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» Precision study of Higgs hadronic decays is crucial for testing Yukawa couplings

» Our study shows that CEPC’s advantages, together with advanced machine-learning techniques,

can significantly improve the precision in H—bb/cc/gg/ss

» H—ss: first time a relative error is quantified (with main backgrounds considered)
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Precision measurements of the Higgs boson

» Over ten years after Higgs discovery, it’s still central to particle physics
» Studying Higgs decays is important at the LHC
» Higgs Hadronic decays is Challenging in LHC

» Proton-proton collisions produce overwhelming QCD backgrounds and pile-up

: Decay channel Reported quantity Relative uncertainty Reference
Large “‘_'d:‘f”n Collider H — bb 1y, ~ 1.04 + 0.20 ~19 % CMS-PAS-HIG-18-016
: | H— cc Kc<5.7 x SM (95% CL upper limit) — Nature 607 (2022) 52
H — gg, ss Unobserved — —_
H— vy Hyy = 118797 (stat) +0.09(syst) ~15-16 % arXiv:1804.02716
H— uu Hyy = 1.19:95%(stat) G (syst) ~35-40 % arXiv:2009.04363
H— Zy Hzy = 2.2 £ 0.7 (relative to SM) ~32 % HIG-23-002
H—1r Her = 1-091%.222 ~25 % arXiv:1708.00373

H—> WW/zZ 1 =1.002 + 0.057 (combined fits) ~5.7 % arXiv:2207.00043
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Higgs factory: CEPC

» CEPC is a next-gen e*e~ collider purpose-built for Higgs boson physics
> Produce 4 million higgs bosons by e'e™ —» ZH mode @ 240 GeV

» Low QCD background, no pile-up, well-defined initial state

» Higgs coupling precision can be improved by an order of magnititude
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https://arxiv.org/pdf/2205.08553v2
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Simulation samples

> Signal: e*e” - ZH,Z — vD, H — bb, cCT, s5,utl,dd and gg @ 240GeV
» 10 Million samples for each channel, 25% for jet taging training, 75% for event selection

» Backgrounds: Dominated by 2fermions and 4fermions processes
» 2f process has large cross section — add Event filter to save computing resources

o' Signal: ZH, Z—wv, H—qa/gg cToss expected  simulated
Category channel section
[fb] events [M]  events [M]
e*(2) H(5)
ZH, Z—vv, H->bb 26.71 0.5342 10
_ ZH, Z—wv, H->cc 1.35 0.027 10
Signal
ZH, Z—wv, H->ss 0.01 0.0002 10
Vve(3) ZH, Z—wv, H->gg 3.97 0.0794 10
ZH, Z—vv, H->ZZ;
Zove 2w 0.34 0.0068 10
» - Background 4f 369.71 7.3942 44
e (1) e 54106.86 1082.1372
2f @ 6

1213.25 24.2650



https://arxiv.org/pdf/2203.01469
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Pre-cut
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> Take H->ss as signal, before pre-cuts: Significance Z = 0.03 (almost negligible)

» With simple pre-cut on observables: Significance Z = 0.11 (improved but still low)

» pre-cut on jet momentum, missing energy and invariant mass of the di-jet

Z=\2[(S+B)n(1+S/B)=S]

S
~— when S < B

» Jet flavor separation (e.g. h — ss vs h — bb/cc/gg) remains challenging

before pre-cut
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after pre-cut
T T T T | T T T T | T T T T I T T T T | T T T T T T T T

o
o CEPC — Higgs->cc
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7 — Higgs->2Z
L --- 2fermions pre-CUt
10° 4fermions

leading jet pz: (-95~95)GeV

leading jet pt: (15~100)GeV
missing energy Z: (-55,55)GeV
invariant mass: (110, 140)GeV
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Jet Flavor Tagging

> Jet: A detectable particle shower from a single quark or gluon
» The internal structure of jets carries information about their parent particle -> basis of jet tagging

» 3 Advanced Jet Flavor Tagging Networks
» ParticleNet (PN): Uses dynamic graph convolutions to learn both local and global jet substructure (

» Particle Transformer (ParT): Based on Attention Mechanism, capturing long-range correlations among jet constituents ( )
» More-Interaction Particle Transformer (MIParT) :reduces model complexity compared with ParT for more efficience ( )
@ , ; . | b JUNLIM 0.150 0.032 0.025 0.007 0.007 0.004 0.005 0.004 0.003 0.016
P-MHA
ParT’s ) MIParT’s MatMul 510152 [ORZEN 0.027 0032 0006 0.007 0.005 0.005 0.003 0.003 0.017
e EdgeConv Block
. { k= (64,64, 64) } v c{0.018 0017 NI 0.057 0033 0033 0022 0011 0009 0015 0.035
Variable 4
T 9 |:> z{0.018 0017 0.061 [RZEN 0.030 0036 0.011 0.023 0015 0.009 0.034
& (o somee | U [softvax] [[cinear |
Ag s{0.007 0006 0.022 0.020 0.112 0026 0075 0054 0044 0.083
log p
log ET [k TEdgECg;‘éBLOCGK e J ég 0.006 0.006 0.022 0.021 0.100 0.074 0026 0042 0.055 0.082
log —fi il : U e
log;;—E:l;) { lonal Average — } Lm@ I i 0.006 0.006 0.021 0.015 0.039 0.115 0.37 H 0.080 0.181 0.103
| 7{0.007 0.006 0016 0020 0.111 0.044 0.060 [U<f)| 0.172 0.084 0.103
AR ‘ Fully Connected J X X
q 2300 (RIS, I = L 410,007 0006 0017 0020 0085 0087 0084 0210 0299 0081 0.106
’ Fully C<:2nnected ‘ network Params d10.006 0006 0021 0015 0.082 0.091 0204 0081 0.077 0.310 0.105
J— Z— -
‘ o, ‘ ParticleNet 370k & 0.[;14 o.ob14 o.(iza o.o;3 0.0559 o.o: 0.:58 o.(:s 0.:48 o.c;49 0.95

ParT 2.14M > Canable of "Idh‘* _—
PN apable of tagging light jets even charged jets
MIParT 720.9k P 99ing fight gec]



https://journals.aps.org/prd/pdf/10.1103/PhysRevD.101.056019
https://arxiv.org/abs/2202.03772
https://arxiv.org/abs/2407.08682

SHANGHAI JIAO TONG UNIVERSITY

Analysis strategy

» Jet tagging train: Each network trained three times — improves tagging reliability

» Jet tagging prediction: Apply the trained networks to every jet in the event to obtain per-jet flavor scores

» XGB_Combined: At event level, Combine jet scores with physical observables to train an XGBoost classifier

» six categories: h — bb, h — cc, h — gg, h — ss, 2fermions, 4fermions
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XGBoost Output

» Xgboost score distribution(take H—ss as signal)

» Xgboost six categories confusion matrix

Higgs—ss as Signal

Confusion Matrix

E L L I L L | L | L I T I LI | L L I T I T TT | L L
0 s
% 10°EcEPC — Higgs->bb af 0.086 0.066
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s 108 — Higgs->gg
— Higgs->ss
107 — Higgs->Z27Z H->bb
-- 2fermions
108 &= 4fermions
10° H->ccH
g

104 _L-I_|_'_‘_‘__ -

10° T T H->g9g1

107 R

10 H->ss 1

_._.—I—'_.—
1 :
_E_l-l—v—*-.—.- | | | | | | ; 2f1 0.007 0.009 0.006 0.003 0.004
| [ | [ [ [ [ [ [ [
901 02 03 04 05 06 07 08 09 1 . . . . .
XGB_Combined_Hss 4f  H->bb H->cc  H->gg H->ss 2f

XGB_Combined score Predicted
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Higgs—=>ss events selection

» H->ss as signal

» Total-cut means combining the pre-cut with the cut on the XGBoost score

» chosen at the point of maximum signal significance Z
» Event yields in the final row are normalized to 20 ab™

» ML boosts the significance to Z = 1.29 (0.03[before pre-cut]—0.1[after pre-cut]—1.29[after total-cut] )

eff &
Selected

Total-cut 6.67E-07 0.05% 0.75% 44.68% 1.65E-06 0.05% 4.16E-06

H->bb H->cc H->gg H->ss H->ZZ 4f 2f

Selected
events 0.36 13.63 593.77 89.36 0.01 4059.50 101.05
(20/ab)
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Higgs—> bb/cc/gg events selection

» The selections for H—»bb, H—cc, and H—gg follow the same procedure as H—ss.

signal eff & Selected H->bb H->cc H->gg H->ss H->ZZ 4f 2f
total-cut 53.89 2.73E-05 0.43 1.47E-05  8.39E-06 0.09 2.23E-06
H->bb
Selected 287924.98 0.73 347.03 0.003 0.06 7161.45 2414.79
events (20/ab)
total-cut 0.01% 43.51% 0.36% 5.14E-05  5.77E-06 0.0007 8.11E-07
H->cc
Selected 61.25 11747.07  283.73 0.01 0.04 5824.03 878.10
events (20/ab)
total-cut 0.16% 0.39% 50.17% 1.76% 4.19E-06 0.04% 1.62E-06
H->gg
Selected 853.22 107.21 39836.00 3.52 0.030 3099.98 1756.21

events (20/ab)
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Relative error result

vS+B

> Relative error = S

» For H->bb/cc/gg, compare with “Precision Higgs Physics at CEPC(2018)” %, show significant improvements

» For H — ss, we report a 78% relative error — the first time this has been quantified with main backgrounds considered

20 ab™
channel oublished® XGB_Combined _ precision
(Ours) improvement
Z —vv, H->bb 0.20% 0.18% 10%
Z —vv, H->cc 1.85% 1.06% 43%
Z —vv, H->gg 0.70% 0.52% 26%
Z —vv, H->ss — 78% o0
a arXiv: 1810.09037 * normalise to 20 ab-1
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Summary

» Sample
> Signal: ete” - ZH,Z - vD, H - qq and gg @ 240GeV

» Main Background: 2fermions and 4fermions processes

» Combined advanced jet tagging (ParticleNet/PartT/MI-PartT) with XGBoost classifier to achieve encouraging results

;B, Event yields normalize to 20 ab™

» H->bb: 0.18% (improvement 10%)

> Relative error =

» H->cc: 1.06% (improvement 43%)

» H->gg: 0.52% (improvement 26%)

» H->ss: 78% (first-time quantification, main backgrounds included)




Thanks for your listening !
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Background Simulation

4f

» Background: 4fermions, 2fermions, HZZ

» 2f process has big cross section — Event filter applied for efficiency

channel cross section expected simulated scale factor
[fb] events [M] events [M]
ZH, Z—vv, H->ZZ;

Z->wv, 2->qq 0.34 0.0068 2 0.003
ZZ, Z—vv, Z—dd/ss/bb 139.71 2.7942 2.2 1.270
ZZ, Z—vv, Z—uu/cc 84.38 1.6876 2.2 0.767
Single Z, vv, Z—dd/ss/bb 90.03 1.8006 2.2 0.818
Single Z, vv, Z—uu/cc 55.59 1.1118 2.2 0.505

54106.86 1082.1372
2f, qq @ 1.2 20.22

1213.25 24.2650

2fermions process

e"(2) e (4) e’ (2) e*(3)

y/Z

e (1) e (3) e (1) e 4

4 fermions_nu process

e*(2) f3) e*(2) f(3)
F@ e
f(5) 15

e (1) 7(6) e~(1) f(6)


http://cepcdoc.ihep.ac.cn/DocDB/0000/000034/003/CEPCNoteCover.pdf
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Input channels 4f

» single Z_nu
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Input channels 4f
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http://cepcdoc.ihep.ac.cn/DocDB/0000/000034/003/CEPCNoteCover.pdf
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Input features

» Jet constructed by , each event has 2 jets

» each jet-level feature, both leading and subleading jet are contained

» For PN/ParT/MIParT, each trained three times

» 3 scores per type of tagging model per jet

oo
Single Jet Kinematics: jet pt, jet pz, jet eta, jet theta, jet phi, jet_energy
Jet Shape & Composition: jet_nParticles, jet dR, jet dPT
Jet Pair Observables: mjj, detajj, dthetajj, dphijj
Missing Energy: MET, ME_eta, ME_theta, ME_phi, MEZ, METOHT
Jet—MET Angular Correlations: jet ME_deta/dphi/dtheta
Jet Flavor Tagging Scores: jet flavor_score(PN/ParT/MIParT)



https://inspirehep.net/literature/317695
https://inspirehep.net/literature/317695
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Sample Distribution before pre-cut
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Sample Distribution after pre-cut
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ParticleNet
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» Treat a jet as a particle cloud

» Uses dynamic graph convolutions to learn both local and global jet substructure

Variable
. . . . EdgeConv Block -
» Capable of tagging light jets even charged jets k=16,C=(64,64,64) | An
—] Ap
( N logpr
b 0.004 0.005 0.004 0.003 0.016 EdgeConv Block EaE
k=16, C = (128, 128, 128) g 5
- p— J il
[} 0.005 0.005 0.003 0.003 0.017 { coordnates ) (qemum/‘ b log Pr(icD)
———+ ( N log=£
c 0.022 0.011 0.009 0.015 0.035 / [ rew ] EdgeConv Block Ejet)
A | k=16,C=(256,256,256) | AR
z 0011 0.023 0.015 0.009 0.034 v q
| Linear 1 .
. 0.026 0.075 0.054 0.044 0.083 ) Global Average Pooling ]
2
o | ReLU v
'E_ 5 0.100 0.026 0.042 0.055 0.082 Fu"y Connected
[theer 256, ReLU, Dropout = 0.1
10006 0.006 0021 0015 0.039 0.115 4 0.059 0080 0.181 0.103 [ Batchom v
[ ReLu
710007 0.006 0.016 0.020 0.111 0.044 0.060 0_172 0084 0.103 o Fully Co2nnected
[ BatchNorm ) +
d10.007 0.006 0017 0020 0085 0087 0084 0210 0.299 0.081 0.106 v
\
710006 0.006 0021 0015 0082 0091 0204 0.081 0.077 0310 0.105 Softmax
G10.014 0014 0.023 0023 0059 0061 0058 0.056 0.048 0.049 \ e /
— - ‘ |
b b (= c s 5 u a d d G l

Predicted



https://journals.aps.org/prd/pdf/10.1103/PhysRevD.101.056019
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ParT & MI-ParT R

» attention on particle and their “interactions” Lot
> Particle attention: particle <-> particle E e \\\\ T /// ;
Particles =] E Attention Attention pesesas E E
» Class attention: particles <-> class/jet flavor &) N Bl et @
» More-Interaction attention: reduces model o _}g I
complexity compared with particle transformer &)
A =~ \/(ya . yb)2 + (¢a - ¢b)27 ; = blocks L blocks
kr = miﬂ(pT,aapT,b)A, interaCtionS g e /ﬁ) Mlttpartncle \\ Mlttparttlcle X, Attartitqe o A::nitgle X,
z = min(pr ., pro)/ (Pr.a + Pr.b)s I " W Block
= (B + Ep)? — [[Pa + pol?, N
§ —> 1 1D-CNN
model Params
Class token
ParticleNet 370k X.. . .
ot "o, X, Attce:tsij)n Attce::iZn MLP  [—>|SoftMax|——
ParT s 2 14M ™ \ Block Block
' 3X
MIParT 720 9k.

More-Interaction Particle Transformer



https://arxiv.org/abs/2202.03772
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Performance

» Jet level kinematics + PID from Quark-gluon tagging dataset

» Representation suit with model structure 1
R@js 0f —
0% - . . .

. Kisiithes . AUC ? bkg mis—id rate Isignal efficiency [%]

[m, g Ii-;’Hl-"a 1 .“ AccuraCE AUC Rej 50%
” & & & &9 PFN — 0.9052 37.4£0.7
" N | ABCNet 0.840 0.9126 42.6+0.4
140 Relgon PCT 0.841 0.9140 43.210.7

ol e e 1 LorentzNet 0.844 0.9156 42.440.4
1:” ParT 0.849 0.9203 47.94+0.5
ol g ] . MIParT (ours) 0.851 0.9215 49.31+0.4
' RUNN ParT f.t. 0.852 0.9230 50.640.2
| e MIParT-L f.t. (ours)  0.853  0.9237  51.940.5




Jet tagging output

» Capable of tagging light jets even charged jets

>
» diag = trace(matrix)
>

True

-0.143 (Ve

40.013 0.013 jelykEly 0.054 0.026 0.023 0.017 0.007 0.006 0.011 0.094

40.013 0.013 0.052 gehyels]

-40.004 0.003 0.017 0.016 {ulsF#8 0.087 0.019 0.065 0.045 0.034 0.

-0.004 0.004 0.016 0.011 0.030 0.094

40.004 0.004 0.011 0.016 0.091 0.031 0.051

-0.004 0.004 0.012 0.016 0.071 0.068 0.071

40.004 0.004 0.016 0.012 0.068 0.071

40.014 0.013 0.022 0.022 0.045 0.045 0.042 0.042 0.034 0.033 geNe:ic]

ParticleNet, Fast simulation, CDR

Each model trained 3 times

(WEN 0.144 0.029 0.022 0.004 0.003 0.002 0.002 0.002 0.002 0.055

0.022 0.029 0.003 0.004 0.003 0.002 0.001 0.001 0.055

0.022 0.027 0.007 0.017 0.011 0.006 0.093

0.188

-0.003 0.004 0.016 0.018 0.087 Jik¥¥R 0.061 0.020 0.035 0.044 0.189

0.053 0.064 0.144

0.144 0.063 0

0.193 0.074 0.062

b b c c s s u u d d G
Predicted

ParticleNet

ParT

MIParT

diag
b tag as b/b
c tag as ¢/C

s tag as s/S

g tag as g

5.907+0.018
0.878 £0.002
0.79+0.003
0.608 £0.003
0.686 +£0.003

6.050 + 0.006
0.891 +0.001
0.8+0.002
0.616 +0.002
0.67+0.003

6.006 +0.017
0.885 +0.001
0.797 £0.004
0.618+£0.005
0.664 +£0.007
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Background Simulation

> Distribution for different models’ score

» The same network trained multiple times can give different tagging scores for the same jet

10 Sjet sample 10 Sjet sample 1o Sjet sample
S 104 X 10 ot 10*
EFs
= 081 5 0.8} 5 08 -
o - <
] 102 e, 108 t‘ 102
10.61 ? 06k 0.6}
2 g ¢ g o 8
g 102 Z 9 2 = 3 2 E
0.4/ - b @ 025 o |- 1025
E’lM . 1 04 j ol 04 1
G £ 5
[ - I [
2 g2 ] g0t e | Mot 24, 1 Rt
ST ; . 0 ALt e i 0 . . . 0
04 06 08 10 ° 04 08 08 10 0 - o4 06 08 1o °
leading_score_s_PNO leading_score_s_PNO leading_score_s_PN1
- . -S!et samp[e .= 10 S;et s_amp[e_ 0 -Sjet sample
10% 10 - 10*
2 08} b 08
3 & 3 a 108
i 108 = 103 206
0 10.6 o~ 8
o | 2
©» %]
2 < o = 2 1028
g = 2 i
= 2 = 53 w
gl 1028 g 54 | B10%5 g0.4
2 g 1
= g k=]
B K 101 202 5
o 107 Qo024 ] -
T 0
i L i : 04 g 10
100 04 06 0.8 70 10 leading_score_s_PNO
1.0

leading score s ParTO
leading score s ParTO



Jy x4 N
B FEN L

SHANGHAI JIAO TONG UNIVERSITY

Overfitting-check

» Distribution is consistent, no obvious overfitting
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CEPC-TDR draft

» ParticleTransformer deeply used in TDR research
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Compare with the lastest holistic result

» Compare with the lastest holistic result

Ar~Fmd

20 ab~1!

» Only considered process H->bb/cc/gg/ss
» Beyond “cut+BDT”

H—sbb H-—ce H-—gg

v H

H — s8

> Comparable result cut + BDT 0.26%[21] 3.04%[21] 0.96%][21] 190.00%[19]
P holistic 0.14%  0.72%  0.46%  29.34%
holistic with CSI - - - -
holistic with ideal CSI - - - -
statistical limit 0.14% 0.61% 0.36% 6.91%
model Z —vv, H=>bb % Z —vv, H=>cc % Z —vv, H—>gg % Z —vv, H=>ss %
XGB_Combined 0.17 0.77 0.47 28 .5H4%
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