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el WHIZARD: Introduction

WHIZARD v2.2.8 (22.11.2015) http://whizard.hepforge.orse ~ <whizard@desy.de>

WHIZARD Team: Wolfgang Kilian, Thorsten Ohl, JRR, Simon Bral3/Bijan Chokoufé/Marco Sekulla/Soyoung

Shim/Florian Staub/Christian Weiss/Zhijie Zhao + 2 Master EP| C71 (2011) 1742

* Universal event generator for lepton and hadron colliders

* Modular package: - Phase space parameterization (resonances, collinear emission, Coulomb etc.)

O’Mega optimized matrix element generator (recursiveness via Directed

VAMP: adaptive multi-channel Monte Carlo integrator
CIRCEI/2: generator/simulation tool for lepton collider beam spectra

Lepton beam ISR Kuraev/Fadin, 2003; Skrzypek/Jadach, 1991
Color flow formalism  Stelzer/Willenbrock, 2003; Kilian/Ohl/JRR/Speckner, 201 |

o Interfaces to external packages for Feynman rules, hadronization, tau decays, event formats,

analysis, jet clustering etc.: FastJet, GoSam, GuineaPig(++), HepMC, HOPPET, LCIO,
LHAPDF(4/5/6), LoopTools, OpenLoops, PYTHIA6, [PYTHIA8], StdHep [internal]
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http://desy.de

QLJ Spin Correlation and Polarization in Cascades

Cascade decay, factorize production and decay

. simulate (fullproc) e simulate (casc)
800 — e ?/L 800 D ?/L
600 — m 7* 600 7 m —
400 | 400 -
0 0
0 260 460 600 0 260 460 600
M (5¢) Min(5¢)
e ?diagonal decay = true P ?isotropic_decay = true
800 ad ?/L 1000 — e ?/L

800 — —
600 —

600 — —
400 —

[ 400 —

200
0 0

0 200 400 600 0 200 ' 400 600
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HU Spin Correlation and Polarization in Cascades

Cascade decay, factorize production and decay

. simulate (fullproc) e simulate (casc)
800 — s ?,/L 800 D ?‘/L
600 — — 7* 600 — [
400 | 400 -
0 0
0 2(‘)0 4(‘JO 600 0 2(‘)0 460 600
M (5¢) Min(5¢)
e ?diagonal decay = true P ?isotropic_decay = true
800 ad ?/L 1000 — e ?/L

800 — —
600 —

600 — |
400 |

[ 400 —

200
0 0

\ \ \ \
0 200 400 600 0 200 ' 400 600
Minv(jg) Minv(jg)

NEW: possibility to select specific helicity in decays! . o
unstable "W+” { decay helicity = 0 }
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el WHIZARD Parton Shower

Two independent implementations: kT-ordered QCD and Analytic QCD shower

Analytic shower: no shower veto = exact shower history known, allows reweighting

Kilian/JRR/Schmidt/Wiesler, JHEP 1204 013 (2012)
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Technical overhaul of the shower / merging part
Plans: implement GKS matching, QED shower (also interleaved, infrastructure ready)
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el Tuning of the WHIZARD Parton Shower

First tunes of both kT-ordered QCD and Analytic QCD shower  Chokoufe/Englert/JRR, 2015
Di- and Multijet data from LEP as given in RIVET analysis
Usage of the PROFESSOR tool for determining the best fit Buckley et al.,, 2009

J 4 A . o\ ot
. Out-od-plane p . in GeV wat. theust aves " Ineplane p . in GeV weel sphericity aves Total } here beoad v Difference in hemispbere b . B
k - =
b — o ¥, ~ o J ol ~ ! A ~ o
5 10 - tune-weights-0oo-0 3 . tune-weights-cooo = - ..'* tune-welghts-0000 - " tune-welghts-000-0
> e O 4 -\ 3 o - - .-
- 1 e -~ R < -
—— ‘o ’ - g
Lo —— g
' —.— o - —— |
| - —— - ——
. —— -1
' — o — —.— —.--.-
—._-—o— — nga—
1 . 10 ——
e
{ ) —_— o ——
- e~ ot -
i —
14 14 4 14
8 12 3 12 g g 13
é L ~— é 1 o — - ~ P — — Q) r——— e —_—
O U | S v v
S o8 S of = = o8
ob ob ob
o ui, 1 14 2 ‘ 28 3 ) 5 o 2 . 4 ) ) 6 ' 8 20 12 15 008 a1 a1y o2 oy o 09 o o0 o1 o1 o2 o
GV PGV Bum By
(a) (b) (a) (b)
. Outed-plane p, in GeV w.rt. sphericity aves Rapidity wet thrust aves, yy Differential 35t rate with Durham algorithm, DY Differential 3¢t rate with Jade algorithen, DY
10 = %0 10!
};- -0-‘.‘ Do E" e . ; - . %_ ko —o— Dot
- . .
:v; 209 - tune-weights-coo-o g Dt g T '_3: tune-welghts-000-0 g " tune-welghts-000-0
" d —— \ - 4 !
< .-o-— 1 ture-weights-000-0 -_.. 3 - > ‘-—‘
hon = ..... ——
e "',.ﬁ -
= S e — —
—— 10 ' Le
. | 1 —e—
——
——
—._. o - N ———
e g—
L . o
—— SE— ' N —
w ). 0 .4 .
14
8 112 3 2 g 1 g _—
5 d o = R e — — * o~ 1 p— —
~ 1 pm— = ; pr— — 7 Y )
§ os § ol = of = of
os . - ob bl ob
L] 0oy o (l.l’ o3 l!.i} Cll o "l)’ o o § o2 035 (\\
o os 1 15 2 as ,3-" ; (;d;'s o 1 2 3 4 s L] Df."‘""' D’.“"
N yr

BE%{ J.R.Reuter Automation of NLO QCD in WHIZARD ACAT 2016,Valparaiso, 18.01.16

),



it NLO Development in WHIZARD

» Need for precision predictions that match (sub-) percent experimental accuracy

» mainly NLO corrections, but also QED and electroweak (ee)

Binoth Les Houches Interface (BLHA): Workflow

|. Process definition in SINDARIN (contract to One-Loop Program [OLP])

2. OLP generates code (Born/virtual interference), WHIZARD reads contract
3. NLO matrix element library loaded into WHIZARD
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it NLO Development in WHIZARD

» Need for precision predictions that match (sub-) percent experimental accuracy

» mainly NLO corrections, but also QED and electroweak (ee)

Binoth Les Houches Interface (BLHA): Workflow

|. Process definition in SINDARIN (contract to One-Loop Program [OLP])

2. OLP generates code (Born/virtual interference), WHIZARD reads contract
3. NLO matrix element library loaded into WHIZARD

Working NLO interfaces to:

* (GoSam [G. Cullen et al.]
(first focus on QCD corrections) * OpenLoops [F Cascioli et al ]
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it NLO Development in WHIZARD

» Need for precision predictions that match (sub-) percent experimental accuracy

» mainly NLO corrections, but also QED and electroweak (ee)

Binoth Les Houches Interface (BLHA): Workflow

|. Process definition in SINDARIN (contract to One-Loop Program [OLP])

2. OLP generates code (Born/virtual interference), WHIZARD reads contract
3. NLO matrix element library loaded into WHIZARD

Working NLO interfaces to: R R [G. Cullen et al ]

(first focus on QCD corrections) * OpenLoops [F Cascioli et al ]

WHIZARD v2.2.6 contains alpha version

QCD corrections (massless and massive emitters)

alpha _power = 2
alphas power = 0

process eett = el’El => t, tbar
{ nlo_calculation = “full” }
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it NLO Development in WHIZARD

» Need for precision predictions that match (sub-) percent experimental accuracy

» mainly NLO corrections, but also QED and electroweak (ee)

Binoth Les Houches Interface (BLHA): Workflow

|. Process definition in SINDARIN (contract to One-Loop Program [OLP])

2. OLP generates code (Born/virtual interference), WHIZARD reads contract
3. NLO matrix element library loaded into WHIZARD

Working NLO interfaces to: R R [G. Cullen et al ]

(first focus on QCD corrections) * OpenLoops [F Cascioli et al ]

ete” — tt at NLO with WHIZARD
0.8

WHIZARD v2.2.6 contains alpha version Lo
‘ . NLO, GoSam
0.7 }- ) NLO, OpenLoops
QCD corrections (massless and massive emitters) 06 |
%; 0.5 | /
alpha _power = 2
alphas _power = 0 04 |
process eett = el,E1 => t, tbar 0.3

{ nlo_calculation = “full” } 09

350 400 450 500 550 600 650 700 750 800

V3(GeV]
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it NLO Development in WHIZARD

» Need for precision predictions that match (sub-) percent experimental accuracy

» mainly NLO corrections, but also QED and electroweak (ee)

Binoth Les Houches Interface (BLHA): Workflow

|. Process definition in SINDARIN (contract to One-Loop Program [OLP])

2. OLP generates code (Born/virtual interference), WHIZARD reads contract
3. NLO matrix element library loaded into WHIZARD

Working NLO interfaces to: R R [G. Cullen et al ]

(first focus on QCD corrections) * OpenLoops [F Cascioli et al ]

fixedorder

1000

WHIZARD v2.2.6 contains alpha version

800

QCD corrections (massless and massive emitters)

600 -

o [fb]

alpha_power = 2 400}
alphas power = 0

X
200 % -

process eett = el,E1 => t, tbar . I onehell LO
{ nlo_calculation = “full” } : § onehel NLO
ol ¥ offshell, NLO | |
3%0 460 4&0 560 5é0 660
‘ V5 [GeV]
b : g ,
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w FKS Subtraction (Frixione/Kunszt/Signer)

Subtraction formalism to make real and virtual contributions separately finite

doNLO = / (daR — das) —I—/ do® + / doV
n+1 WAp L n

A\ - 7 \ - 7

finite finite
;E:Si J.R.Reuter Automation of NLO QCD in WHIZARD ACAT 2016,Valparaiso, 18.01.16



M}J FKS Subtraction (Frixione/Kunszt/Signer)

Subtraction formalism to make real and virtual contributions separately finite

doNLO = / (daR — das) —I—/ do® + / doV
n+1 n+1 n

A\ - 7 \ - 7
RN ™

finite finite

Automated subtraction terms in WHIZARD,
3 algorithm:

*  Find all singular pairs
4 7 ={(1,5),(1,6),(2,5),(2,6), (5,6)}

* Partition phase space according to singular regions

=@

acl
* Generate subtraction terms for singular regions

/B/E:Si J.R.Reuter Automation of NLO QCD in WHIZARD ACAT 2016,Valparaiso, 18.01.16



MQJ FKS Subtraction (Frixione/Kunszt/Signer)

Subtraction formalism to make real and virtual contributions separately finite

doNLO = / (daR — dO’S) —I—/ do® + / doV
n+1 n+1 n

A\ - 7 \ - 7
N ™

finite finite

Automated subtraction terms in WHIZARD,
3 algorithm:

*  Find all singular pairs

4 1={(,5),(1,6),(2,5),(2,6),(5,6)}
; * Partition phase space according to singular regions
=@
acl

* Generate subtraction terms for singular regions

Soft subtraction involves Collinear subtraction involves
color-correlated matrix elements: spin-correlated matrix elements:
B~ — Y AMQ(T;) O(T;) A™*, (ko
, d (n) 4(n)=*
By ~ Re{ 1 omrredl 3™ p(m) 40
e " [kcmkrad] (UZ"
spin
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H’J First Examples and Validation

o(s)/pb
Simplest benchmark process:

ete” = g7 with (o""° —0"?) /o"C =a,/n /
2000 /
Plot for total cross section for fixed 1000 \
strong coupling constant s0- __ (NLOLO)/LO%10000 _ /
200 \I,()
NLO
s 3 100
List of validated QCD NLO processes .
+ o= i ,

o GENErT — 20 . : . .
qq 60 70 80 9r() 100 110

Vs/GeV
e e'e — qgg

o ete = 0T0qj * Cross-checks with MG5_aMC@NLO

o cTe = /lTqq * Phase space integration for virtuals performs great
O @@ iR

o cte” —=tWb

S e WS bb

S S tH
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HU First Examples and Validation

o(s)/pb
Simplest benchmark process:

5000 1 A ,41_)
\¢: o : [\
ete” — qq with (O‘NLO = O'LO) o = Gyl [\
2000 1
Plot for total cross section for fixed 1000
strong coup|ing constant 500-{  (NLO-LO)/LO*10000
200 ’
\I()
2 3 100
List of validated QCD NLO processes o
—I— P 2 L)
o GCEpCchr—)> 20 -1 . . : -
qq 60 70 80 9[() 100 110
V5/GeV

e efte —qqy
o ete = 0T0qj * Cross-checks with MG5_aMC@NLO
o cte = (Tqq * Phase space integration for virtuals performs great

SR (T

e cte” —tWb + QCD NLO infrastructure in pp complete

+ First attempts on electroweak corrections,

e ctem - WTW~bb '
- interfacing the RECOLA code [Denneretal] §

S S tH
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el NLO Fixed-Order Events

Add weights of real emission events to weight of Born kinematics using the FKS mapping

Output weighted events in WHIZARD (e.g. using HepMC), then analysis with Rivet
Example process: ete™ — WTIW~bb

ete™ — WHOW b, Njows > 2 ete™ < WHOW b, Njus > 2
Z 107 | = °
S : — LO 3 —— LO
) —— NLO E 4 —— NLO
BE T
1 I—J—[_J ‘_\_\_‘_\_r s L
- 1 N
. W HFARD+OMEGA+OPENLOOPS B WHIZARD+OMEGA+OPENLOOPS o
1071 = | | ,
24| _ T =N
2.2 ’
s 12—
& 1% g ! -
v 1% < 0.8 L
08E ., . | . ..l .. N ) I T T T e e
140 160 180 200 220 150 200 250 300 350 400 450
mpw [GeV] mww |[GeV]
°® / : :
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el NLO Fixed-Order Events

Add weights of real emission events to weight of Born kinematics using the FKS mapping
Output weighted events in WHIZARD (e.g. using HepMC), then analysis with Rivet
Example process: ete™ — WTIW~bb

ete” = WHbW™b, Njew 2 2 ete™ = WHOW b, Njgrs = 2

42 [b/GeV)
42 [fb/GeV)

K-Factor
K-Factor

0 20 40 60 80 100 120 140 160
E?[GeV]
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el NLO Fixed-Order Events

Add weights of real emission events to weight of Born kinematics using the FKS mapping

Output weighted events in WHIZARD (e.g. using HepMC), then analysis with Rivet
Example process: ete™ — WTIW~bb

ete™ = WHbW b, Njgs > 2 ete” = WHBW b, Njgts > 2
- [ | - 8
3 9 3 5
} O |
S~ E b~
é 8¢ e
<K 71 Sk
6 |
5
4
3t
2|
1 | W
0|
14 |
5 1.2:; ”\ = o ‘_’_!ﬁ_‘_'“l s
= 1} >
<z 08; <
0.6 |
0 50 100 150 200 0 20 40 60 80 100 120 140 160

E7'[GeV] E?[GeV]

Completed: polarized NLO results (remember: ILC will always run with polarization)
Produce also plots including complete ISR photon radiation and beamstrahlung

NLO decays also available (Initial state Jacobian, important for consistent widths)
Investigate the full 2 = 6 process: ete- = bbepvv [Chokoufé/Kilian/Lindert/JRR/Pozzorini/VWeiss]
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.  Automated POWHEG Matching in WHIZARD

» Soft gluon emissions before hard emission generate large logs
. 1 kmax
» Perturbative Os: |[Maon|” ~ 5 = log 1
T i
» Consistent matching of NLO matrix element with shower . . . .

o POWHEG method: hardest emission first [Nason et al.] O(1) O(1) O(as)

DEsy ) J.R.Reuter Automation of NLO QCD in WHIZARD ACAT 2016,Valparaiso, 18.01.16
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Automated POWHEG Matching in WHIZARD

Perturbative Os : |[Moaog|” ~ — — log

1 b

kmin

i)

Consistent matching of NLO

Soft gluon emissions before hard emission generate large logs
. T °
matrix element with shower
> > > >

POWHEG method: hardest emission first [Nason et al.] O(1) O(1) O(as)

Complete NLO events B(®,)=B(®,) +V(®,) + /d(bradR(CDnH)

POWHEG generate events according to the formula:

do = B(®,,) [A%Lo(kqf&in) + AR (kr)

R((I)m—l)
B(®y)

dd rad]

Uses the modified Sudakov form factor:

AgLo(kT) — eXPp [_/d(I)rad

R((I)TH—I)

B(®y)

Ok (Prsr) — kT)]
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.  Automated POWHEG Matching in WHIZARD

Soft gluon emissions before hard emission generate large logs
. 1 kmax
Perturbative Ots: |[Mgofi|” ~ e > log — i
Consistent matching of NLO matrix element with shower . . . .

POWHEG method: hardest emission first [Nason et al.] 0(1) O(1) O(as)

« Complete NLO events B(®,)=B(®,) +V(®,) + /d(bradR(CDnH)

e POWHEG generate events according to the formula:

do = B(®,,) [ANLO(kmm) + ARFO(kr)

R((I)m—l)
B(®y)

dd rad]

e Uses the modified Sudakov form factor:

AgLo(kT) — eXPp [_/dq)rad

R((I)?H—l)
B(®y)

Ok (Prsr) — kT)]

Hardest emission: k7% ; shower with imposing a veto
B < 0 if virtual and real terms larger than Born: shouldn’t happen in perturbative regions

Reweighting such that B > 0 for all events
POWHEG: Positive Weight Hardest Emission Generator own implementation in WHIZARD

BE%{ J.R.Reuter Automation of NLO QCD in WHIZARD ACAT 2016,Valparaiso, 18.01.16
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POWHEG Matching, example:

10! ——— LO+PyTHIAS 10'
POWHEG+PYTHIAS
1 1
-1
107! 10
) -2
1072 10
: 3 -3
1073 Ty 10
WHIZARD4OMEGA/GOSAM ! !
10_.l llll LAl Lo bl Ll 1 Ll ll 1 ll L1 l Ll ‘l 104
1.4 1.4
1.2 I 1.2
P n g
3 1 — B %1 J § 1
[~ -
s — -»thanL_rL,*¢ﬁ**,ﬁthJ1 ( 0.8
0.6 T AT AT NN TE AT Arrm AT AL L 0.6
0 005 0.1 015 02 025 03 035 04 045
1-T
10! ]
—— LO+PYTHIAS 10
1 POWHEG +PYTHIAS
1
10!
3 101
1072 L
: 102
1072 |,
3 WHIZARD+OMEGA/ GOSAM ..l 1072
-1 |11 I (O | I I l 1 | I | I 3§ | ™
14 14
1.2
3 8 1
= E =
- 0.8
0.6 :—l. LA 1 LA 1.1 1.1 l s L 1 L l L 1 1 .1 0.6
0 0.1 0.2 03 0.4 0.5 0.6 0.7
Major

J.R.Reuter

Automation of NLO QCD in WHIZARD

e’e” to dijets

——— LO+PYTHIAB
POWHEG+PYTHIAS

3 WHIZARD 4+ OMEGA /GOSAM {
E-l Al 1 l Ll Al l LAl AL 1 l Ll Ll
- ey (LI e [ 1 0 IJ-|J.|||H<L|H
= ) 1
- |
will S B B | L1 1.1 I Ll 1 1 1 Ll L1
0 0.1 0.2 0.3 0.4 0.5 0.6
Minor
—— LO+PYTHIAS
POWHEG+PYTHIAS
|
E ™
:_ WHIZARD+OMEGA /GOSAM
= 1
S ' T L1
g .A.L.-lnlllllll
= - o ”Y”””lll
:_ w
3 | Bt A
0 0.1 0.2 0.3 04 0.5 0.6
Oblateness

ACAT 2016,Valparaiso, 18.01.16



&U Resonance mappings for NLO processes

¢ Amplitudes (except for pure QCD/QED) contain resonances (Z,W, H, t)
¢ In general: resonance masses not respected by modified kinematics of subtraction terms
¢ Collinear (and soft) radiation can lead to mismatch between Born and subtraction terms

DEsy ) J.R.Reuter Automation of NLO QCD in WHIZARD ACAT 2016,Valparaiso, 18.01.16



HLJ Resonance mappings for NLO processes

Amplitudes (except for pure QCD/QED) contain resonances (Z,W, H, t)
In general: resonance masses not respected by modified kinematics of subtraction terms
Collinear (and soft) radiation can lead to mismatch between Born and subtraction terms

Algorithm to include resonance histories  [JeZo/Nason, 1509.09071]
Avoids double logarithms in the resonances’ width

Most important for narrow resonances (H — bb)

€O e "€C e feC fer "

Separate treatment of Born and real terms,

soft mismatch
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QU Resonance mappings for NLO processes

Amplitudes (except for pure QCD/QED) contain resonances (Z,W, H, t)
In general: resonance masses not respected by modified kinematics of subtraction terms
Collinear (and soft) radiation can lead to mismatch between Born and subtraction terms

Algorithm to include resonance histories  [JeZo/Nason, 1509.09071]
Avoids double logarithms in the resonances’ width

Most important for narrow resonances (H — bb)

'€ €0 €0 €U feC "&C

Separate treatment of Born and real terms,

soft mismatch

fb= 1 u fb=2 U

u W+ u Z
d d
root M
U u 2 U
d d
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el

Resonance mappings for NLO processes

¢ Amplitudes (except for pure QCD/QED) contain resonances (Z,W, H, t)

¢ In general: resonance masses not respected by modified kinematics of subtraction terms

¢ Collinear (and soft) radiation can lead to mismatch between Born and subtraction terms

¢ Algorithm to include resonance histories  [Jezo/Nason, 1509.09071]

¢ Avoids double logarithms in the resonances’ width

¢ Most important for narrow resonances (H — bb)
¢ Separate treatment of Born and real termes,

soft mismatch

fo=1 u fo=2
w u Z

u

gl

root

Q g g

G

& € g

gl

$ WHIZARD complete automatic mplementation: example e*e™ = UUbb  (ZZ ZH histories)

| It Calls Integrallfb] Error([fb) Err(%) Acc Eff[%] Chi2 N[It] |
| ses=s seses semse==c|

1 11988 9.68118B47E+00 6.42E+00 66.30 72.60« 9.65

2 11959 2.8539703E+00 2.35E-01 8.25 9.02« 0.69

3 11936 2.4997574E+00 6.54E-01 26.25 28.68 2.35

- 11908 2.7695559E+00 9.67E-01 34.91 38.09 0.30

5 11874 2.4346151E+00 4.82E-01 19.80 21.57« 0.74
e |

2.7539078E+00 1.97E-01 7.15 17.47 2.74 .49 5

5 59665

.9
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standard FKS
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&U Resonance mappings for NLO processes

Amplitudes (except for pure QCD/QED) contain resonances (Z,W, H, t)
In general: resonance masses not respected by modified kinematics of subtraction terms
Collinear (and soft) radiation can lead to mismatch between Born and subtraction terms

Algorithm to include resonance histories  [JeZo/Nason, 1509.09071]
Avoids double logarithms in the resonances’ width

Most important for narrow resonances (H — bb)

€O "€C "€C "eC €0 €U &

Separate treatment of Born and real terms,

soft mismatch

fb= 1 u fb=2 U

u FV+ u Z
d d
root M
u U U U
d d

$ WHIZARD complete automatic mplementation: example

| It Calls 1Integrallfb] Error[fb)l Err[%] Acc Eff[%] Chi2 N[It] | | It Calls Integrallfb] Error(fb] Err(%) Acc Eff[%] Chi2 N[It] |

| — — =| I =|
1 11988 9.6811847E+0@ 6.42E+00 ©66.30 72.60%« 9.65 1 11988 2.9057032E+00 8.35E-02 2.87 3.15%« 7.90
2 11959 2.8539703E+00 2.35E-01 8.25 9.02« 9.69 2 11962 2.8591952E+400 5.20E-02 1.82 1.99x 10.91
3 11936 2.4997574E+00 6.54E-01 26.25 28.68 9.35 3 11936 2.9277880E+00 4.09E-02 1.40 1.52% 14.48
4 11908 2.7695559E+0@0 9.67E-01 34.91 38.09 2.30 4 11902 2.8512337E+00 3.98E-02 1.40 1.52x 13.70@
5 11874 2.4346151E+00 4.82E-01 19.80 21.57= 9.74 5 11874 2.8855399E+400 3.87E-02 1.34 1.46%x 17.15

= e e I B |
5 59665 2.7539078E+00 1.97E-01 7.15 17.47 2.74 0.49 5 5 59662 2.8842006E+00 2.04E-02 2.71 1.72  17.15 .53 5

= =s=ssssssssssssssssssas s===== ===== =====| | = === -|

standard FKS FKS with resonance mappings
°®
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ete” o tt

103 L

% [fb/GeV]

102

I RRAL

101

T T TTT ”]

WHIZARD+OMEGA+GOSAM

—— LO
——— NLO
—— POWHEG

0 5] 10 15 20
E4(GeV]
ete” = tth
1.2 | -
i b
1}
0.8
0.6 LO
| NLO pp »
0.4/ e NLO pt, = 2
1 NLO p, = pu/2
[ R VHEG
0.2 — WHIZARD 4+ OMEGA+OPENLOOPS POWHEG
1.0 -
1.4}
§ 1.2
2 1 —
e
v 08°
0.6
(| 3 SIS S NSRS SIS SR "
-1 0.5 0 0.5 1
cosliy

,%/E:Si J.R.Reuter

42.(fb/GeV]

K-Factor

S
=
&

S
=
]
(<)

0.02

0.015

0.01

0.005

1.0 -

1.4
1.2

0.8
0.6
0.4

Automation of NLO QCD in WHIZARD

Examples: Top pairs and tth production

ete™ < tth

T

e O
——— NLO p, = p
— —— NLO u, =2u
- NLO pir = p/2
e POWHEG
— o i
u ol
- _’-— -
WHIZA :Ml;(' JPENLOOPS u
- /—rﬂff— 1
‘l 11 l L1 1 1 J Ll 1 1 1 A L
250 300 350 400 450 500

Ej, [GeV]
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Gl Top Threshold at lepton colliders

ILC top threshold scan best-known method to measure top quark mass, AM ~ 30-50 MeV

Heavy quark production at lepton colliders, qualitatively:

Large [ Small I,

ete” > tt / KJ ete”— bb

Vs Vs

T ot
T ot

\/\/E—thJriFt
W =
m

Threshold region: top velocity v~ s < |

e q
77 Z z P
~ 1 ~ OV ~ (a5 /v)?
et q v oo KL 1
:9%3/{/ J.R.Reuter Automation of NLO QCD in WHIZARD ACAT 2016,Valparaiso, 18.01.16



el Top Threshold Resummation in (v)NRQCD

¢« NRQCD is EFT for non-relativistic quark-antiquark systems: separate M-v and M- v?
¢ Integrate out hard quark and gluon d.o.f.. YNRQCD
¢ Resummation of singular terms close to threshold (v = 0) Hoang et al.’99-‘01; Beneke et al.,’13-‘14

Phase space of two massive particles

5 (2] S

T k i

x {1(LL); as,v(NLL); a2, asv,v? (NNLL)}

(p/V)NRQCD EFT w/ RG improvement

DEsy ) J.R.Reuter Automation of NLO QCD in WHIZARD ACAT 2016,Valparaiso, 18.01.16



el Top Threshold Resummation in (vYNRQCD

¢« NRQCD is EFT for non-relativistic quark-antiquark systems: separate M-v and M- v?
¢ Integrate out hard quark and gluon d.o.f.. YNRQCD
¢ Resummation of singular terms close to threshold (v = 0) Hoang et al.’99-‘01; Beneke et al.,’13-‘14

Phase space of two massive particles

h 5 (%) et

T k i

x {1(LL); as,v(NLL); a2, asv,v? (NNLL)}

(p/V)NRQCD EFT w/ RG improvement
ER G (SR (s) - F%(s)R%(s)

s-wave: LL-+NLL p—WaveNfUQ:NNLL

but contributes
at NLL differentially!
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el Top Threshold Resummation in (v)NRQCD

¢« NRQCD is EFT for non-relativistic quark-antiquark systems: separate M-v and M- v?
¢ Integrate out hard quark and gluon d.o.f.. YNRQCD
¢ Resummation of singular terms close to threshold (v = 0) Hoang et al.’99-‘01; Beneke et al.,’13-‘14

Phase space of two massive particles

BTSSR

g k i
x {1(LL); as,v(NLL); a2, asv,v? (NNLL)}

(p/V)NRQCD EFT w/ RG improvement
ER G (SR (s) - F%(s)R%(s)

s-wave: LL-+NLL p—Wa,veNfUQ:NNLL

but contributes
at NLL differentially!

Coulomb potential gluon ladder resumption

. (@ (L

1 v v v
/3/5:95(: J.R.Reuter Automation of NLO QCD in WHIZARD ACAT 2016,Valparaiso, 18.01.16



el Top Threshold Resummation in (v)NRQCD

¢« NRQCD is EFT for non-relativistic quark-antiquark systems: separate M-v and M- v?
¢ Integrate out hard quark and gluon d.o.f.. YNRQCD
¢ Resummation of singular terms close to threshold (v = 0) Hoang et al.’99-‘01; Beneke et al.,’13-‘14

Phase space of two massive particles
| Ott s\ " i
i R = —4) g (—) E (s Inwv)” X

x {1(LL); as,v(NLL); a2, asv,v? (NNLL)}

(p/V)NRQCD EFT w/ RG improvement
RY“(s) = FY(s)R°(s) + F*(s)R%(s) ,

can be mapped onto effective ttV vertex

s-wave: LL-+NLL p—Wa,veNfUQ:NNLL

but contributes v/Z gv/a
at NLL differentially! [ RV/@ YnLL y 1
(N)LL ~ “gv/a o :
Coulomb potential gluon ladder resumption / far away from
(Cvw( T+ w1 (0
; : : Lf 1 9 o
~ 1 ~ g [V -

threshold
®.

v/a ’U/CL ole
(D = g(N)LL (N)LL(as’ Mtp 9 \/ga .7 Ft)
BE:{ J.R.Reuter Automation of NLO QCD in WHIZARD ACAT 2016,Valparaiso, 18.01.16

differential in off-shell tt phase space r e



‘S/ 1 ] TOP Threshold in WHIZARD .. ;.6 chorouein Hoang/M. Stahlhofen/C. Weiss

» Implement resummed threshold effects as effective vertex [form factor] in WHIZARD
» G"(0,ps, E +tI't, V) from TOPPIK code [Jezabek/Teubner], included in WHIZARD

W o Default parameters:

M =172 GeV, IO =1.409 GeV
Oés(Mz) = 0.118

b
[5G ole LL/NLL
x G — Mf (1 3 A(C’oul.) )
W-
§E:Si J.R.Reuter Automation of NLO QCD in WHIZARD ACAT 2016,Valparaiso, 18.01.16



‘-,;,/_ 1 \ TOP Threshold in WHIZARD ., :sacive. choroutein Hoang/M. Stahlhofen/C. Weiss

» Implement resummed threshold effects as effective vertex [form factor] in WHIZARD
o G"%0,ps, E +1I't,v) from TOPPIK code [Jezabek/Teubner], included in WHIZARD

» Default parameters:

W+
MY =172 GeV, TNO =1.409 GeV
b OéS(Mz) = 0.118
S e pole LL/NLL
b
vV / \ - W—
Ci"] (v) GY® (0, pt, E+il¢, l/)

I 1

- 1.4 -

) 1

: 1.2 |

) |

1

' . 1.0 e

E P {08
: S I HEoS 106

|

: 0.4

l

: AM =30 Gev | 02 AM = 30GeV

A : 0.0 o

e S 340 M2 344 346 348

Vs [GeV] T~ _— Vs [GeV]
[Hoang & Stahlhofen ‘13] M X2 WHIZARD Vv2.2.3
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‘-S/_ 1 \ TOP Threshold in WHIZARD ., :sacive. choroutein Hoang/M. Stahlhofen/C.Weiss

» Implement resummed threshold effects as effective vertex [form factor] in WHIZARD
o G"%0,ps, E +1I't,v) from TOPPIK code [Jezabek/Teubner], included in WHIZARD

» Default parameters:

M =172 GeV, IO =1.409 GeV
OéS(Mz) = 0.118

ole LL/NLL
MYE = M (A

W+

Theory uncertainties from scale variations:
W™ hard and soft scale

prp=h-my  ps= [ m

[Hoang & Stahlhofen ‘13]

20

U’Ikl

O — 1.5
-: ................................ F
i 10
i AM =30 GeV AM = 30GeV
34T~ o A 340 342 134 346 348 " 05 10 15 20
Vs [GeV] T~ s o _— Vs [GeV] (/L h
[Hoang & Stahlhofen ‘13] WHIZARD Vv2.2.3
:9%/{/ J.R.Reuter Automation of NLO QCD in WHIZARD ACAT 2016,Valparaiso, 18.01.16



‘3 /! \ Sanity checks: correct limit for &s — 0, stable against variation of cutoff AM [15-30 GeV]

08 AM=30GeV 7N 08

06 06
= =
B L
- 04 L 04
. -=- NRQCD calculation . ~=. NROQCD calculation
2 “a s 0- " ’; “a e
—  WHIZARD NLL Lo —  WHIZARD NLL
0.0 0.0
340 342 344 346 348 340 342 344 346 348
\/\ [GeV] \/ s |GeV|

Why include LL/NLL in a Monte Carlo event generator?

Important effects: beamstrahlung; ISR; LO electroweak terms
More exclusive observables accessible

°®
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‘3 /! \ Sanity checks: correct limit for &s — 0, stable against variation of cutoff AM [15-30 GeV]

06 06
= .
B L
- 04 - 04
> ~=. NRQCD caleulation
02 e 0.2
. —  WHIZARD NLL -
0.0 0.0
340 342 344 346 348 240

Vs [GeV]

Why include LL/NLL in a Monte Carlo event generator?

08 AM=30GeV D i | 0.8

342

Important effects: beamstrahlung; ISR; LO electroweak terms

More exclusive observables accessible

— no structure (/L
0.8

~==beamstrahlung
== QED ISR A
0.6 =ISR + beamstr.

-
manw
----
C

0
340 342 344 346 348
‘\/S_ [GeV] WHIZARD v2.2.3

°®

BE:{ J.R.Reuter Automation of NLO QCD in WHIZARD

-- NRQCD calculation
—  WHIZARD NLL

344 346 348

Vs [GeV]
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‘3 /! \ Sanity checks: correct limit for &s — 0, stable against variation of cutoff AM [15-30 GeV]

08 AM=30GeV D i | 0.8

0.6 0.6
< 04 < 04
. o7 -~ NRQCD cakulation o -~ NRQCD calculation
) —  WHIZARD NLL - ‘_“__,_-._—:.:if" —  WHIZARD NLL
00 0.0
340 342 344 346 348 340 342 344 346 348
Vs [Gev) Vs [Gev)
Why include LL/NLL in a Monte Carlo event generator? Forward-backward asymmetry
Important effects: beamstrahlung; ISR; LO electroweak terms (norm. = good shape stability)
More exclusive observables accessible _ a(®t >0} —a(pl)<0)

Afb =

o(p} >0) +o(p} <0)

0.8 — no structure (_/L 0.10 . WHIZARD LL (_/L

«==beamstrahlung '
- QED ISR - " WHIZARD NLL

0.08
0.6 =ISR + beamstr.

-
-
----
Sl

s/p-wave resummation

s 0.06
=
0.04
o |
002 only s-wave resummation
0 0.00
340 342 344 346 348 340 342 344 346 348 350
\/ ) [GeV] WHIZARD v2.2.3 Vs [GeV] WHIZARD v2.2.3

°®
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&/U Matching to continuum at (LO and) NLO

analytic+whizard-onshell

| | | | | | |
* Transition region between relativistic and 1000F -
resummation effects T
800 TlaeRRREIIITII I -
* CLIC benchmark energies:
0.38 Te\/, 600} _//'7 -
) £ [
* Remove double-counting NLO / (N)LL 2
400 - —
200 .
---+ onshell, NLO
- - expanded FF, onshell, mpoe = mis
- - expanded FF, onshell, mpoe = mis, nopwave
ol AnalyticOneloop, mpee = Mm1g, onshell |
34|10 3&0 3f|i(] 3’|70 3é0 3(;0 4(|)0
V5 [GeV]
L . : ,
DEsy ) | R.Reuter Automation of NLO QCD in WHIZARD ACAT 2016,Valparaiso, 18.01.16
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&/u Matching to continuum at (LO and) NLO

analytic+whizard-onshell
| | | |

* Transition region between relativistic and 1000}~ T omhelLNIO T ]
resummation effects T ReiicOnslonp. g wnresonchell

800 .

* CLIC benchmark energies:
0.38 TeV, 600} e

* Remove double-counting NLO / (N)LL

o [fb]

400 |- ]

Resummed formfactor, expanded to O(as)

\/\/E—th+lrt
UV —=
m

200 -

O —
0= ’ﬁ)‘ Po = Et — My 34;1.0 3411.5 34I5.0 34I5.5 34|6.0

V5 [GeV]
: +p
expanded 2C’F lCF m log 22—?
F lom, ag] =ag | —— ) +as
T 2p
BE‘S{ J.R.Reuter Automation of NLO QCD in WHIZARD ACAT 2016,Valparaiso, 18.01.16
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&/LJ Matching to continuum at (LO and) NLO

analytic+whizard-onshell
| | | |

* Transition region between relativistic and 1000}~ T omhelLNIO T ]
resummation effects T ReiicOnslonp. g wnresonchell

800 -]

* CLIC benchmark energies:
0.38 TeV, 600 |- e

* Remove double-counting NLO / (N)LL

o [fb]

400 |- -

Resummed formfactor, expanded to (O( )

\/g — 2my; + lFt B
V = P = ’ﬁ Po = t — My 34;1.0 3411.5 34I5.0 34I5.5 34|6.0

m /5 [GeV]

: muv+p
2CF> n o lCFm log muv—p

200 -

Fexpanded

lom, as] = ay <— -

Matching formula

. expanded
Omatched — 9QCD lay) — ONRQCD lay, oy
ded
+oNrqep (@ fsas + (1= f;) ay]

full ded
+ O'I\?RQCI) [fs g, fs ag, fs aL’S] - ng}ga%[(; [fe g, fs (.Ys]

.9
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M)J Matching to continuum at (LO and) NLO

switch-ofl
———m--e -

* Transition region between relativistic and 1.00 — fewa] ]
resummation effects | e
* CLIC benchmark energies: o3t
0.38 TeV, |
* Remove double-counting NLO / (N)LL T
Resummed formfactor, expanded to O (ay) 025

p - ‘251 pO s Et o mt 38;).0‘ — ‘33;.5l — LM:S.O‘ — ‘3512.5‘ — ‘36;1.0

m V3 [GeV)

\/\/E_th_l_lrt o.m; """"""""
UV —=

Fexpanded

mu+p
QCF) o iCpmlog .~ >
T

oy, agl = ay (—— 2%

Matching formula Switch-off function

. expanded 1 v <™
Gmatched — UQCD [a}[] - ONRQCD [au, QH] , - ) -
expanded 1 1 — 1—1)—!(1) o) M <v< uz
to INRQCD [aH? fs ag + ( o fs) aH] fs(v) = ¢ A
full expanded 2 ) . Tv <V <
+ ONRQCD [fs QH fs ag, fs aUS] - UNII{)QCD [fs y, fs Cls] (va—vy)’ 2
0 vV > Vg

.9

DESY J.R.Reuter Automation of NLO QCD in WHIZARD ACAT 2016,Valparaiso, 18.01.16



1000

750

o [fb]
ot
S

250

°®
DESY
@

J.R.Reuter

Threshold-continuum matching

NLL, full
—— ONRQCD
expanded,NLL,full
ONRQCD
offshell, NLO,full
I %qcp
®  Omatched

[aH7 aH]

Automation of NLO QCD in WHIZARD

345.0

Vs [GeV]

352.5
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Qg Conclusions & Outlook

¢ WHIZARD 2.2 event generator for collider physics (ee, pp, ep)

¢ (QCD) NLO automation: reals and subtraction terms (FKS) [+
virtuals externally] — WHIZARD 3.0

¢ Automated POWHEG matching (other schemes in progress)

¢ Automated Resonance Mapping in Subtractions / Resonance
History

¢ Polarized results and decays available at NLO (QCD)

¢ allows to produce NLO fixed-order histograms

¢ Top threshold in ete-: NLL NRQCD threshold / NLO

continuum matching
'0?37 .R.Reuter Automation of NLO QCD in WHIZARD ACAT 2016,Valparaiso, 18.01.16
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g@ Conclusions & Outlook

¢ WHIZARD 2.2 event generator for collider physics (ee, pp, ep)

¢ (QCD) NLO automation: reals and subtraction terms (FKS) [+
virtuals externally] — WHIZARD 3.0

¢ Automated POWHEG matching (other schemes in progress)

¢ Automated Resonance Mapping in Subtractions / Resonance
History

¢ Polarized results and decays available at NLO (QCD)

¢ allows to produce NLO fixed-order histograms

¢ Top threshold in ete-: NLL NRQCD threshold / NLO

continuum matching
¢ Near Future projects: QCD in hadron collisions (fixed-order)

Mid-term project: inclusion of tth threshold (resummation/threshold)

¢ Long term: QED/EW NLO, QED Shower, NNLO QCD

«
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" Higher Performance
Superior Protection

Learn More
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vy WHIZARD: Manual

VI LI A3 TRADTOU WY T TORAARET, W T T LA

* WHIZARD

« HOME
o Main Page
+« MANUAL, WIKI, NEWS « Contents
o Manual « Chapter 1 Introduction
o Wiki Page o 1.1 Disclaimer
o News o 1.2 Overview
o Tutorials o 1.3 Historical remarks
o ChangelLog o 1.4 About examples in this manual
« REPOSITORY, BUG TRACKER e Chapter 2 Installation
o Subversion Repository o 2.1 Package Structure
o SVN Browser o 2.2 Prerequisites
o Bug Tracker 0 23 Installation WHIZARD Manual @ HepForge
« DOWNLOADS o 2.4 Working With WHIZARD
o Download Page o 2.5 Troubleshooting
o Patches/Unofficial versions « Chapter 3 Getting Started
« CONTACT o 3.1 Hello World
o Contact us o 3.2 A Simple Calculation
« INTERNAL WHIZARD PAGE « Chapter 4 Steering WHIZARD: SINDARIN Overview
o You Shall Not Pass! o 4.1 The command language for WHIZARD
o 42 SINDARIN scripts
o 43 Emors
L
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e Phase Space Setup

WHIZARD algorithm: heuristics to classify phase-space topology, adaptive multi-channel
mapping = resonant, t-channel, radiation, infrared, collinear, off-shell

WRIZARD phase space channels WHIZARD phase space channels

Process: cc10 (e7e™ <+ ™ fyud) Process: qgttdec (ui —» S )
Color code: resonanoe u nfrared, collinear, external/offsdell Color code: resonasce, nfrared, colizear, external 'off-shell
Grove 1 df) (3 Ji8) (32 wld Grove 1
\ \ y \ {
\ \ \ ' \ / VORI v
Maltiplicity: 1 \ L’_ 1 \ ‘ ult \, .~ \ Z_‘"’ 0,2 Mukiplicity : ". ',L’ :
Resonances 2 '. i .//A .\"l .‘ \ ( {lf’“-"-‘fm3 c ’—-—:\. .
Log-enhanoed: 0 7 o~ “ufd ’-’ fir- o0, (2 { \~ 5, / Y\ i1 A'.Lﬂ...if..l;l'. 0 / Tﬂ {
tcannes: ( ,«' J ‘ '.' \ * t-channel: 0 I
06 1] dm <08 [3] w0 15 [3] = [4] u

-
s
._‘
\/\
'-’- 0
:~|> /
= ;( f""

Grove 2 e (%) w2 Growe 6

/ s (% W' (% Wi
. w-/
Maltiplicity: 2 \"A\,- 1 Medsinticity- 3 \ { ""'f
Resonances: 2 -n---.-u.._- Mo b1
i . d'8) ESONATONS:

b‘i.‘.”:.L?‘i l / :-_,{u Log-ecbanced: | 52 ,/ 1\/ T
-Channes: L s channel- 1 '

e* (16) -J st t~channel: 1 - /\\ ' / ‘

- () , wom &8 -Jl b2

—J(’m“' 3 o %) éis Grove 19 o (22 . . (X2 Wl

. ' ' \ :
MaltipBeity: 2 \.' M Mukiplicity: 4 \ ts 1 \ /f/ L2
Resonances 2 .ww' W Resonances: ) L ."" (
Log-eshasoed: 0 "' W (2 Log-eckanced: 2 .\ N4 f {‘a
t-channet: 0 / \ t-channel: 0 / \ ," !

. ‘] .,"‘J w 3 U

Complicated processes: factorization into production and decay with the unstable option

.9
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g@ Decay processes / auto_decays

WHIZARD cannot only do scattering processes, but also decays

Example Energy distribution electron in muon decay:

model = SM
process mudec = e2 => el, N1, n2
integrate (mudec)

histogram e el (@, 60 MeV, 1 MeV)
analysis = record e_el (eval E [el])

n_events = 100000
simulate (mudec)

compile_analysis { $out file = “test.dat” }

O ANJAE (4 = e Do) '
e € Vel ! </t>
3000 A T
2000 _-“~
1000 ‘Hﬁj
MMM |
0 0.52 0.04 0.06
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gg Decay processes / auto_decays

WHIZARD cannot only do scattering processes, but also decays

Example Energy distribution electron in muon decay:

model = SM

process mudec = ez => el, N1, n2 Automatic integration of particle decays

integrate (mudec)

histogram e el (@, 60 MeV, 1 MeV)

analysis = record e_el (eval E [el])
auto_decays multiplicity = 2

n_events = 100000 ?auto_decays _radiative = false

simulate (mudec) unstable Wp () { 7auto_decays = true }

compile_analysis { $out file = “test.dat” }

4000 — | It Calls Integral([GeV] Error[GeV] Err/[%] Acc

3000 - i 1 100 2.2756406E-01 0.00E+00 0.00 0.00

| Unstable particle W+: computed branching ratios:
| decay_p24_1: 3.333706BE-01 dbar, u
2000 r | decay_p24_2: 3.3325864E-01 sbar, c
| decay_p24_3: 1.1112356E-01 e+, nue
ofil | decay_p24_4: 1.1112356E-01 mu+, numu
| decay_p24_5: 1.1112356E-01 tau+, nutau
| 2.0478471E+00 GeV (computed)
| 2.0490000E+00 GeV (preset)
I

Decay options: helicity treated exactly

1000 1 Total width

GeV
0 0.02 0.04 0.06

.9
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