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1) Introduction toWHIZARD

& cf. Wolfgang KilianOs talk
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ﬁ/L The WHIZARD Event Generator L

——

WHIZARD v2.3.0 (27+2 July 2016) http://whizard.hepforge.org <whizard@desy.de>

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

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

¥Universal event generator for lepton and hadron colliders

¥ Modular package: Phase space parameterizatizesonances, collinear emission, Coulomb etc.)
- OOMega optimized matrix element generdtecursiveness via Directed

VAMP: adaptive multi-channel Monte Carlo integrator
CIRCE1/2:generator/simulation tool for lepton collider beam spectra
Lepton beam ISR Kuraev/Fadin, 2003; Skrzypek/Jadach, 1991

Color Bow formalism stelzer/willenbrock, 2003; Kilian/Ohl/JRR/Speckner, 2011
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. WHIZARD: Installation and Run

)

Download: http://www.hepforge.org/archive/whizard/whizard-2.3.0.tar.gz

D]

Unpack it, intended to be installed ipusr/local (or locally)

)

Createbuild directory and do . /configure

b

make, [ make check ], make install

D]

Working directory: create SINDARIN steering Ple<input>.sin

D

Working directory: run whizard <input>.sin

# XFAIL
# FAIL

Supported event formats: LHA, StdHep, LHEF (i-1ii), HepMC, LCIO, div. A fi

b

-
-

D
W

Interfaces to external packagés Feynman rules, hadronization, event for

analysis, jet clustering etGcastJet, GoSam, GuineaPig(++), HepMC,
HOPPET, LCIO, LHAPDF(4/5/6), LoopTools, OpenLoops, PYTHIA6,
[PYTHIA8], StdHep [internal]
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# TOTAIL 284

g FAIL: e
8 XPASS: @
# ERROR: @
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Phase Space Setup

mapping=> resonant, t-channel, radiation, infrared,

WRIZARD phase space channels

Process: ¢c10 (¢7e”
Color code: resonance

Grove ll

Multiphicity: 1

b Bynd
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WHIZARD phase space channels

Process: ggttdec (ui -+ 550 W)

Color code: resomasce,

dls) e 132 ds e (32 uld Grove 1
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WHIZARD algorithm: heuristics to classify phase-space topology, adaptive multi-channel

collinear, off-shell

voizeas, external /of-shell

Complicated processedactorization into production and decawith the unstable option
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{L WHIZARD Parton Shower

) ©  Two independent implementations: kT-ordered QCD and Analytic QCD shower
Analytic shower: no shower vete> exact shower history known, allows reweighting
Kilian/JRR/Schmidt/Wiesler, JHE®4 013 (2012)
100 T pep—— - - - - - - - - - 0’ T =y v T paan
PYTHIA PS o NoWavtng s TR WHIZARD PS
' WHIZARD PS . mg::; ol ‘."’-v,__".” PYTHA PS
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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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Tuning of the WHIZARD Parton Shower

/8

First tunes of both kT-ordered QCD and Analytic QCD shower Chokoufe/Englert/JRR, 2015
Di- and Multijet data from LEP as giverRIVET analysis
Usage of the’ROFESSOR tool for determining the best Pt Buckley et al., 2009
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WHIZARD NLO
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2) Automation of Fixed order
NLO (QCD) in WHIZARD
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ﬁL NLO Development in WHIZARD o

I ——

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

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

Binoth Les Houches Interface (BLHA): Workl3ow

1. Process debnition in SINDARIN (contract to One-Loop Program [OLP])
2. OLP generates code (Born/virtual interferencteyIZARD reads contract
3. NLO matrix element library loaded int@HIZARD
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ﬁ/tx NLO Development in WHIZARD o

——

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

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

Binoth Les Houches Interface (BLHA): Workl3ow

1. Process debnition in SINDARIN (contract to One-Loop Program [OLP])
2. OLP generates code (Born/virtual interferencteyIZARD reads contract
3. NLO matrix element library loaded int@HIZARD

Working NLO interfaces to: *  GoSam [G.Cullenetal.] < Talk by Nicolas Greiner

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

WHIZARD v2.3.0 contains beta version

QCD corrections (massless and massive emitte

alpha _power = 2
alphas power = 0

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

P—m—

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

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

Binoth Les Houches Interface (BLHA): Workl3ow

1. Process debnition in SINDARIN (contract to One-Loop Program [OLP])
2. OLP generates code (Born/virtual interferencteyIZARD reads contract
3. NLO matrix element library loaded int@HIZARD

Working NLO interfaces to: *  GoSam [G.Cullenetal] < Talk by Nicolas Greiner

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

ete” — tt at NLO with WHIZARD

0.8

WHIZARD v2.3.0 contains beta version . 1o, ol
0.7 |- N NLd, O;;anc;ops
QCD corrections (massless and massive emitte 06 |
R 05}/
alpha_power = 2 ° |
alphas power = 0 0.4 1
process eett = el,E1 => t, tbar 0.3
{ nlo_calculation = “full” } 0

350 400 450 500 550 600 650 700 750 800
V3(GeV]
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ﬁ/tx NLO Development in WHIZARD o

——

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

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

Binoth Les Houches Interface (BLHA): Workl3ow

1. Process debnition in SINDARIN (contract to One-Loop Program [OLP])
2. OLP generates code (Born/virtual interferencteyIZARD reads contract
3. NLO matrix element library loaded int@HIZARD

Working NLO interfaces to: *  GoSam [G.Cullenetal.] < Talk by Nicolas Greiner

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

ete’" # tPand ete” # W*W *bB
875:_ I T T T T I T T T T I T T T T I T T T T I _:
C — LO - offshell E

WHIZARD v2.3.0 contains beta version g

--- NLO

5251

I [fb]

QCD corrections (massless and massive emitte
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{/L NLO Development in WHIZARD

P—m—

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

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

Binoth Les Houches Interface (BLHA): Workl3ow

1. Process debnition in SINDARIN (contract to One-Loop Program [OLP])
2. OLP generates code (Born/virtual interferencteyIZARD reads contract
3. NLO matrix element library loaded int@HIZARD

Working NLO interfaces to: *  GoSam [G.Cullenetal] < Talk by Nicolas Greiner
(brst focus on QCD corrections) * OpenLoops [F Cascioli et al ]
ete” < W OW bH, Njws = 2, Vs = 800GeV
WHIZARD v2.3.0 contains beta version g -
58 [
QCD corrections (massless and massive emitte ; —]=‘—
alpha_power = 2 wJZ \ f
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}ﬁ%{‘——f1_

process eett = el,E1l => t, tbar g 09
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FKS Subtraction (Frixione/Kunszt/Signer)

10/31

Subtraction formalism to make real and virtual contributions separately Pnite

@ J.R.Reuter

d| NLO .

n # . u
dR1 ds + d>+ dV
$n +1 %& 1 $n +1 %& n
Pnite Pnite

WHIZARD NLO
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FKS Subtraction (Frixione/Kunszt/Signer)

10/31

Subtraction formalism to make real and virtual contributions separately Pnite

@ J.R.Reuter

d| NLO .

q;n +1

dr R d!S#+

%& 1 $n+1

dsS+ dVv
%& "

Pnite

Pnite

Automated subtraction terms IWRHIZARD,

: I

WHIZARD NLO

algorithm

* Find all singular pairs

={(1,5),(1,6),(2,5),(2,6),(5,6)}

5 * Partition phase space according to singular regi

=@

acl

* (Generate subtraction terms for singular regions

MC4BSM 2016, IHEP/UCAS, Beijing, 21.
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ﬁ/’¥ FKS Subtraction (Frixione/Kunszt/Signer)

Subtraction formalism to make real and virtual contributions separately Pnite

5 n # g 8
G = dR1 ds + d>+ dV
$n +1 %& 1 $n +1 %& n
Pnite Pnite

Automated subtraction terms IWRHIZARD,
3 algorithm

* Find all singular pairs

“ I =1{(1,5),(1,6).(2,5).(2,6),(5,6)}
5 * Partition phase space according to singular regi
=@
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)=*

(.ul.or B o~ Re cm'ra A A

+ —
e [kcmkrad] (UZ"
spin
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ﬁ/L Examples and Validation e

o(s)/pb

Simplest benchmark process: A
5000 . i
e"e | gg with I1NO = JLO ;L0 = v sy [\
2000 // \
Plot for total cross section for bPxed 1000
strong coupling constant gy T L A A S—
200 NLO LO
100
Excerpt of validated QCD NLO processe .
t e | : - - _ |
5 = ARG o ? 60 70 80 9 100 110
Vs/GeV
e ¢€'e ! qgag
¥ Cross-checks witiMG5_aMCgNLO, Sherpa, MUNICH
e ee ! I"lTqo
e ee ! I*" 0@ ¥ Phase space integration performs gréag(S)
e c'te | tP ¥ Plan to also supportNJet [Badger et al.]

e e'e ! tW™Db

e ete !l W*W

°®
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t/L: Examples and Validation &

o(s)/pb
Simplest benchmark process: X I
5000 -1 [\ <k
o f ‘\
e"e | gg with INO O /Lo - jy [\
<00 /'/ \
i / \
Plot for total cross section for bxed 1000} /
Strong Coupllng Constant 500-{  (NLO-LO)/LO*10000 / - -
200 | ) \\Lo
NLO
. 100
Excerpt of validated QCD NLO processe o]
o | . . . . |
o e e . qq 0 (il() 70 80 91() 100 110
V5/GeV
e €€ ! qag

¥ Cross-checks witiMG5_aMCgNLO, Sherpa, MUNICH
e ee ! I"lTqo

¥ Phase space integration performs gréaRr(S)

° e+ e | !+ II! qq
e c'te | tP ¥ Plan to also supportNJet [Badger et al.]

e e'e ! tW™Db

+ QCD NLO Iinfrastructure in pp complete f

s e e= . WEWLE 1 + First attempts on electroweak corrections,

interfacing the RECOLA code [Denner et al.] -i

°®
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ﬁ/L Resonance mappings for NLO processes

P——

¢ Amplitudes (except for pure QCD/QED) contamesonances4,W, H, t)
¢ In general: resonance massesrespected by modibed kinematics of subtraction terms
¢ Collinear (and soft) radiation can lead to mismatch between Born and subtraction terms
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ﬁ/L Resonance mappings for NLO processes

——

¢ Amplitudes (except for pure QCD/QED) contamesonances4,W, H, t)
In general: resonance massesrespected by modibed kinematics of subtraction terms
Collinear (and soft) radiation can lead to mismatch between Born and subtraction terms

Algorithm to include resonance histories [Je!o/Nason, 1509.09071]
Avoids double logarithms in the resonancesO width
Most important for narrow resonancesH(— bb)
Separate treatment of Born and real terms,
soft mismatch [, collinear mismatch]

€O eC "€C e fer &
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ﬁ/L Resonance mappings for NLO processes

e eC e e ‘tr‘tr‘trl

fb=1 u
"t W

root

gl
Q g g

@ J.R.Reuter

fb=2 U

gl
Sl g

WHIZARD NLO

12/31

Amplitudes (except for pure QCD/QED) contamesonances4,W, H, t)
In general: resonance massesrespected by modiPed kinematics of subtraction terms
Collinear (and soft) radiation can lead to mismatch between Born and subtraction terms

Algorithm to include resonance histories [Je!o/Nason, 1509.09071]

Avoids double logarithms in the resonancesO width

Most important for narrow resonancesH(— bb)

Separate treatment of Born and real terms,
soft mismatch [, collinear mismatch]
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h/L Resonance mappings for NLO processes

Amplitudes (except for pure QCD/QED) contamesonances4,W, H, t)
In general: resonance massesrespected by modiPed kinematics of subtraction terms
Collinear (and soft) radiation can lead to mismatch between Born and subtraction terms

Avoids double logarithms in the resonancesO width

Most important for narrow resonancesH(— bb)

Separate treatment of Born and real terms,
soft mismatch [, collinear mismatch]

Jo=1 u Jo=2 U
U W u Z

¢
¢
¢
¢ Algorithm to include resonance histories [Je!o/Nason, 1509.09071]
-
-
-

root

gl

Q g g
gl
Sl g

¢ WHIZARD complete automatic implementation: example*e™ = Uubb  (ZZ, ZH histories)

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

1 11988 9.6811847E+00 6.42E+00 66.30 72.60%« 0.65
2 11959 2.8539703E+00 2.35E-01 8.25 9.02« 9.69
3 11936 2.4997574E+00 6.54E-01 26.25 28.68 9.35
- 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

5 59665 2.7539078E+00 1.97E-01 7.15 17.47 9.74 .49 5

I- - - - - o
standard FKS
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ﬁ/L Resonance mappings for NLO processes
¢ Amplitudes (except for pure QCD/QED) contamesonances4,W, H, t)
¢ In general: resonance massesrespected by modibed kinematics of subtraction terms
¢ Collinear (and soft) radiation can lead to mismatch between Born and subtraction terms
¢ Algorithm to include resonance histories [Jelo/Nason, 1509.09071]
¢ Avoids double logarithms in the resonancesO width
¢ Most important for narrow resonancesH(— bb)
¢ Separate treatment of Born and real terms,
soft mismatch [, collinear mismatch]
fi=1 - f=2 -
u W u Z

root

gl

Q g g
gl
Sl g

¢ WHIZARD complete automatic implementation: example*e™ = Uubb  (ZZ, ZH histories)

| s======s=SSSSSS S SS S STS S S S S TS ST SSSSSSS ST SSSSSSSSSSSSSSSTSSSSSSSSSSSSSEISTESS | P ——— s======== ======= I

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

| =l | =|
11988 9.6811847E+0@ 6.42E+00 ©66.30 72.60%« 9.65 11988 2.9057032E+00 .35E-02 2.87 3.15%« 7.9@

1 1 8

2 11959 2.8539703E+00 2.35E-01 8.25 9.02« 0.69 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 2.35 3 11936 2.9277880E+00 4.09E-02 1.40 1.52% 14.48
- 11908 2.7695559E+00 9.67E-01 34.91 38.09 0.30 < 11902 2.8512337E+00 3.98E-02 1.40 1.52« 13.7@
5 11874 2.4346151E+0@ 4.82E-01 19.80 21.57+« @.74 5 11874 2.8855399E+400 3.87E-02 1.34 1.46x 17.15

5 59665 2.7539078E+00 1.97E-01 7.15 17.47 9.74 .49 5 5 590662 2.8842006E+00 2.04E-02 .71 1.72  17.15 .53 5

standard FK-S-

FKS with rescs;\ance mappings

@S@ J.R.Reuter WHIZARD NLO MC4BSM 2016, IHEP/UCAS, Beljing, 21.



NLO Fixed-Order Events 5

Add weights of real emission events to weight of Born kinematics using the FKS mappir
Output weighted events IWHIZARD (e.d. usinglepMC), then analysis witRivet

Example processe*e | W*™W' B

ete™ = WHbW b, Njgs > 2 ete” 5 WHOW b, Njes > 2
I~ | ' — 5
% 107 S
3 : LO & — LO
ry ——— NLO ry
3 S
10"
LH L
1.
— i\i\—\
| W ,:—J_I l .
| HEFARD+OM Ol I
10! =
24 5 o r— =
2.2}
5 2 -
S 18 S
2 16 g
B 14} -
X 1.2 w
1: -
08, , | . vl by by ]
140 160 180 200 220 450
mpw IGOV] mww [(;(.‘V]
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(/L NLO Fixed-Order Events o

——

Add weights of real emission events to weight of Born kinematics using the FKS mappir
Output weighted events IWHIZARD (e.d. usinglepMC), then analysis witRivet

Example processe*e | W*™W' B

ete” = WTbW™b, Njws 2 2 ete” = WHBW b, Njers > 2

2 b &) 7
e 8 R
B g w6
6| 5|
4! ;
;| ’|
2| 2}
1| 1

l.g ._~ 1.(4) ——‘ ..........................
§ 1.2 § 1.2 ¢

g 1 \L g 1=

2 0.8 | 2 08
0.6 | 0.6
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/. Automated POWHEG Matching in WHIZARD "

» Soft gluon emissions before hard emission generate large logs
» Perturbativets: M sl ! é " log g: ; 5 5
» Consistent matching of NLO matrix element with shower . . . .
» POWHEG methodhardest emission brsfNason et al.] O(1) O(1)  O(as)
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. Automated POWHEG Matching in WHIZARD ~ **"

» Soft gluon emissions before hard emission generate large logs
1 kmax
» Perturbativecs: M son|*! k2 " log R
» Consistent matching of NLO matrix element with shower

» POWHEG methodhardest emission brsfNason et al.] 0(1) 0(1) O(a,)

¥ Complete NLO events |B(! 5)=B({ )+ V(I p)+ d R p+1)

¥ POWHEG generate events according to the formula:

R((I)m—l)

do = B(®n) | AR (KP™) + AR (kr) — 5,3

dd rad]

¥ Uses the modibed Sudakov form factor:

ﬁ-

R o e i

B(" n)

| RLO (kt) =exp ' d" rad
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. Automated POWHEG Matching in WHIZARD ~ **"

» Soft gluon emissions before hard emission generate large logs
. Perturbativeots: Maf! b 100 ; 5;/ ;

k2 kmln
» Consistent matching of NLO matrix element with shower

» POWHEG methodhardest emission brsfNason et al.] 0(1) O(1)  O(as)

¥ Complete NLO events |B(! 5)=B({ )+ V(I p)+ d R p+1)

¥ POWHEG generate events according to the formula:

R((I)m—l)
B(®y)

do :E(q) ) ANLO(kmm) Al}gLO(kT)

dd rad]

¥ Uses the modibed Sudakov form factor:

ﬁ-

Ry e () ! k)

| NFO (k) =exp ! d"
R (T) P rad B("n)

Hardest emissionkt® ; shower witimposing a veto

B < Qif virtual and real terms larger than Born: shouldnOt happen in perturbative region
Reweighting such thaB > 0  for all events

POWHEG: Positive Weight Hardest Emission Generatown implementation itWHIZARD
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15/84

POWHEG Matching, example: e+e- to dijets

10! — LO+PyTHIAS 10 ——— LO+PyTHIAS
- e POWHEG+PYTHIAS POWHEG+PYTHIAS
1 k- .
-1 1071
10 E—
- -2
102 10

10-3 . E I+
WHIZARD 4 OMEGA/GOSAM = WHIZARD 4+ OMEGA /GOSAM {
4 a
10_.l llll LA Ll Ll Ll 1 L1 ll A ll LA l Ll 1 10 E-lllllll llllllllll L
1.4 14
Il L
5 1 Pt Lt lll | el l: eerey L) o [T 13 ) |.L|J.||||' |
8 g My aeai LR R LR URARE N I s L Zaaa R il ‘
08 %w { 0.8
- |
0.6 L L1l 11 1 Ll ll 1 ll L1 I L 1 0.6"[]]1 L1 lllllll lLl L1
0 005 01 015 02 025 03 0356 04 045 0 0.1 0.2 0.3 04 0.5 0.6
1-T Minor
10! 1
—— LO+PyYTHIAS 10 —— LO+PYTHIAS
1 POWHEG+PYTHIAR POWHEG+PYTHIAS
1 -
10!
3 1071 |
- = —
1072 L
3 107% -
10-* - E
E WHIZARD+OMEGA/ GOSAM Ll 107° - WHIZARD+OMEGA /GOSAM
3 Ll 1l 1 I LA L1l 1 I l A Il 1 L I L Il Lol E LA 1 1 l Ao i1 l LA A l Ll AL
14 1.4
1.2 |
= o eI 1
il R R
3 08 & M
0.6 :—: LAl 1 LA 1.1 b l 1 1 1 L l L 1 b 0.6 :—-l 11 1 LA i1 l LA L 1 l L1 Lr
0 0.1 0.2 03 0.4 0.5 0.6 0.7 0 0.1 0.2 0.3 04 0.5 0.6
Major Oblateness
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h/L Prime WHIZARD LHC example: Drell-Yan ™%

P————

¥ Simplest hadron collider processepp = (Z =ll) + X, pp = (W =N) + X, pp > ZZ + X
¥ Standard candle processes
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{L Prime WHIZARD LHC example: Drell-Yan ™%

PI————

¥ Simplest hadron collider processepp = (Z =ll) + X, pp = (W =N) + X, pp > ZZ + X
¥ Standard candle processes

dd -» ¢ 0™, \: - 7 TeV

dd -» ¢ 0™, \: - 7 TeV dd -» ¢ 0~

DY
z | Lo % %
' —
S ‘ 9 s
= 10 &= &
$#F R s
10 [ ’
: o -
10~ \WHi1z ot | WHIZARD +OPENLOOPE
3 : — E i A A 1 LA
“
25 : ’
2t z |
= : = - =
2 15 Z 08 E’_’_u | I Y-
- . L 0.6 ¢
E_I?-‘-.in ......... l ‘ i - > ' ;A -~ l i d A oA l d | S S S S - l A b4 ! .......
20 W G S0 100 120 ] 10 ) 30 50 Ol 70 { 4
' i [GeV
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%L Prime WHIZARD LHC example: Drell-Yan ™%

PI—————

¥ Simplest hadron collider processepp = (Z =ll) + X, pp = (W =N) + X, pp > ZZ + X
¥ Standard candle processes

dd -» ¢ 0™, \‘: - 7 TeV

- LO

O

£ [®/GeV]
£2. [ /GeV]
Nor
£ [/GeV]

K-Factor

. < : i A A A | A A - A A A | ! L b —

Open points / next steps ¥ Flavor sums in Pxed-order event generation

¥ Color in initial and bnal state (already validated for top decay
¥ Gluons In the initial state

¥ Next processes:
¥ automated POWHEG matching for hadron collider

@E:S@ J.R.Reuter WHIZARD NLO MC4BSM 2016, IHEP/UCAS, Beljing, 21.
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Lepton colliders: tt and ttH (on- & off-shell)

17/31

¢ Paradigm processes at lepton collidepsecision determination ofm; and Y;

¢ Major background for EW measurementd/¥ and VBS); any [most] BSM searches

¢ Investigate processes of increasing complexity? 2 to 2=+ 4 to 2— 6

ete” — Moop diags Max. prop. mpe

tt 2 3 16
W+W=bb 157 5 144
bbise v, put 830 5 16
tt H 17 4 16

bW bW~ H 1548 6 144
bboee v,ut H 7436 6 16

On-Shell processet € | t&

NLO QCD  [Jersak/Laermann/Zerwas, 1982

NNLO QCD [Chetyrkin/KYhn/Steinhauser,
1996; Harlander/Steinhauser, 1998]

NLO EW  [Beenakker/von der Marck/Hollik,
1991; Beenakker/Denner/Kraft, 1993]

Threshold enhancementFadin/khoze,
1987: Strassler/Peskin, 1991: Jezabek/KYhn/
Teubner, 1992: Sumino et al., 1992

J.R.Reuter WHIZARD NLO

MC4BSM 2016, IHEP/UCAS, Beijing, 21.



h/L Lepton colliders: tt and ttH (on- & off-shell) ™

P————

¢ Paradigm processes at lepton collidepsecision determination ofm; and Y;

¢ Major background for EW measuremen$d/¥ and VBS); any [most] BSM searches

¢ Investigate processes of increasing complexity? 2 to 2 —> 4 to 2 6

ele” 2 Tioopdings Max. prop. 7 Off-Shell process:ete™ — WTbW ~b
tt 2 3 16
W+W-bb 157 5 144 ,
et <20 . e ¢ NLO QCD [Guo/Ma/Wang/Zhang, 2008] X
ttH 17 4 16 ¢ NLO QCD in MC [Chokoufe/JRR/Weiss, 2015;
gresie 58 S 6 144 Liebler/Moortgat-Pick/Papanasthasiou, 2015; Chokoufe/
bbvee vyt H 7436 6 16 Kilian/Lindert/JRR/Pozzorini/\Weiss,prep.]

On-Shell processet € | t&

¥ NLO QCD  [Jersak/Laermann/Zerwas, 1982

¢ NNLO QCD [Chetyrkin/KYhn/Steinhauser,
1996; Harlander/Steinhauser, 1998]

¢ NLO EW [Beenakker/von der Marck/Hollik,
1991; Beenakker/Denner/Kraft, 1993]

¢ Threshold enhancementFadin/khoze,
1987: Strassler/Peskin, 1991: Jezabek/KYhn/
Teubner, 1992: Sumino et al., 1992
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h/L Lepton colliders: tt and ttH (on- & off-shell) ™

P——

¢ Paradigm processes at lepton collidepsecision determination ofm; and Y;

¢ Major background for EW measuremen$d/¥ and VBS); any [most] BSM searches

¢ Investigate processes of increasing complexity? 2 to 2 —> 4 to 2 6

€e 2  Moopdiag Max prop. mhe Off-Shell process:ete™ — WHbW b
tt 2 3 16
W+W-bb 157 5 144
b, et 250 . 6 ¢ NLO QCD [Guo/Ma/Wang/Zhang, 2008] X
uH 17 4 16 ¢ NLO QCD in MC [Chokoufe/JRR/Weiss, 2015;
oSS HSES 6 144 Liebler/Moortgat-Pick/Papanasthasiou, 2015; Chokoufe/
bbiee"vup™ H 7436 6 16 Kilian/Lindert/JRR/Pozzorini/\Weiss,prep.]
On-Shell processe+ e | te . double-resonant, . Non-resonant |
e >

¢ NLO QCD  [Jersak/Laermann/Zerwas, 1982

¢ NNLO QCD [Chetyrkin/KYhn/Steinhauser,

1996; Harlander/Steinhauser, 1998] e
¢ NLO EW  [Beenakker/von der Marck/Hollik, e*
1991; Beenakker/Denner/Kraft, 1993]
¢ Threshold enhancementFadin/khoze, e ! ) |
1987; Strassler/Peskin, 1991; Jezabek/KYhn/ single top W 8 single top W

Teubner, 1992: Sumino et al., 1992
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ﬁ/L Lepton colliders: tt and ttH (on- & off-shell) ™

PI—————

(& 1 v [

¢ Cross checks for 22 2 and 2— 4 processes witlsherpa and Munich

¢ Using massivk quarks: no cuts necessary fere™ = W*Wbb

¢ Full procesg*e™ — u*v,e v.bb exhibits collinear singularity: - -
¢ ttH production: 8% contamination from Higgsstrahlung

¢ Contribution from quartic SM vertices .. H

et H (‘.’+ ) H
Y2 : Z Nt Z A
| T S
e t c t e

W-

@E:S@ J.R.Reuter WHIZARD NLO MC4BSM 2016, IHEP/UCAS, Beljing, 21.



(/L Lepton colliders: tt and ttH (on- & off-shell)

——

¢ Cross checks for 22 2 and 2— 4 processes witlsherpa and Munich
¢ Using massivk quarks: no cuts necessary fere™ = W*Wbb

¢ Full procesg*e™ — u*v,e v.bb exhibits collinear singularity:

¢ ttH production: 8% contamination from Higgsstrahlung

¢ Contribution from quartic SM vertices

INPUT PARAMETER

myz = 91.1876 GeV, mw = 80.385 GeV
my = 4.2 GeV, my, = 173.2GeV.
IO, = 1.4986 GeV, e, = 1.3681 GeV,

LS, = 14757 GeV, [ = 1.3475GeV.

mpy = 125 GeV 'y = 0.000431 GeV

@E:S@ J.R.Reuter WHIZARD NLO

18/31

e’ € P H

e e t
I'° = 2.4409 GeV, M0 = 2.5060 GeV,
' = 2.0454 GeV, MO = 2.0978 GeV.

complex mass scheme:

ﬂ? = j"/[z? — iy M; for i1 = W, Z, t, H S?U =1 — (}?u =1- u_2
Z

MC4BSM 2016, IHEP/UCAS, Beljing, 21.



.

¢ Cross checks for 22 2 and 2— 4 processes witlsherpa and Munich
¢ Using massivk quarks: no cuts necessary fae = W*Wbb

¢ Full procesg*e” = u*v,e v.bb exhibits collinear singularity:

¢ ttH production: 8% contamination from Higgsstrahlung

¢ Contribution from quartic SM vertices

INPUT PARAMETER

myz = 91.1876 GeV,

my = 4.2 GeV, my, = 173.2GeV.
IO, = 1.4986 GeV, e, = 1.3681 GeV,
LS, = 14757 GeV, [ = 1.3475GeV.
my = 125 GeV 'y = 0.000431 GeV

¢ Typical pentagon diagrams:

@%@ J.R.Reuter

WHIZARD NLO

Lepton colliders: tt and ttH (on- & off-shell)

I'° = 2.4409 GeV,
I = 2.0454 GeV, M© = 2.0978 GeV.

mw = 80.385 GeV

18/31

0 = 25060 GeV,

complex mass scheme:

p2=M?—iliM; fori=W,Z,t,H sp=1-c¢,=1-""

MC4BSM 2016, IHEP/UCAS, Beljing, 21.



! [fb]

K-factor

ete’ # tPand ete’ # W*W *bB

NLO QCD Results for tt and ttH

525

350

175

2.75
2.25
1.75

1.25

0.75

w
o
o

J.R.Reuter

1 : I T T T T T
— LO - offshell ] 1.025— -
— NLO - offshell | J i -
--- LO E
--- NLO E L -

~ 1.000 - i
=
3 3
] Il 3 _
] [+ | 1
R
] b | -
. N
— S | -
] =2
4 50975 i
_ - — tt i
_J — —
E 0.950 — WTW~bb|_|
000 15000 ' | | | | | |
1200.0 1500.0 0125 095 o . . o ©
BRr/my

ete” — tt and ete” — WTWbb at /s = 800GeV

WHIZARD NLO

2. 406

1925

1444

0.963

0.482

0.001
200

175

150

KTacor

100
075

19/31

Y — L0
A NLO
|
|
|
|
|
\
4728 976.0 1479 1583.0 2486 5 29500
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ﬁ/ls NLO QCD Results for tt and ttH B

ete" # tPand ete’ # W*W*hB ete~ — tf and ete” — WHW~bb at /s = 800GeV

I 2. 406

875F 1.025 7R NLO
700F
525F 444 ‘
2 |
- ~ 1.000 |
~ 350F |:|L 0.963 ,
|
- [+ ’
: I
175F 5 | o482 /
: =
: 2 |
OF & 0.975 | e
2.75E 0
2.25F s
2 3 %
8 1.75E 15 130 “
STE _ Saas)
¥ 125EF - — 19" N
0.950 —— WIWTbb[ 1 o — B
0.75E | | | | | | Ll o
0.125 0.25 05 1.0 2.0 4.0 8.0 2% 9760 14795 19830 2486 5 29900
KR/ S 1GeV)

Choosey/s =800 GeV because its the maximum of tihecross section
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NLO QCD Results for tt and ttH o

ete" # tPand ete’ # W*W*hB ete~ — tf and ete” — WHW~bb at /s = 800GeV
— T T T T T T T T T T T T T T T 3 I I I I I I I 2.406 o
875 1.025 - -y
u — LO - offshell - NLO
2 — NLO - offshell | 3 i |
200E --- LO 3] i | 1925
525 1444
g F .
= I ~ 1.000| . N
T 350 3 0963 .
2 [ 1 ~
[ i —
o 3 ——
175F Y | oas2 —
E =~ -
E =
2 2
OF © 0.975 _| 0001
2.75F = 2001
2.255_ _E | 175 |
2 £ E 5 l
g17sE 3 18"\
) 3 — =125 \
< 1.25F 3 - — 74+ \_
= 0.950 — WTW~bb|_| 190 e — S
0.7 , o 0 N B R | | | | | | | 0.7% - ) I S
300.0 600.0 y 9000 1200.0 1500.0 0.125 0.25 05 L0 2.0 4.0 8.0 an2s 976.0 14795 19830 24865 29900
s [GeV] KR/ /71GeV)
2 * -~ E -2 ‘,”_ — r
cte~ — WHBW b, .\.’ﬂ‘ w9 \/; - 800GeV cte™ = ptu e bb, .\"r“ > 2 “,"; - S0GeV B e e P T e v bh .\,._. = & Vs = 800CeV
|~y 5  ~
- 102 | Z | . &) 1 LO —
5 :. — LO > e LO , = 1 —— NLO
& NLO & 1 — NLO [~ € | ' _J=I"
BE TR 35 e
1 t ) | r )
10" | ‘ - w—
10-! | ~ _1—1_
" _,_»-'—'_’-F’ -
1 | -
4.5 1.5 |
4] 1 .
8 35§ g i.{; g -
3 2 J | 2
é 25 | & 25] @
v 21 e 2] — <
1.5 L5} —_—
1 - 1 B~ T —
05t Tp——— 05 E— 1 2 1 o+ 3 3 2 3 o 3 P 1 1
160 165 170 175 180 160 165 170 175 180
m5W [GeV] mW[GeV]
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</L NLO QCD Results for tt and ttH o

ST TPV e 225, SO0 ete” S WW BH, Njwa 22, /5 = 800GeV

y
)

A
| ] NI
= 1
s Pu
u ;
1074 L 7

126 I
1.1
rog

K
K-F
-
&
>
[
»
+
=
~
=
=
+
=
N
~—
N
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NLO QCD Results for tt and ttH

r_‘
ete” = WWW bH, Njwws 2 2, VvV = 800GeV ete” > WHW bH, Ny, > 2, VE = 800GeV
r = 2| 5 —_—

3 102 = Hx_ '

& s | ™~
10

s | , Y
104 l_-l '

¢ k e

= s r~ — 1

10
I NLO
“

o A TP IAPIR P ] 10g3 | ! i ¥
1.1 50
- 1.0 E'l—‘—_l_l— 3 40!
g 09 H_‘_JH‘—‘—[-]_‘T = W 1 I
il -} " 3 En= 1 s+ M2" (ki + k»)?
osf . o ] W e (T ()
0'5[;- T 0 10 200 250 350 200 450 500 550 00 650 700 S
. 7y [GeV] EYWTIWT (GeV]

Determination of top Yukawa coupling)

ete” <« WIW bbH, /3 = S00GeV

S o — e , r—
- NLO - Fit
—— NLO- Fit
281 |— LO-Fit “
‘l— LO-Fit
L LO -
2.8 | NLO
=
24 B
t A
2al. ttH | WHW-bbH

LO | 0.514 £ 0.0002 | 0.520 + 0.001
NLO | 0.485 £ 0.0002 | 0.497 =+ 0.002

p—
-
-
-

—

RN
SE3 X
T T T T T 107

=]
L]
(=]
-
o
_—
(=]
o
-
-

-

-

-
-
-
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NLO QCD Results for tt and ttH R

———
ete” S WWW BH, Njws 22, /3 =800GeV ete” > WOW bH, Npu 22, /5 = 800GeV
S 107} - T
€ 10-% | ~
® | : L
104 u"-rw- '_'J p K’ e
‘-1_ 107 | B o ?\"(lfu )
10°% | '.’
7 1077 J ; PH
ot 1 gkt o B ¥
1 50 |
: 5,;3 E"Hw i v 1 3
i 43 | Z m [, 5 " 2
gfs, \_\T"J 10| .-.j- Eh —_— EI—_ s + Mh (kl + kZ)
0 s w0 me 200 250 3%0 400 450 500 550 unmmuz:":» [(:t\:m S
2} [GeV]
Determination of top Yukawa couplingK) Polarized Resultst]
ete” <« WIW bbH, /3 = S00GeV . .
wf——T T ¥ ILC will always run polarized
—— NLO - Fit . o
2f|— 10k 1 ¥ Polarized 1-loop amplitudes beyond BLH.
26| | 1O .
| NLO d
ol ! Vs = 800 GeV Vs = 1500 GeV
® aal !‘ ttH | WHW-bbH P(e”) P(e*) | o©[fb] o™NO[fb] K-factor | o'O[fb] o O[fb] K-factor
LO | 0.514 £ 0.0002 | 0.520 + 0.001 , . . . ,
20} NLO | 0.485 + 0.0002 | 0.497 £ 0.002 0% 0% | 2537 2728 1.075 | 75.8 79.4 1.049
"y 1 . 1 p 80% 0% | 1765  190.0 1.077 | 98.3 103.1 1.049
ot T ' ' ' i +80% 0% | 1765  190.0 1.077 | 53.2 55.9 1.049
Loof- : -80%  30% | 4208  452.2 1.074 | 1249  131.0 1.048
os8| ! -80% 60% | 510.7  548.7 1.074 | 151.6  158.9 1.048
090k . . 1 " 80% -30% | 2084 2245  1.077 | 63.0 66.1 1.049
o4 08 T Los H 80% -60% | 240.3  258.9 1.077 | 727 76.3 1.049
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Top-Forward Backward Asymmetry

o(cosly > 0) — o(cosb; < 0)

AFB -

@%@ J.R.Reuter

o(cos@, > 0) + o(cosb; <0)

Gluon emission symmetric i =
NLO QCD corrections small

Ars Of the top quark

Final state AL AREO
tt ) -0.5935 + 0.0017 | -0.5983 + 0.0048
W+W—bb -0.4847 £ 0.0017 | -0.4778 £ 0.0114

urev,iv.bb
pe”v,.bb, without neutrinos

-0.5005 =+ 0.0001
-0.4854 + 0.0010

-0.4947 £ 0.0088
-0.4805 + 0.0089

Ars Of the anti-top quark

Final state AL ARO
tt ) 0.4764 £ 0.0017 | 0.4789 £ 0.0047
W+W~bb 0.3674 + 0.0017 | 0.3701 £ 0.0104

/L+(3_1/ﬂ17€b1_)
pte v, bb, without neutrinos

0.3267 £ 0.0009
0.2656 + 0.0009

0.3264 £ 0.0084
0.2603 + 0.0083

WHIZARD NLO

21481
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POWHEG-matched results for tt andttH = =™

— ete™ = tt

103

]

j‘—é [fb/GeV]

102

IR RRL

10!

I IIIIII]

WHIZARD+OMEGA+GOSAM

—— LO
—— NLO
—— POWHEG

@:@ J.R.Reuter

[fb]

do
th:-a

K-Factor

ete” = tth

| WL
08 F
0.6 | — LO
[ = NLO ptp =
0.4 e NLO ptp = 2
[ NLO p, = p/2
' OWHEG
0'2', WHIZARD+OMEGA+OPENLOOPS 3 HEC
'Y ) 5 SEFESFEEFE S SR S ——" J
1.4}
1.2 |
1}
08
06!
() J7 (LS T S W T S - |
1 0.5 0 0.5 1
(‘(liou

WHIZARD NLO

ete™ = tth

N

© 003 — LO

=) — NLO ptp =
3R0.025 - —— NLO p, = 2u

NLO p, = pu/2
0.02 |- —— POWHEG

TIIYI‘

0.015

0.01 |

0.005 -

1.0
1.4 |
1.3 F
"
0.8 ©
0.6 -
0.4

K-Factor

250 300 350 400 450 500
E;, [GeV]
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3) Top threshold in (N)LL (p)NRQCI
matched to (N)LO QCD
IN WHIZARD
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ﬁ/L Top Threshold at lepton colliders e

——

ILC top threshold scan best-known method to measure top quark nslglk;- 30-50 MeV

Heavy quark productiomt lepton colliders, qualitatively:

Large ['q Small I

/\e+e——>tf / \] ete”— bb

Vs Vs

T ot
T ot

Threshold regiontop velocity v ~as < 1
e q
Y, Z

et q
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ﬁ/L Top Threshold Resummation in (p)NRQCD **

——

< NRQCD is EFT for non-relativistic quark-antiquark systems: separate &hd M v?
¢ Integrate out hard quark and gluon d.o.f.
¢ Resummation of singular terms close to threshold (v = Byang/Teubner, 1999; Hoang et al., 2001

Phase space of two massive particles

5 (2] S

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

(p/V)NRQCD EFT w/ RG improvement
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ﬁL Top Threshold Resummation in (p)NRQCD **

P——

< NRQCD is EFT for non-relativistic quark-antiquark systems: separate &hd M v?
¢ Integrate out hard quark and gluon d.o.f.
¢ Resummation of singular terms close to threshold (v = Byang/Teubner, 1999; Hoang et al., 2001

Phase space of two massive particles

h 5 (2] St

Tun k i

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

. (p/V)NRQCD EFT w/ RG improvement
R Z(s)= FU(s)R%(s) + F%s)R%s)

s-wave: LL+NLL p-wave ! v2:NNLL

but contributes
at NLL differentially!
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ﬁ/L Top Threshold Resummation in (p)NRQCD **

——

< NRQCD is EFT for non-relativistic quark-antiquark systems: separate &hd M v?
¢ Integrate out hard quark and gluon d.o.f.
¢ Resummation of singular terms close to threshold (v = Byang/Teubner, 1999; Hoang et al., 2001

Phase space of two massive particles

R 5 (2] St

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

(p/V)NRQCD EFT w/ RG improvement

R Z(s)= FY(s)R%(s) + F2(s)R%(s)
s-wave: ET_+NLL p-wave !:2 :NNLL

but contributes
at NLL differentially!

Coulomb potential gluon ladder resumptic

( L (7 . (08,
i L ¢ 2=
~ 1 ~ ([ V ~ [ /v)?
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ﬁ/L Top Threshold Resummation in (p)NRQCD

——

< NRQCD is EFT for non-relativistic quark-antiquark systems: separate &hd M v?
¢ Integrate out hard quark and gluon d.o.f.
¢ Resummation of singular terms close to threshold (v = Byang/Teubner, 1999; Hoang et al., 2001

Phase space of two massive particles

e 5 (2] Sl

Tun k i

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

§ ) 1\ “ts ) 1

. (p/V)NRQCD EFT w/ RG improvement
R Z(s)= FY(s)R'(s) + F%s)R%s) .

can be mapped onto effectivey vertex

s-wave: LL+NLL p-wave ! v2:NNLL

but contribute_s v/Z gv/e
at NLL differentially! | pv/@ (N)LL y 1
(N)LL ™ gt/a :
Coulomb potential gluon ladder resumptic / far away from
C (T Q7 « (010 -
: . : : : ; R=R=
~ 1 ~ (g [V .

threshold

v/a v/a pole =
C! G(N)LL G(N)LL (Fs, M, S’-’! t)
differential in off-shett phase spacé/
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ﬁ/’y TOp Threshold iIn WHIZARD with B. ChokoufZ/A. Hoang/M. 2°/3%

Stahlhofen/T. Teubner/C.Weiss

P——

» Implement resummed threshold effects as effective vertex [form factasfiIZARD
. G"(0,p,E+i!'t,!) fromTOPPIK coddJezabek/Teubngrincluded IMWHIZARD

» Default parameters:

M =172GeV, !y = 1.54GeV.
1 (M) = 0.118
1S _ ole LL/NLL
M 5 Mtp (I (Coul. ) ) Marquard et al.

°®
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Stahlhofen/T. Teubner/C.Weiss

| TopThreshold inWHIZARD i s cromuzn romons

PI—————

» Implement resummed threshold effects as effective vertex [form factosiliZARD
. G (O,p,E+i!t,!) fromTOPPIK coddJezabek/Teubngrincluded IrwHIZARD

» Default parameters:
M1S =172GeV, !, = 1.54GeV,
ls(Mz)  =0.118

LL/NLL

c\i"‘] (v) GY® (0, pt, E+il¢, l/)

1.4

l_’

. 1.0

LR

r{pb]

. 06

..........................

04

0.2

AM =30 GeV AM = 30GeV

e 0.0 -
- REE) 346 348

T~ 340 42
Vs [GeV) ~— - Vs [GeV]
[Hoang & Stahlhofen ‘13] M X2 WHIZARD V2.2.3

= |
M 1S = Mtpoe(]-! ! (Coul. ) ) Marquard et al.
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Stahlhofen/T. Teubner/C.Weiss

| TopThreshold inWHIZARD i s cromuzn romons

——

» Implement resummed threshold effects as effective vertex [form factosiliZARD
. G (O,p,E+i!t,!) fromTOPPIK coddJezabek/Teubngrincluded IrwHIZARD

W+ » Default parameters:
M1S =172Gev, !y = 1.54GeV,
. 1s(Mz) =0.118

_ | LL/NLL
M 1S = Mtpoe(1! ! (Coul. ) ) Marquard et al.

Theory uncertainties from scale variations
W~ hard and soft scale

prp=h-my  ps= [ m

c,"(v)G"3(0, pt, E+ily, v)

1.4
[Hoang & Stahlhofen ‘13]

]_’

20
. 1.0

LR

- : T —— 1.5
- gy ... e — e 0.6
S ] ym—— f
: 0.4 1.0
I
I
: AM =30 Gev | 92 AM = 30GeV
' o 0.0 — 03
4~ 34t 5 340 M2~ 344 346 348 0.5 1.0 1.5 20
Vs [GeV] T~ _— Vs [GeV) (/L h
[Hoang & Stahlhofen ‘13] M X2 WHIZARD Vv2.2.3
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Sanity checks: correct limit foxs — 0, stable against variation of cutadM [15-30 @57@\}‘]

—— 08 AM=30GeV
o6+ 1 L o6 o
=
o
. 04
. -~ NRQCD cakulation ) -~ NRQCD calculation
- —  WHIZARD NLL T e —  WHIZARD NLL
0.0 0.0
340 342 344 346 348 340 342 344 346 348
\/\ [GeV] \/.\ |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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Sanity checks: correct limit foxs — 0, stable against variation of cutadM [15-30 837@\}‘]

—— 08 AM=30GeV

06

=

S

04
- .7 -~ NRQCD calkulation
- —  WHIZARD NLL
00
340 342 344 146 348

Vs [GeV]

« [pb]

04

o -- NRQCD calculation
- —  WHIZARD NLL

0.0

340 342 344 346 348

Vs [GeV]

Why include LL/NLL in a Monte Carlo event generator?
Important effects: beamstrahlung; ISR; LO electroweak terms

More exclusive observables accessible

— no structure (/L
0.8

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

-
-
----
Sl

- )

B e
—_— ‘,',’ J—
b 0-4 ",/

344

Vs [GeV]

WHIZARD NLO

346 348

WHIZARD v2.2.3
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Sanity checks: correct limit faks — O,

08 AM = 30GeV

06
=
S
04

- .7 -~ NRQCD calkulation

- —  WHIZARD NLL

00

340 342 344 346 348
Vs [GeV]

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

stable against variation of cutadM [15-30 837@\}‘]

=

S

v 04
o -- NRQCD calculation
- —  WHIZARD NLL
0.0

340

342

344

Vs [GeV]

346 348

Forward-backward asymmetr

Important effects: beamstrahlung; ISR; LO electroweak terms(norm.= good shape stability

More exclusive observables accessible

— no structure
«==beamstrahlung
== QED ISR
0.6 =ISR + beamstr.

0.8

-
LR
____
am-

--—
—-----—---__-

O
o
!

0.4

344

Vs [GeV]
WHIZARD NLO

346 348

WHIZARD v2.2.3

@:@ J.R.Reuter

L ot oI
77 a(pt > 0) + a(pt < 0)

A,

B wHizarD 1L
2 WHIZARD NLL

0.10

0.08

s/p-wave resummation

s 0.06
=
0.04
e |
0.02 only s-wave resummation
0.00
340 342 344 346 348 350
Vs [GeV] WHIZARD v2.2.3
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| Matching to continuum at (LO and) NLO

analytic+whizard-onshell

—————

¥ Transition region between relativistic and 1000
resummation effects

¥ CLIC benchmark energies:
0.38TeV. _
¥ Remove double-counting NLO / (N)LL |

pp—_—
-
-

- P = T e e T T —
800 RSP _
e
e
. >

I [fb]

400 -
200 ]
-+ onshell, NLO
- - - expanded FF, onshell, m 5 = M s
- - - expanded FF, onshell, m 5 = mys, nopwave
ol AnalyticOneloop, m ,5e = M s, onshell |
34|10 3%0 3(%0 | 3;0 3£|%0 3£~I)O 4(I)O
" 5[GeV]
9.
Desy | J.R.Reuter WHIZARD NLO MC4BSM 2016, IHEP/UCAS, Beljing, 21.
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| Matching to continuum at (LO and) NLO

analytic+whizard-onshell
T T T T

I ——

¥ Transition region between relativistic and to00f- oo T ]
resummation effects T nalyiconeloon, My = mss, onchell
e 800 | ]
¥ CLIC benchmark energies:
0.38 TeV, ooo- s
¥ Remove double-counting NLO / (N)LL =
400} ]
Resummed formfactor, expanded @ (o) i ]
‘gu th+i!t > 0 i
= m P= ”bl Po = Et my 3240 3245 !34|5.o 3255 3260
5 [GeV]
: muv+p
expanded 2C’F lCF m log muv—p
F lom, ag] =ag | —— ) +as
s 2p
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| Matching to continuum at (LO and) NLO

analytic+whizard-onshell
P——

¥ Transition region between relativistic and to00f- oo T ]
resummation effects T nalyiconeloon, My = mss, onchell
e 800 | _
¥ CLIC benchmark energies:
038 TeV, 600} I
¥ Remove double-counting NLO / (N)LL e
400} -
Resummed formfactor, expanded @ (o) i ]
‘gu th+i!t > 0 i
= m P= ”bl Po = Et my 3240 3245 ,34|5.0 3255 3260
" 5[GeV]
: muv+p
Fexpanded L 2C'F lCF m log muv—p
oy, agl=ag | —— | +ag
s 2p

Matching formula

. expanded
Omatched — 9QCD lay) — ONRQCD lay, oy

ded
+ Uﬁxl‘l)s%l(; [Q'Hr fs ag + (1 o fs) aH]

full ded
+ O-I\?RQCI) [fs Xy, fs Qag, fs aUS] - 0?&8}:5 [fe y, fs (13]
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(/L Matching to continuum at (LO and) NLO 2%

g——

¥ Transition region between relativistic and Lo = f.(\vf(;/i)l) !

. i == v(4/3) I

resummation effects - -
¥ CLIC benchmark energies: o3t
0.38TeV, i
¥ Remove double-counting NLO / (N)LL T
Resummed formfactor, expanded @ ()

: §" th+i!t " n.oo:_ ................ ‘

| = m p e |b| pO Sy Et My T T v R T ¥ S—TT

V5 [GeV]
: muv+p
expanded L 2C'F ICF m log muv—p
F [aH, as] =ag|—— | + g
s 2p
Matching formula Switch-off function
. expanded ’l v <
O matched — 9QCD lay) — ONRQCD oy, oy )2 i
expanded 7 1 - 2H7 v <v< 52
+ INRQCD [aH? fs ag + (1 o fs) aH] fo(v) = 4 Y3 .
yJ L TR <y <
+ Uglll{QCl) [fs g, fs ag, fs aUS] - ngggggd [fs y, fs aS] (vo—vy) 2 2
\0 vV > Vg
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1000

750

500

| [fo]

250

.9

Threshold-continuum matching

| NLL full
* NRQCD
expanded ,NLL ,full
K * NRQCD
e | o'shell ,NLO ,full
I oco i

@ ! matched

" H " A

Pov J.R.Reuter

345.0 352.5
VS [GeV]

WHIZARD NLO
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Bach/ChokoufZ/Hoang/

Kilian/JRR/Stahlhofen/

Teubner/Weiss, 2016 &
work in progress
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ﬁ/L Conclusions & Outlook S

P ————

¢ WHIZARD 2.3 event generator for collider physics (ee, pp, ep)

¢ Allows to simulate all possible BSM models

¢ Allows for all SM backgrounds

< NLO automation: reals and subtraction terms (FKS) [+ virtuals
externally] - WHIZARD 3.0

¢ allows to produce NLO Pxed-order histograms

¢ Automated POWHEG matching (other schemes in progress)

¢ Top threshold in e+e-: NLL NRQCD threshold / NLO
continuum matching
¢ Virtual Machine for more efbcient matrix elements

¢ Ongoing projects: showers, merging, EW NLO, E ,E
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“/I-'liqher Performance
Superior Protection

Learn More
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BACKUP SLIDES
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338/&1l

WHIZARD: Manual

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

* WHIZARD

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 o Chapter 2 Installation
o Subversion Repository o 2.1 Package Structure
o SVN Browser o 2.2 Prerequisites
o Bug Tracker o 23 Insalaton WHIZARD Manual @ HepForg
« 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
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é/L The Optimizing Matrix Element Generator ( 0OMega

0’Mega [Ohl, 2000; Moretti/Ohl/JRR, 2001; JRR, 20@pmputes amplitudes with ! !
1-particle off-shell wave functions (1POWSs)

X X X X
q = q + q + q
P q P q p q p q
Possible to construct set of all currents recursively (tree-/1-loop level)

(n) ()
KeystoneX to replace sum I -
over Feynman diagrams D1 T K24, (P P P )W (POW, ()W, (Pm)

Calculation form®irected Acyclical Graphs (DAG)ptimized to consist only of
the minimal number of connections by’ Mega
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