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Introduction: Higgs Factories

Proposed future colliders:

]

CEPC

> All of them are e*e™ colliders.
> They are designed as Higgs factories for high precision physics.

> Features of lepton beams: initial state radiation (ISR), polarization, Beam-strahlung...

— Monte-Carlo events generator \Whizard [W. Kilian et al., 2007]
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https://arxiv.org/pdf/0708.4233.pdf

Introduction: Detector Concept for Higgs Factories

What is ILD?

> Itis designed for eTe~ collisions
between 90 GeV and 1 TeV.

> |t is optimized for particle flow algorithm
(PFA).

> PFA aims at reconstructing every
individual particle created in the event,
ie.:
- Charged particles
- Photons
- Neutral hadrons (has large energy

resolution)

International Large Detector (ILD)

— Depends on the tuning of parameters in
the MC simulation chain.
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Status and Goals

> Present events for analysis of ete™ colliders:
- Leading order matrix elements are calculated by
Whizard 1.95.
- Parton shower and hadronization are performed by
Pythia6.
- OPAL tune for LEP is used.
> Our goals:
- Upgrade the simulation chain to Whizard3+Pythia8.
- Get agreement with LEP data, especially the
neutral hadrons.
- Include NLO matching because of the requirement
of high precision.
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Physics Model

l

Hard Process

l

Parton Shower

]

Hadronization

l

Detector
Simulation

]

Analysis
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ete” — qq: Test on NLO mode of Whizard

To test the NLO mode, we use the following generator setup (LEP1 condition):
Process: ete™ — qq (¢ = u,d, s, c,b).

The center of mass energy is F.,, = 91.19 GeV.

Beams are un-polarized.

Beam-strahlung is not considered.

ISR is switched off.

NLO QCD corrections can be calculated by interfacing Whizard with OpenLoops.
[F. Bucchioni et al., 2019]

> Whizard supports POWHEG matching. [P. Nason, 2004]
> Finally, events can be showered by Pythia8. [C. Bierlich et al., 2022]

V V. V V VvV V
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https://arxiv.org/pdf/1907.13071.pdf
https://arxiv.org/pdf/hep-ph/0409146.pdf
https://arxiv.org/pdf/2203.11601.pdf

et

¢~ — qq: Fixed Order Cross Sections

Whizard

MadGraph5

Sherpa

aﬁ% [nb]

6.907 £+ 7.29E-4
7.175 £ 4.60E-3

6.917 + 2.20E-3
7.182 £+ 1.37E-2

6.900 + 3.80E-3
7.194 + 2.12E-2

aLO [nb]
o4, [nb]

8.846 + 9.58E-4
9.191 + 6.06E-3

8.862 + 3.24E-3
9.200 £+ 1.70E-3

8.837 + 4.85E-3
9.207 + 1.28E-2

oty [nb]
oo [nb]

8.846 £ 9.58E-4
9.191 £+ 6.06E-3

8.862 £ 3.24E-3
9.183 + 1.80E-2

8.850 £ 4.74E-3
9.169 + 1.36E-2

O'ECO [nb]
O'NLO [nb]

6.907 + 7.29E-4
7.175 £+ 4.60E-3

6.924 + 2.63E-3
7.183 £ 1.36E-2

6.896 + 3.57E-3
7.163 £ 1.03E-2

aLO [nb]
o, 5 [nb]

8.846 £+ 9.58E-4
9.191 £+ 6.06E-3

8.862 + 3.24E-3
9.171 4+ 1.80E-2

8.830 £+ 4.90E-3
9.179 £+ 1.36E-2

TotaIIy, O'A\'LO/O—LO ~ 103.6%
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ete” — ¢q: Average Hadron Multiplicities

Hadronization rates are crucial for studying particle flow performance. To see the NLO

effects, we study the average hadron multiplicities. The dominant hadrons are pions.
The average numbers of pions in events are

—— Whizard NLO

— —— Whizard LO

| ngpo | ngs
NLO 9.17 16.04
LO 9.41 16.44
LEP1 9.38 | 17.05
combined | £0.19 | +0.43

a0 =

> LEP1 data are taken from [A. Boehrer, 1997] and [R. Barete et al., 1998]
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https://inspirehep.net/files/3eac29dbf752e344ea365cfc88aae815
https://reader.elsevier.com/reader/sd/pii/S0370157397000458?token=2A2B46D67BD4B7108DFC2B2F94D9F74EC05181C1B6C41568A8C69B0BA9AEE46E9C88AD205F11D27885AB9EEBDD38A865&originRegion=eu-west-1&originCreation=20230131162123

ete” — ¢q: Average Hadron Multiplicities

— Whizard NLO

= Whizard LO
§  LEP1 combined

—
(3]
TTTT HH‘HH‘HH‘HH‘HH

| | | | | | | | | | 1
= N K0 L0 K* [0) 0 A*t 50 Y =0 =
E P KLKSKHP A AOATT 30 3T =

> NLO events have better agreement on proton and Kg.
> The numbers of hadrons at NLO are slightly lower than the LO.
> Not surprised! Pythia8 standard tune is based on LO events.
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ete” — ¢¢: Kinematics Distributions

We use FastJet [M. Cacciari et al., 2011] to find jets with the Durham algorithm. [S. Catani et
al., 1991] We forced the number of jets to 2 and sorted them by energy.

102 102 3
10k — whizaronio é 1ok —— Whizard NLO é
§ 1 — whizardLO E E 1 T Whizard LO E
5 107 i 5 107 1
= =
w 10 1 w0? 3
3 3
8 10°F 1 810° 3
1074 E 107 E
1075 L 10—5
2 2
o 1.5¢ f 2 2o 15 E
g 1 A . A E w1 -
’IO'gi".Hﬁ"mHH\m‘\HH\HH\HH\ME Io'g. T T T T T
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https://arxiv.org/pdf/1111.6097.pdf
https://reader.elsevier.com/reader/sd/pii/037026939190196W?token=C1C9FBE0941E7012FECDC3DADD707973DCE47D060BD10BD4F888B1A018F52EBA602741261E2EA6CBF24FB2DE2E8C114F&originRegion=eu-west-1&originCreation=20230509184618
https://reader.elsevier.com/reader/sd/pii/037026939190196W?token=C1C9FBE0941E7012FECDC3DADD707973DCE47D060BD10BD4F888B1A018F52EBA602741261E2EA6CBF24FB2DE2E8C114F&originRegion=eu-west-1&originCreation=20230509184618

ete” — ¢¢: Kinematics Distributions

DESY.

dofdlB| [nb/GeV]

Ratio

_
o
N
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- O

— Whizard NLO

—— Whizard LO
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— Whizard NLO

—— Whizard LO

Sub-leading jet
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ete” — ¢¢: Kinematics Distributions

— Whizard NLO

—— Whizard LO

FastJet define the jets by calculating:

dij = 2min(E7, E7)(1 — cos 6;;)

do/dd [nb/GeV?]
&

Y
T LTI

We can define a d cut ds_,o, which is the
value associated with merging from 3 to 2
jets.

o
[2)]

e

Ratio

2
5
'gf""\""\""\‘mmmuumumu?

0 10 20 30 40 50 60 70 80
d,_, [GeV?]
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ete” — ¢g: Full ILD Simulation

Full Geant4-based MC simulations are crucial to optimize a well performed dectector
concept. We take ILD as an example. In this context, an important parameter is the Jet
Energy Resolution (JER) of ILD.

To study it, we use the following generator setup:
> ete™ = qq (g =u,d,s)

ISR is switched off.

E., = 40,91,200, 350,500 GeV.

Pythia8 standard tune has been used.

Full simulation is performed with ILD-L model.
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ete” — ¢g: Full ILD Simulation

Jet energy resolution Jet energy resolution, cos(0) < 0.7 Jet energy resolution, cos(6) > 0.7
S g S
w 627 — NLO Events w- 650 — NLO Events w- 62; — NLO Events
3 6F 2 6F 2 6
§ st — LOEvents § 55 — LO Events § 550 — LO Events
= = F =
o F = 5t = 5
% 450 Y a5t Y a5k
(%) 3 S E & E
= 4 S 4 2 4
o E o E o E
3.5¢ 35- 3.5
3¢ 3 3
25 250 25-
S N N AN W S I BT AR B B P S N B AR B I
50 100 150 200 250 50 100 150 200 250 0 50 100 150 200 250
Jet energy [GeV] Jet energy [GeV] Jet energy [GeV]

> Jet energy is defined as total PFO energy divided by 2.
> LO result has good agreement with Pythia6 (see my talk on LCWS2023).
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https://indico.slac.stanford.edu/event/7467/contributions/5979/attachments/2875/8009/LCWS2023_zzj.pdf

ee” — ppbb: Fixed Order Cross Sections

Process: ete™ — putpu~bb

>

> The center of mass energy is F.,, = 250 GeV.
> No ISR, polarization, and Beam-strahlung.
>

Cuts: 85 GeV< M, < 95 GeV and 110 GeV< My, < 140 GeV.

> Scale: 1 pA +m2.
Whizard MadGraph5
oro [fb] 6.068 £ 0.032 | 6.089 £0.014
onro [fo] | 3.895 £ 0.027 | 3.878 £+ 0.022

UNLO/ULO ~ 63%!
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ete” — utu~bb: Hadron Level Distributions
1 1 1
—— Whizard NLO —— Whizard NLO
= 10" — Whizard NLO ] — 10k ] e ]
E — Whizard LO E e — Whizard LO E — Whizard LO
S .2 4 = ' =
g0 3 \ £
° 2 M R
S10° ] Al 3
o) e} i o)
k! 3 k!
= 10*¢ El -
o 15 1 M I . 2. i o
& i T 5 | -
Io'g‘mwt T\‘Tﬂ\q . 'SQW\M\M\M\mmmu . .
0502080 80 100 120" 140 160 60 80 100120140160180200220240
m,, [GeV] m; [GeV] Myee [GEV]
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ete”™ — utpbb: Soft Mismatch

The emission of gluon moves the invariant
mass of Higgs from its Born value:

2 9 2
Pibg = Db + Dy

Starting integration for process 'nlo_eebbmumu_pl' part 'mismatch

Integrate: iterations = 10:10000:"gw"

Integrator: 12 chains, 54 channels, 11 dimensions
Integrator: Using VAMP2 channel equivalences

Integrator: Write grid header and grids to 'nlo_eebbmumu_pl.mé4.vg2

Integrator: Grid checkpoint after each iteration

i i . Integrator: 10800 initial calls, 20 max. bins, stratified = T
The mismatch of the Higgs propagator: Integrator: 10000
|
It Calls Integrallfb] Error[fb] Err(%] Acc  EFf[%] Chi2 N[It] |
B 2 2 \2 2 172 1
orn = —
DH [(pbb - mH) + mHFH] VAMP2: Using grids and results from file ’'nlo_eebbmumu_pl.m&4.vg2'.
T — 2 2 2 2 2 1 1 9999 -2.5641636E+00 3.73E-01 14.55 14.55% 5.88
ea — 2 9084 -2.0702378E+00 4.59E-02 2.22 2.11% 6.99
DH [(pbb - mH) + mHPH] 3 8591 -2.0637885E+00 2.67E-02 1.29 1.20%x 19.89
g 4 8617 -2.0649900E+00 2.32E-02 1.13 1.04% 24.06
4 5 8766 -2.1084189E+00 2.31E-02 1.09 1.02% 22.23
A 6 9014 -2.0787142E+00 2.21E-02 1.06 1.01% 19.38
~ bbg 7 9325 -2.0910010E+00 2.19E-02 1.05 1.01x 18.75
~ 1 + ﬁ 8 9604 -2.0860949E+00 2.18E-02 1.05 1.02 15.29
m F 9 9840 -2.0825761E+00 2.17E-02 1.04 1.03 16.74
H H 10 10005 -2.0840968E+00 2.20E-02 1.06 1.06 14.96
| |
10 92845 -2.0830402E+00 7.89E-03 0.38 1.15 14.96 0.47 10
H | |
— Resonance-aware FKS subtraction
[C. Weiss’ Thesis, 2017]
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https://bib-pubdb1.desy.de/record/331118

ete”™ — uTpbb: Effects of Higgs Width

In MC generator, we can input any value of 'y

-

— Whizard NLO — Whizard NLO — Whizard NLO
- — 10-1L i
2107 3 10
> — Whizard LO > — Whizard LO — Whizard LO
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Ty =0.05 GeV, 'y =0.5GeV, T'y =1GeV,
onro/oro = 72% onro/oro = 94% onro/oro ~ 98%
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ete™ — uTp~bb: Comparison with MadGraph5

1 1 1g
—— Whizard LO —— Whizard LO ; —— Whizard LO
4 _— 1 0—1 E 4
—— MadGraph5 LO —— MadGraph5 LO > E —— MadGraphs LO
] 8 oeh

fiiil. | o
W B 10—5:\\\\\\\\\
2
k) o 15
2Rl < l T 1
'5“\ “&T‘ L, I Eo. [ | 0:0'5\ Ll
GO 20 40 60 80 100 120 140 160 G60 80 100120140160180200220240 060 80 100120140160180200220240
m,, [GeV] m; [GeV] Mee [GeV]

> Good agreement at LO.
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ete™ — uTp~bb: Comparison with MadGraph5

1 1 1
—— Whizard NLO —— Whizard NLO —— Whizard NLO
3 10T 3 107
—— MadGraphs NLO S —— MadGraphs NLO S — MadGraphs NLO
o) [0}
2 Sao? 1 S0
£ £
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$10 1 310
L L
M mﬂmm 1 Tt = 104
, L O Ly 10 )
2 2
5 2 o150 LT I il i H
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.(5}\\ | \\T\\\LH\ L P | A = \H\HMHMH\H\H\MHM'I’\\ L Io-gw\u H‘H\‘H\‘\H‘H;\‘\H‘\\‘
0 20 40 60 80 100 20 140 igo 0°60°80 100 120140160180 200220240 60 80 100120140160180200220240
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> Whizard+Pythia8.3 vs MadGraph5+Pythia8.2
> POWHEG vs MC@NLO
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Summary

\"/

The MC simulation chain is necessary to upgrade to modern generators with NLO
precision.

We test the NLO mode of Whizard.

We get good agreement between LO and NLO events at reconstruction level for
ete” — qq.

vV V

v

The NLO corrections play an important role in ete™ — p ™t~ bb.

\"

Further checks are necessary.
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Thank You
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Backup slides
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Jet Algorithm

> Neutrinos are removed from the particle lists for clustering.
> Leptons are removed if it satisfies the isolation condition:

- pr > 20 GeV.
- For each lepton ¢, we define a isolation variable I:

AR<R,pr(i)>pp™™
pr(i)

iZt
10 = pr(l) ’

where the numerator is the sum of p above pZ" of all particles within a cone of radius R
around the lepton, except ¢. Here, p7® = 0.1 GeV and R = 0.1.
If I(¢) < 0.1, the lepton is called isolated.

> Remained particles are added to the list for clustering.
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