLO
= Z pp — Wj/Wjj excl. sum
5 é (Kallweit, Lindert, Maierhéfer,)
'g = (Pozzorini, Schoenherr, JHEP04(2016)021)
o 4 .
R B R S-S R TR e NNLO QCD pp — Wj

. ot 09 06065
AR(, closest jet) (Boughezal, Liu, Petriello, arXiv:1602.06965)
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EW corrections
[e]ele] ]

Practicalities

NLO EW predictions for AR(u, j1)

50 T T T T T T T
=8TeV,203 fb” ATLAS

« Data Leading Jet p, > 650 Ge!
— ALPGEN+PYTHIAG W-jets

— PYTHIA8 W & jj+weak shower
SHERPA+OpenLoops W+j & Wajj

Data comparison
(M. Wu ICHEP'16, ATLAS arXiv:1609.07045)

@ ALPGEN+PYTHIA
pp — W + jets MLM merged

(Mangano et.al., JHEP07(2003)001)

do/d(AR) [fb]

@ PYTHIA 8
pp — Wj + QCD shower
pp — jj + QCD-+EW shower

ol (Christiansen, Prestel, EPJC76(2016)39)
©

a

= @ SHERPA+OPENLOOPS

@ NLO QCD+EW+subLO

@ pp — Wj/Wjj excl. sum

5 (Kallweit, Lindert, Maierhofer,)
3 (Pozzorini, Schoenherr, JHEP04(2016)021)
o

o NNLO QCD pp — Wj

(Boughezal, Liu, Petriello, arXiv:1602.06965)

- R R SR V-
AR(u, closest jet)
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Contents

Connection to QCD

9.a)

9.b) General ideas
9.c) String model
9.d) Cluster model
9.e)

Some questions
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Hadronisation
@00

Connection to QCD

QCD radiation, once more

e remember QCD emission pattern

dwi=% — asé:i)chk?m 1+ (1-F)]-

@ spectrum cut-off at small transverse momenta and energies by onset
of hadronization, at scales R &~ 1fm/Aqcp

@ two (extreme) classes of emissions: gluons and gluers
determined by relation of formation and hadronization times

F. Krauss

Simulations in High-Energy Physics



Hadronisation
oeo

Connection to QCD

@ gluers formed at times R, with momenta k” ~ kl ~w e 1/R

@ assuming that hadrons follow partons,

Q
dk? Cras(k?) w\1 dw
AN(hadrons) ~ é#{l (1_7)}7
(hadrons) / ki o =+ E
kL>1/R

Cras(1/R? dw
- =F S( / ) Iog(Q2R2) had
m w
or - relating their energyn with that of the gluers -

dN(hadrons)/d |0g € = const.,

a plateau in log of energy (or in rapidity)

F. Krauss
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Hadronisation
ooe
Connection to QCD

@ impact of additional radiation
@ new partons must separate before they can hadronize independently

@ therefore, one more time
ki
2
ki
tsep ~ RO ~

tform ~

tform (RkL)

thad ~ kH R2 ~ tform (RkJ_)2 .

o for gluers Rk, ~ 1: all times the same
@ naively; new & more hadrons following new partons

@ but: colour coherence
primary and secondary partons not separated enough in

1/R 'S/ W(hadron) f’ 1/(R9)

and therefore no independent radiation

F. Krauss
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Hadronisation
@0000
General ideas

Hadronisation: General thoughts

@ confinement the striking feature of low—scale sotrng interactions
@ transition from partons to their bound states, the hadrons
@ the Meissner effect in QCD

QED:

o &= =—D

F. Krauss
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Hadronisation
O@000

General ideas

Krauss

linear QCD potential in Quarkonia — like a string

M [Gev]

data (solid lines)

C
theory (dashed lines)

15
9(ED/4s)
¥(3s)
"
)
g vES)
nd(zs)
= )
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Hadronisation
[e]e] le]e}
General ideas

@ combine some experimental facts into a naive parameterisation

@ in ete™ — hadrons: exponentially decreasing p, flat plateau in y
for hadrons

Niag Whag [~

e try “smearing”: p(p?) ~ exp(—p3 /o?)

F. Krauss




Hadronisation
[e]e]e] lo}
General ideas

@ use parameterisation to “guesstimate” hadronisation effects:
Y
E = / dydp? p(p3 )pL coshy = Asinh Y
0
%
P = / dydp? p(p3 )pLsinhy = A(coshY —1) ~ E — X
0

N LT AL

@ estimate A ~ 1/Ryad & Mpaq, With mpaq 0.1-1 GeV.

o effect: jet acquire non-perturbative mass ~ 2\E
(O(10GeV) for jets with energy O(100GeV)).

F. Krauss
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Hadronisation
O000e
General ideas

@ similar parametrization underlying Feynman-Field model for
independent fragmentation
@ recursively fragment g — '+ had, where

e transverse momentum from (fitted) Gaussian;
o longitudinal momentum arbitrary (hence from measurements);
o flavour from symmetry arguments + measurements.

@ problems: frame dependent, “last quark”, infrared safety, no direct
link to perturbation theory, .. ..

F. Krauss
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Hadronisation
@00

String model

The string model

@ a simple model of mesons: yoyo strings

o light quarks (mq = 0) connected by string, form a meson
o area law: mj 4 o area of string motion
o L=0 mesons only have 'yo-yo' modes:

8

F. Krauss
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Hadronisation
(o] o}
String model

@ turn this into hadronisation model eTe™ — qg as test case

@ ignore gluon radiation: gg move away from each other, act as
point-like source of string

@ intense chromomagnetic field within string:
more qg pairs created by tunnelling and string break-up

@ analogy with QED (Schwinger mechanism):
dP ~ dxdtexp (fwmfl/n), Kk = “string tension” .

F. Krauss
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Hadronisation
ooe

String model

@ string model = well motivated model, constraints on fragmentation
(Lorentz-invariance, left-right symmetry, ...)

@ how to deal with gluons?

@ interpret them as kinks on the string = the string effect

VS.

@ infrared-safe, advantage: smooth matching with PS.

F. Krauss
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Hadronisation
@000

Cluster model

The cluster model

@ underlying idea: preconfinement/LPHD

o typically, neighbouring colours will end in same hadron

o hadron flows follow parton flows — don't produce any hadrons at
places where you don’t have partons

o works well in large—N, limit with planar graphs

@ follow evolution of colour in parton showers

F. Krauss
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Hadronisation
0e00

Cluster model

@ paradigm of cluster model: clusters as continuum of hadron
resonances

@ trace colour through shower in N. — oo limit

e force decay of gluons into qg or dd pairs, form colour singlets from
neighbouring colours, usually close in phase space

@ mass of singlets: peaked at low scales ~ Q3

@ decay heavy clusters into lighter ones or into hadrons
(here, many improvements to ensure leading hadron spectrum hard
enough, overall effect: cluster model becomes more string-like)

@ if light enough, clusters will decay into hadrons

@ naively: spin information washed out, decay determined through
phase space only — heavy hadrons suppressed (baryon/strangeness
suppression)

F. Krauss
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Hadronisation
[e]o] lo]
Cluster model

@ self-similarity of parton shower . : :
will end with roughly the same 08} — dnsan
local distribution of partons, with el T
. . 0.6 —_ D00 Ge
roughly the same invairant mass for sl ; |
colour singlets i i
e adjacent pairs colour connected, ol i
form colourless (white) clusters. ol J
o clusters (“~ excited hadrons) O
decay into hadrons M/GeV

F. Krauss




Hadronisation
[eJo]e] )
Cluster model

Practicalities

@ practicalities of hadronisation models: parameters

o kinematics of string or cluster decay: 2-5 parameters
e must “pop” quark or diquark flavours in string or cluster decay —

cannot be completely democratic or driven by masses alone

— suppression factors for strangeness, diquarks 2-10 parameters
o transition to hadrons, cannot be democratic over multiplets

— adjustment factors for vectors/tensors etc. 2-6 parameters

@ tuned to LEP data, overall agreement satisfying

e validity for hadron data not quite clear

(beam remnant fragmentation not in LEP.)

@ there are some issues with inclusive strangeness/baryon production

F. Krauss
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Hadronisation

Open questions

Colour reconnections and friends

(Fischer, Sjostrand, 1610:09818)

Collective flow observed in pp at LHC. Partly unexpected.
New mechanisms required; could also (partly) replace CR.
Active field, e.g. N. Fischer & TS, arXiv:1610:09818 [hep-ph]:
o Thermal exp(—p./T) — exp(—m./T) hadronic spectrum.
o Close-packed strings = increased string x or T.
@ Dense hadronic gas = hadronic rescattering.

Ch (p.) V. My 3t 7TeV, P ok > 100MeV, g, > 2, ] < 25 Ch (p1) ¥s. men 7TV, Pk > 100MeV, g > 2, [y <2

—— ATLASdata
G:

0 40 60 S 10 120 140 160 180 00 0 40 60 S 100 120 140 160 180 00
e nen

(slide stolen from Torbjorn Sjostrand)

F. Krauss
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Hadronisation
oe
Open questions

Strange strangeness

@ universality of hadronisation assumed

@ parameters tuned to LEP data
in particular: strangeness suppression

@ for strangeness: flat ratios
but data do not reproduce this

o looks like SU(3) restoration
not observed for protons

@ needs to be investigated

F. Krauss
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Underlying Event

Contents

10.a)
10.b)
10.c) Some results
10.d)

Multiple parton scattering
Modelling the underlying event

Practicalities

F. Krauss
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Underlying Event
[ JoJele]e}

Multiple parton scattering

Multiple parton scattering

@ hadrons = extended objects! Q-
: >
@ no guarantee for one scattering !) p
Y&
@ running of as <::""<_..g D
S

—> preference for soft scattering.

F. Krauss
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Multiple parton scattering

o first experimental evidence
for double—parton scattering:
events with v + 3 jets:

e cone jets, R =0.7,
Er > 5 GeV; |n;| <1.3;
e ‘“clean sample”: two
softest jets with Er < 7

GeV,

@ cross section for DPS

ODPS =

0+j0jj

Oeff

Oeft = 14 =4 mb.

52 radians
3
i 2

]

Mumber of Events / 0.0
2

Underlying Event
[¢] le]e]e}

COF 16 Gev w/n" + 3 Jets
1—Veriex Events
= Data

[J oP companent, fram background
subtraction method (52,6%)

— Monte Carla admixture’
52 BZOP + 47 4%PYTHIA

ns 1 15 ? QIS
AS, g—angle between pairs (radians)

L
3




Underlying Event

[e]e] le]e}

Multiple parton scattering

@ more measurements, also at
LHC

@ ATLAS results from W + 2
jets

Events / 0.03

o
o <
)
BN R e

T T T
ATLAS & W
[ Fit distribution

A+H+] particle-level template A
—— PYTHIA particle-level template B

T T
unfolded data,\'s=7 TeV

J' Ldt=36 pb™

% 01 02 03 04 05 06 07 08 09 1
n
Ajets
®  AFS (4 ets - no errors given)
UA2 (4 jets - lower limit)
m  CDF (4ets)
v COF(y+3jets)
% DO(y+3jets)
+ ATLAS (W+2jets)
.
ATLAS
I I I
10° 10° 10
\s [GeV]
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Underlying Event
[e]o]e] e}

Multiple parton scattering

Multiple Parton Interactions /outgoing parton

Proton

Underlying Evept Upderlying Event

Outgoing Parto;

but: how to define the underlying event?

@ everything apart from the hard interaction, but including IS showers,
FS showers, remnant hadronisation.

@ remnant-remnant interactions, soft and/or hard.

© lesson: hard to define

F. Krauss




Multiple parton scattering

@ origin of MPS: parton—parton scattering cross section exceeds
hadron—hadron total cross section

s/4 )
do(p
Uhard(pj_,min) = / dpi% > O pp,total
P> L
1 ,min

for low P min

@ remember

1

>

dotel) _ /dX1dX2f(X17 7°)f (%2, %)
0

doo2

dp? dp?

° <O'hard(pL,min)/Upp,tota1> Z 1
e depends strongly on cut-off p) nin (energy-dependent)!

F. Krauss
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Underlying Event
@0
Modelling the underlying event

Modelling the underlying event

@ take the old PYTHIA model as example:

o start with hard interaction, at scale Q2, 4.
o select a new scale p? from

Ft o)
o\PL
exp | — dp.”
P Onorm L dpf
Pl

with constraint p2 > pimin
e rescale proton momentum (“proton-parton = proton with reduced energy”).
o repeat until no more allowed 2 — 2 scatter

F. Krauss
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Underlying Event
(o] J

Modelling the underlying event

Modelling the underlying event

@ possible refinements:
e may add impact-parameter dependence — more fluctuations
o add parton showers to UE
o ‘“regularisation” to dampen sharp dependence on pi min: replace 1/£
in MEs by 1/(t + to), also in as.
o treat intrinsic k. of partons (— parameter)
e model proton remnants (— parameter)

F. Krauss
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Some results in Z production

Some results for MPS in Z production

@ observables sensitive to MPS

o classical analysis: transverse regions in
QCD/jet events
@ idea: find the hardest system, orient
event into regions:
o toward region along system
e away region back-to-back
e transverse regions

o typically each in 120°

F. Krauss
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Underlying Event
0@00

Some results in Z production

10 -
B ETATAS  ts-7Tev,46f0' | Toward region =3 ATLAS  \s-7TeV,451"  Transverss region
ZE~§ e 20 GeV < % < 50 GeV gg 20 GeV <% < 50 GeV
1t Elp
Z Data i
5 = Da
] = Pyihias AU2 -3
~-- Sherpa
=" Pythias Perugia2011C
g g
% 5
Q Q
5] I3
= =
[ N RN T TR B TR S (I N RN ST S B TR S
N, /080 N,/ 8ndo

ATLAS ~ \s=7TeV,46f'  Trans-min region

F ATLAS  \s=7TeV,46f'  Trans-max region
20 GeV <pf <50 GeV/

20 GeV < p? <50 GeV'

1

dN,,
N dN,, /7 3n 86

== Data
0k — vaasAuz

1

N,
NoaN, 76156
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T Ryiee Penugiazoiic - Py«mas Perugia2011C
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MC/Data

- B R BT B R TR R} 05 s TETTEs TR as hus

Ny, /8030 Nen/ 3130
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Underlying Event
(ele] ]

Some results in Z production

A A
2 12ATLAS \s=7TeV, 46" Toward region | 2
& 3
z z
VO0SE i - - - - - Seee—— v
038,
07] ApganHarwigodmmy AVET2 [y gensHorwigrJimmy AUET2
E — Prwassaz i T— s vz P e —
0.6F - Pownegopynasavz 1T IMBIUSEEC " powngepymasaue 1 RIS PO
8 8
4 &
] ]
o I3}
s =
- 0,954 e H
""" ! | ool - R 1
- ossk i by
80 100 120 140 160 180 200 204060 80 100 120 140 160 180 200
pZ[GeV] pZ[GeV]
A ] A i
2 18ATLAS \s=7TeV, 46" Trans-max region —| 2 \$=7TeV, 46" Trans-min region
5 16f - £
e S o z
v v
<-- Apgenstonvigedmmy AUET2 AoganHarwigsmmy AUET2
[ e e g i Py
B osE iy 3
o O < ey E © Sfe
<} 4
Q Q
o I3}
= =
o5k | o5k |
20 90 60 80 100 120 140 160 180 200 20 30 60 80 100 120 140 160 180 200
PZ[GeV] P2 [GeV]

F. Krauss

Simulations in High-Energy Physics



Underlying Event
oooe

Some results in Z production

0 5
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Practicalities

F. Krauss

Underlying Event
o

@ see some data comparison in Minimum Bias
@ practicalities of underlying event models: parameters

e profile in impact parameter space 2-3 parameters
o IR cut-off at reference energy, its energy evolution, dampening
paramter and normalisation cross section
4 parameters
o treating colour connections to rest of event 2-5 parameters

@ tuned to LHC data, overall agreement satisfying

@ energy extrapolation not exactly perfect, plus other process
categories such as diffraction etc..
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SUMMARY
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Summary & Vision

Summary of fixed order

e NLO (QCD) "“revolution” consolidated:

o lots of routinely used tools for large FS multis (4 and more)

e incorporation in MC tools done, need comparisons, critical appraisals
and a learning curve in their phenomenological use

o to improve: description of loop—induced processes

e amazing success in NNLO (QCD) calculations:

e emergence of first round of 2 — 2 calculations

o next revolution imminent (with question marks)

o first MC tools for simple processes (gg — H, DY), more to be learnt
by comparison etc. (see above)

e first N3LO calculation in gg — H, more to come (?)
@ attention turning to NLO (EW)
o first benchmarks with new methods (V+3j)

o calculational setup tricky
e need maybe faster approximation for high-scales (EW Sudakovs)

F. Krauss
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Summary & Vision

Limitations of fixed order

@ practical limitations/questions to be overcome:
o dealing with IR divergences at NNLO: slicing vs. subtracting
(I'm not sure we have THE solution yet)
o how far can we push NNLO? are NLO automated results stable
enough for NNLO at higher multiplicity?
o users of codes: higher orders tricky — training needed
(MC = black box attitude problematic - a new brand of pheno/experimenters needed?)
@ limitations of perturbative expansion:
o breakdown of factorisation at HO (Seymour et al.)
o higher-twist: compare (as/7)" with Aqcp/Mz
@ limitations in analytic resummation: process- and
observable-dependent
o first attempts at automation (CAESAR and some others) —
checks/cross-comparison necessary

(] showering needs to be improved (for NNLO the “natural” accuracy is NNLL)

F. Krauss
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Summary & Vision

Summary for event generation

@ Systematic improvement of event generators
by including higher orders has been at the core
of QCD theory and developments in the past
decade:

multijet merging (“CKKW", “MLM")
NLO matching (“MC@NLO", “POwWHEG")
MENLOPS NLO matching & merging
MEPSONLO (“SHERPA”, “UNLOPS",
“MINLO", “FxFx")

@ multijet merging an important tool for many relevant signals and
backgrounds - pioneering phase at LO & NLO over

@ complete automation of NLO calculations done
— must benefit from it!

(it's the precision and trustworthy & systematic uncertainty estimates!)

F. Krauss
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Summary & Vision

Vision

@ we have constructed lots of tools for precision physics at LHC
but we did not cross-validate them careful enough (yet)
but we did not compare their theoretical foundations (yet)
@ we also need unglamorous improvements:
systematically check advanced scale-setting schemes (MINLO)
automatic (re-)weighting for PDFs & scales (ME: v/, PS: -)
scale compensation in PS is simple (implement and check)

PDFs: to date based on FO vs. data — will we have to move to
resummed /parton showered?

(reminder: LO™ was not a big hit, though)
@ ... and maybe we will have to go to the “dirty” corners:
higher-twist, underlying event, hadronization, ...

(many of those driven by experiment)

F. Krauss
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Summary & Vision

NTIL YOU SPREAD Yous

U
You'lt Have No Ioea How Fas N WALk

F. Krauss
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