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b vs. ¢ @ same background rejection: Higher performance can be expected when
- PIDis properly included

- Technicalities regarding the 500 GeV flavortag samples are resolved

7% absolute / 9% relative improvement
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Flavor Tagging: b vs. light Universitit Hamburg
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b vs. uds @ same background rejection: Higher performance can be expected when

9% absolute / 11% relative improvement - PIDis properly included
- Technicalities regarding the 500 GeV flavortag samples are resolved
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B accuracy on ZHH -> pubbbb events
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Jet-Tagging on ZHH = uubbbb

1460 BN ParticleMet (acc: 72.85%)

1400 W LCFIPlus (acc: 52.84%)
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Backup
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| Flavor Tagging - ParticleNet
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ParticleNet_4tags b-tagging
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| Flavor Tagging - ParticleNet

13% FP-rate @
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€p = 80%
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6% increase
(9% relative)
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| Flavor Tagging - ParticleNet Hamburg
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| Flavor Tagging — Question about LCFIPlus Hamburg
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Reported 8% mis-id. for b-vs-c

ParticleNet_4tags b-tagging

. . 1 I e I M . = | | 3
in 6j 500 GeV dataset @ €, = 80% = - DB5er9000°RY | ;
80/ FP' t i D VS Ud {AUL 0.983.2 | J]

e [LCFIPUs, 2019] . _rgoeo/ 6-jet 500 GeV
~ - 64et1000GeV s €p = __=_° 1011 e &
- 6et500GeV ] . - y :

E —— 2-jet91GeV

-

<
N
I

Mis-id. fraction
S
N
N

| III.l..l

1] T T TT0

10‘3: g G | «~2
- T Comparison of b-vs-c
il ] at ILD@ILC500
0 02 04 06 08 | = P I I
Tagging efficiency ParticlelNet: blue 02 04 06 038 1
LCFIPlus: Tagging efficiency

|
|
PR

Does it make sense that the current version of

bt ith ¢ back d
LCFIPlus gives worse results on the same (?) dataset? (a) b tag with ¢ backgroun
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https://arxiv.org/abs/1506.08371

I.C Flavor Tagging — ParticleTransformer

False Positive Rate
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ParticleTransformer_4tags b-tagging
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|.D Flavor Tagging — ParT vs ParticleNet Universtst Hamburg
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| Flavor Tagging — Updates
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Extended existing FlavorTag framework

Using PyTorch data loaders and transformations:

Customizable transformations of input features and labels

Configurable sampling and loss reweighting; automatic oversampling of the minority class, etc.

Can now support more architectures: ParticleTransformer added (PELICAN in the future?)
Configuration of inputs more in-line with weaver tool (a standard ftag tool in HEP)
Overhauled data conversion from ROOT to HDF5

Much faster deployment due to multitprocessing

Hands-on Jupyter notebook examples, documentation

Added ComprehensivePID as input (combines dEdx, TOF, cluster shapes; by Uli Einhaus) and s-tag
[however, following plots are still without CPID]

Supported by Uli Einhaus and Thomas Madlener
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https://paperswithcode.com/paper/explainable-equivariant-neural-networks-for
https://github.com/hqucms/weaver-core/tree/main
https://arxiv.org/abs/2307.15635

| Flavor Tagging Updates

Starting point (M. Meyer):
ParticleNet implemented

Using ILD@ILC500 DBD full-simulation
flavortag datasets (6-jets of same flavor)

2M jets per flavor, 10M total; much less
than what PartT is commonly trained on
(e.g. JetClass dataset, 100 M in total)
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jet constituents: coordinates

An, A®

jet constituents: features

An, A®

Fﬂack . E’jet/pjet
AR
q

isNeutralHadron, isPhoton
impact parameter & significances
track used in PV?

lepton related variables

pid variables

log(pT), log(E), log(pt/pTiet), log(E/Eiet),

isElectron, isMuon, isChargedHadron,
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An, Ad

An, A®
log(pt), Esv/Ejet, Esv

n
msy

Ntracks in SV

x2/ndf

impact parameters &significances
cos(flight directionsy, p’sv)

Excal/EHcaL+ECAL 2 SVs & all jet constituents
x2/ndf 28 input features considered, no ordering of inputs
DESY. | Machine Learning Flavour Tagging for Future Higgs Factories | Mareike Meyer, 12/10/2023 20

Implemented input features for jet flavor tagging / M. Meyer
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https://gitlab.desy.de/ilcsoft/FlavorTagging_ML/-/raw/main/documentation/Documentation.pdf?ref_type=heads

| Flavor Tagging — ParticleNet Universitit Hamburg
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| Flavor Tagging — ParticleTransformer
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I.E Flavor Tagging @ ZHH

flavor tagging in the event selection of the last analysis:

often: bmaxN: N-th highest b-tag

FlavorTag Cut

IIHH (Ilbbbb)

vvHH(vvbbbb)
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qqHH (qqbbbb)

Preselection

bmax3 — o(€, )

all of four b-tags — o(ep)

Eff. @ Bkg supp.

93.9% @ 5.4 [here]

72.8% @ 11.2 [here]

Background vwHH (vvbbbb) Background gqH H (qqbbbb)
o [fb] 838.9 0.04 o [ib] 704.8 0.137
expected events 1.68 - 10° 80.14 (28.5) expected eve 1.4.10° 2731 (99)
Nisotep = 0 12-10°+586  624=01Q279) | N . _0 67.10°:440 21403 (82.0)
IMij — Myl <80 7.6-10° £416  61.0£0.1(26.1) brag > 0.16 6.0-10°+101 81.7 +0.2(59.7)
bmax3 > 0.2 1.4-10° £ 165 28.2 +0.1(24.5)
Final selection bmax3 (last cut, 100% eff.) bmax3 + bmax4 bmax3 + bmax4, bmax3
Assuming we select 4 independent b-jets, does the increase of average tagging efficiency
propagate via o(eg) in all cuts on b-tags
17
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I.F Flavor Tagging — Outlook Universtst Hamburg
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Analyze physics performance on signhal/background datasets
Can we gain the anticipated 10% improvement per jet also on the signal/bkg sample
To be evaluated until start of next week
Additional option:

v Fast simulation using SGV on 500 GeV flavortag, ZHH and ZZH datasets for comparison on “common
ground” (flavortag sample from older MC production)

Target: for ZHH analysis, maximum efficiency (4 b jets) at approx. same background rejection is
desired

ZHH Topical Group Meeting | Bryan Bliewert | 2025/1/22 18
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isOverlay

~ ldea: use same input data as flavor tagging dataset

» Atthe moment: some jet-related input features removed
— Relative phi, rapidity etc.

~ Added a label PFOisOverlay

~ Tested some toy models
isOverlay:

~ Sent framework and data to Dimitris for cross-check / more ideas ~ 0:94.63%
1:5.37%
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Il Overlay Removal - Example features (standardized)
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Receiver Operating Characteristic Receiver Operating Characteristic
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MLP@ PyTorch GradientBoostingClassifier @ sklearn

(very similar performance just with
logistic regression)

ZHH Topical Group Meeting | Bryan Bliewert | 2025/1/22 21



UH
I I Ove rlay Re moval Universitat Hamburg

DER FORSCHUNG | DER LEHRE | DER BILDUNG

Next steps:

Compare to “traditional way” of overlay removal (jet clustering to beam jets)
ROC curve

Physical distributions, influence on physics analysis

Caveats / open questions:

What about IRC safety, esp. when using features that are based on jet information?
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Event Selection / lIHH(1) Universitit Hamburg
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eebb wubb evbbqqg  pvbbgq Tvbbgq bbgqqq bbbb llbbbb llggH Background [{HH (libbbb)
o [fb] 142.1 248 124.2 123.0 123.0 312.0 20.1 0.03 0.08 869.1 0.02
expected events 2.84-10° 495-10% 248-10° 246-10° 246-10° 6.24-10° 4.02.10* 69.51 150.87 1.73-10° 40.51 (14.3)

Preselection Cuts

Chapter 8. Event Selection

Nisotep >= 2 6.4-10*+78 2.1-10*+37 1911+£22 226+7 195+59 255+20 24+03 21.8+01 135+05 8.8-10*+89 252+0.07(7.9)
My — M(Z)| < 40 GeV 26-10*+50 1.6-10*+£32 558 +12 77+4 33+24 45+£09 04+01 153=0.1 13205 43-10*+x63 24.0+0.07 (7.9)
|M;;— My| < 80 GeV 2183+ 14 901 +8 544+12 73+4 29=x23 42+08 04+01 125=01 130+05 387721 22.5+0.06(7.9)

Additional Precuts

60 GeV < My, < 180 GeV 1530+ 12 632+6 529=+11 664 2722 38+08 03+01 122=+01 127+05 2928 £ 18 22.5+0.06 (7.8)
60 GeV < My, < 180 GeV 956 = 10 3985 481=x11 59+x4 2521 37+08 03x01 11.6=01 123+04 2057 =16 224 +0.06 (7.7)
missing py < 70 GeV 948 £ 10 397 £5 343 +£9 463 12+15 37+£08 03x01 11601 119+04 188015 21.4+0.06(7.7)
thrust <0.9 603 =8 288 +4 341 +9 46+3 12x15 37+08 02+01 11.5=01 119+04 1424 +13  21.4+£0.06 (7.7)

Table 8.1: Preselection results for the Iepton channel, corresponding to a beam polarisation of P(e*e™) = (0.3,—0.8) and an integrated luminosity of
£ = 2ab”!. If not stated otherwise, | = e, u. t. Also listed are the MC statistical errors on the number of events after every cut. The isolated lepton
selection is not optimised for t events. Only isolated e and p pairs are selected. Hence, the isolated lepton selection reduces the signal events by one third.
From originally 13.5 eeH H events and the same amount of yuHH events, 12.5 events of each category survive the selection, while 0.5 events correspond
to rtHH. Optimising the lepton selection strategy also for T could be useful to include TtHH signal events in this study. This can improve the precision of
the ZHH cross-section measurement by relative 8% if similar results for rtHH are achieved as in eeHH and uuHH.

o0
e

From DESY-THESIS-2016-027
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Event Selection / lIHH(2) Universitit Hamburg
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Oo

eebb Lbb evbbgq uvbbgq tvbbgg  bbgqqq bbbb 1Ibbbb liggH Background [IHH (IIbbbb) N

2

o [fb] 142.1 24.8 124.2 123.0 123.0 312.0 20.1 0.03 0.08 869.1 0.02 2
expected events 2.84.10° 495.10* 2.48.10° 246-10° 246-10° 6.24-10° 4.02.-10 69.51 150.87 1.734.10° 40.51 (14.3) g
o]

total preselection 603+7.5 287+43 341=+9.1 45+33 11.8x1.5 37x08 02+009 11.5£0.10 119.1+044 1424+13.1 21.4+0.06(7.7) a
g

Electron-type Selection

Itype = 11 60375 0 341+£9.1 08+04 109+14 37+x08 02£01 56007 57903 1024+119 103=0.04(3.7)
bdtg(libb) > 0.87 5807 0 51+£35 08x£04 19+£06 13x05 02x01 46=+0.06 16.1 0.2 82+37 58=x0.03(3.0)
bdtg(lvbbgg) > 097  5.0+0.7 0 2+08 0 01+x02 04+x02 02zx01 39=+0.06 146 +0.2 2711 53=+0.03(3.3)
bdtg(libbbb) > —041 1.6+04 0 105 0 0 0 0 05+002 42+0.1 7907 40+0.03(2.6)
bmax3 > 0.03 1.5+04 0 1+0.5 0 0 0 0 05+002 4.0+0.1 7.0+£06 39+0.03(2.6)
Muon-type Selection
Itype =13 0 287.7+43 0 44732 0904 0 0 58+007 61.2+03 40054 11.0+£0.04(3.9)
bdtg(libb) > 0.28 0 10.1+08 0 13518 0302 0 0 53007 26702 5619 8.0x=0.04(3.9)
bdtg(lvbbgq) > 0.85 0 9.9+08 0 27+08 0 0 0 51+007 263+02 44+12 T77+0.04(3.8)
bdrg(libbbb) > —0.28 0 28+04 0 01=x01 0 0 0 04+£002 5.6+0.1 8§9+05 51=x0.03(2.8)
bmax3 = 0.01 0 28+04 0 01=x01 0 0 0 04=x002 5.6+0.1 §9+05 51=+0.03(2.8)

Table 8.2: Event selection results for the lepton channel, corresponding to a beam polarisation of P(e*e™) = (0.3,—0.8) and an integrated Iuminosity of
L = 2ab~'. If not stated otherwise, [ = e, u, T. Also listed are the MC statistical errors on the number of events after every cut. The isolated lepton
selection is not optimised for t events. Only i1solated ¢ and pu pairs are selected. Hence, the preselection reduces the signal events by one third. The
electron-type and muon-type selection is listed. The cut on bmax3 can be used to select HH — bbbb events. The cut is optional and serves as example in

this table, since it has no effect on the results.

—_
fh

From DESY-THESIS-2016-027
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Event Selection/ vvHH
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%

vvbb evbbqq Lvbbgq vbbgq bbgqqq bbbb vvbbbb vwggH  Background  vwHH (vvbbbb) o]

o [fb] 136.4 124.2 123.0 123.0 312.0 20.1 0.05 0.22 838.9 0.04 E

expected events 2.73-10° 2.49.10° 2.46-10° 2.46-10° 6.24-10° 4.02-10* 96.83 447.0 1.68 - 10° 80.14 (28.5) %

®)

Preselection Cuts =

Nisoiep = 0 27-10°+399 25-100+£72 24-10°+71 2.0-10°+270 6.1-10°+314 4.0-10°+53 95+04 392+1.1 12-10°+586 62.4=0.1(27.9) a
IMij— My| <80GeV  27-10°£126 19-10*+68 1.5-10°+58 2.0-10°£269 4.6-10°+273 37-10*+52 93+04 309+1.0 7.6-10°+416 61.0=0.1(26.1)
bmax3 > 0.2 2200 + 37 1807 £ 21 1423 +18 3.6-10*+ 113 6.2-10* 100 3.1-10* =47 82+04 85x0.5 1.4.-100+165 282=0.1(24.5)

Additional Precuts
60 < My < 180 1280 = 27 1668 + 20 1341 18 3.4-10°+110 3.8-10*+78 2.9-10*+46 8004 84+05 1.1-10°0+147 27.8+0.1(24.3)
60 < My, < 180 634+ 19 1619 + 20 1209+ 17 3.3-10*+109 3.2-10*+72 2.8-10*+45 76 £04 82+0.5 9.7-10*+142 273 +0.1(24.1)
10 < mpr < 180 610+ 19 1587 £ 20 1271 17 3.2-10*+107  1.7-10*+53 1.4-10*+32 7404 81x0.5 67-10*+128 27.0=0.1(23.9)
thrust <0.9 446 = 16 1572 £20 1254 +17 3.2-10°+107 1.7-10*+53 3404 + 16 73+04 80x0.5 5.6-10°+124 26.8 +0.1(23.7)
evis< 400 GeV 444 £ 16 1115 £ 16 1016 15  2.6-10* +96 1841 £ 17 1783 + 11 72+04 80x0.5 3.2.10°+102 26.6=0.1(23.6)
M(HH) > 220 GeV 161+ 10 1073 £ 16 97915 25.10°+94 1799 £ 17 1656 + 11 5603 7505 3.0.10°£99 257 +0.1(21.5)
Final Selection Cuts

bdtg(bbbb) > 0.94 7717 621 +13 56911  1.3-10*+69 84 +4 17+09 23+02 49+04 1.5-10*+71 18.8+0.08(17.1)
bdig(lvbbgq) > 0.67 183 40+3 62 +4 716 £ 16 28 +2 707 1001 22+0.3 902 £ 17 133+0.07(11.9)
bdig(vvbbbb) = 0.3 102 25+3 363 414 £ 12 27 +2 5+06 1 +0.05 6+0.1 525+ 13 10.5 £ 0.06 (9.5)
bmax3 + bmax4 > 1.08 0 0 0 25+£09 0 2+£04 05+0.03 2+0.1 7+1 5.6 £0.04(5.5)
Table 8.3: Selection table for the neutrino channel. The numbers correspond to an integrated luminosity of £ = 2 ab™' and a beam polarisation of
P(e*e™) = (0.3.-0.8). The MC statistical error on the numbers of events after each selection cut are listed. After final selection 7 + 1 background events
and 5.6 + 0.04 signal events remain, with 5.5 events of ZHH — vvbbbb. The btag requirement is important to reject the very large Tvbbgq background at

the end of the final selection. —
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o

=

=

gqqqH  qqbbbb bbbb bbessc bbcsdu bbuddu Ivbbgq nZ wbb  Background gqqHH (qqbbbb) =

=]

o [fb] 0.33 0.07 20.12 77.95 156 78.07 370 1.09 1.05 704.8 0.137 a
expected events 662.6 140.5 4.02-10% 1.56- 10° 3.12-10° 1.56-10° 7.40-10° 2197 2109 1.4-10° 273.1 (99) 4
g

Preselection Cuts

Nisotep = 0 583+1.4 137+04 39-10°+53 15-10+174 3.0-105£270 15-10°=198 2.4-10°+222 1322+6 127126 6.7-10°+440 214 =0.3 (82.0)
btag > 0.16 114+06 84+04 24-10°+41 13-10*+51 6167 + 38 56812 1.6-10°+£57 166+2 429+33 6.0-10°+101 81.7 =0.2(59.7)

Additional Precuts

60 < My; <180 112+06 82+03 22-10°+39 1.2-10*+50 5955 + 38 549 +12  1.5-10+55 160+2 412+3  56-10°+93 80.5+0.2(59.0)
60 <My, <180 109+06 79+03 20-10°+36 1.2-10*+49 5765 + 37 526+12  1.2-10*+47 156+2 380+3 52-10°+86 78.9+0.2(58.4)
missing pr <70 109 +0.6 79+03 19-10°+36 1.2-10*+49 5752 £37 526 =12 7596 +37 143+2 337+3  46-10°+82 774+0.2(58.2)
thrust <0.9 109 +06 78+04 6492 +21  1.2-10* +49 5742 + 37 525+ 12 7487 +37 143+2 337+3 33.10°+76 77.3+0.2(58.2)

Table 8.4: Preselection results for the hadron channel. The numbers correspond to an integrated Juminosity of £ = 2 ab~! and a beam polarisation of
P(e*e™) = (0.3, -0.8). The MC statistical error on the numbers of events after each selection cut are listed. The mass reconstruction is very challenging in
the six-jet final state. Flavour-tag information are needed. At least four jets of an event are required to have a btag larger than 0.16. These jets are paired
to form the two Higgs bosons. This requirement rejects 15% of the ZHH — qqbbbb events but imposing a more loose requirement on the btag degrades
the mass resolution and increases the background contribution since more backgrounds pass the selection cut. Investigations have shown that this results in
up to 20% degradation of the signal significance in this channel. By improving the flavour-tagging efliciency by 5% for the same purity would lead to 20%
more signal events after the selection. Conclusively, after b-tag and isolated lepton requirement all other precuts are nearly 100% efficient on signal events
and reduce background events by a factor of two.

[
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qqqqH  qqbbbb bbbb bbcssc bbesdu bbuddu lvbbgq 1z 1tbb Background gqqHH (qqbbbb)
expected events 662.6 140.5 4.02-104 1.56-10° 3.12-10°  1.56-10° 7.40-10° 2197 2109 1.4-108 273.1(99)
preselection 10906 7804 649221 12-10°x49 574237  525+12 7487 +£37 14322 3373 33.10°:£76 77.3:02(58.2)

bbHH dominant Selection

AIRUuIng uonddag WaAg “+'9

btagZ > (.54 15+£02 14+04 648 + 6.8 242 £ 17 87 x5 11+1.7 1666 16206 35+09 1233 +12.7 188 +0.1(16.1)
bdtg(bbbb)>0.9 1102 7+01 25+13 177 £ 6 65+4 8+1.5 162 13206 25+08 348+7.8 157+0.1(13.7)
bdtg(bbgqqq) > 0.28 1002 6=x0.1 22+13 111 £5 45+3 6x1.2 12+2 13206 23=x08 246+6.5 14.6x0.1(13.0)
bdtg(gqbbbb) > —0.25 9+£02 5=+01 2012 1055 41 £3 5«11 112 1206 22+07 23164 141=0.1(12.6)
bmax3 + bmax4 > 1.22 4+01 2=x01 606 4+1 0 1+0.3 0 2202 3x03 22+1.3 8.5+0.1(8.0)

Light g¢gH H dominant Selection

btagZ < 0.54 04+0.6 65+03 5845+204 1.2-10°+48 5654+37 514+11.6 7321+38.8 128+1.8 302+28 3.1-10*+756 58.5+0.2(42.1)
bdtg(bbbb)>0.9 71+05 36+02 208 +3.9 8571 +42 4219+32 396+102 521+103 11317 244+25 14-10*+548 485+0.2(36.5)
bdtg(bbgqqq) > 0.61 42+04 17+02 80+£24 1599 +18 909 =15 98 £5.1 8341 T1+£13 121+18 3019 +244 325+0.1(25.5)
bdtg(qqbbbb) > 0.17 2803 8=x0.1 60 2.1 134116 746 +13 81 +4.0 70+38 63x13 102x1.6 2499 +21.8 298 +0.1(23.3)
bmax3 + bmax4 > 1.18 1702 5x0.1 41 1.7 57«3 54«4 16 2.0 3£08 2708 42+1.0 261 +£5.6 195=0.1(16.6)
bmax3 > 0.85 1502 5x01 3816 363 40 £3 13+1.8 3£07 2408 36zx1.0 20052 179x=0.1(154)
40 < M7 <110 13£02 4+01 27T+14 27 £2 30£3 7T+13 3£07 15206 25+08 15143 157+0.1(13.8)
90 < My, < 140 8§x02 2x01 16+1.0 13+2 172 5x1.1 2+04 705 14x06 84+32 13.0x0.1(11.9)
90 < My, < 140 702 2+01 10+£0.8 8+1 9+1 4+09 2+04 5£03 8+05 55+20 12.6=0.1(10.9)

Table 8.5: Final selection results for the hadron channel corresponding to an integrated Iuminosity of £ = 2 ab™! and a beam polarisation of P(e*e™) =
(0.3,-0.8). The “bbHH dominant™ and “light ggHH dominant™ categories are listed. Investigating one combined qqgHH channel degrades the event
selection results by up to 20%. In “light qqgH H dominant” the baseline event selection strategy is not sufficient to suppress the large background contribution.
Therefore, the flavour-tag requirement is followed by imposing tight cuts on preselection variables. The Z mass provides additional separation power.

Relative 5% improvement of the b-tag efficiency for the same purity would give a relatively improved signal significance of 20% in both channels.

[a—
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