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Outline

« CEPC Physics & Requirements ki

« Jet origin identification &
Scaling laws at LLM

On-axis inj on

= FCC

* 1-1 correspondence reconstruction

—e— CEPC (30 MW)
--@-- CEPC (50 MW)

—
(@]
N
||||||

ILC-Baseline (Snowmass 2021)

o —4— CLIC-Baseline (Snowmass 2021) |

e Color Singlet identification

Luminosity / IP [ 10** cm2s™]
S
|

 Discussion

107 10°
/s [GeV]
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CEPC Physics: 4 Million Higgs + 4 Tera Z.
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Citation Summary Most Recent

Citation Summary

Exclude self-citations @

Papers

Citeable @ Published @
Papers 659 394
Citations 10,003 7,575
h-index @ 49 47
Citations/paper (avg) 15.2 19.2
— Citeable — Published
301
173
164 146
115
65
28 24
17 16 2 1 1
4 1-9 10-49 50-99 100-249 250-499
Citations

Table 2.1: Precision of the main parameters of interests and observables at the CEPC, from Ref. [1] and the

references therein, where the results of Higgs are estimated with a data sample of 20 ab—!. The HL-LHC

projections of 3000 fh~! data are used for comparison. [2]
Higgs W, Z and top

Observable HL-LHC projections CEPC precision | Observable Current precision CEPC precision
My 20 MeV 3 MeV My 9 MeV 0.5 MeV
Iy 20% 1.7% Iy 49 MeV 2 MeV
o(ZH) 4.2% 0.26% Miop 760 MeV O(10) MeV
B(H — bb) 4.4% 0.14% Mz 2.1 MeV 0.1 MeV
B(H — cc) - 2.0% Iy 2.3 MeV 0.025 MeV
B(H — gg) - 0.81% Ry 3x 107° 2x 1074
B(H - WW~) 2.8% 0.53% R. 1.7 %102 1x10°3
B(H — ZZ*) 2.9% 4.2 » 2x10°3 1x10°4
B(H — 7+77) 2.9% 0.42% R, 1.7 x107* 1x10~*
B(H = vv) 2.6% 3.0% A, 1.5 % 10-2 3.5 x 103
B(H — ptp) 8.2% 6.4% A, 43x 1073 7x 1070
B(H — Zv) 20 8.5% Ay 2 x 1072 2% 1074
Bupper(H — inv.) 2.5% 0.07% N, 2.5x10°3 2% 1074

Scientific Significance quantified by CEPC physics studies, via full simulation/phenomenology studies:
» Higgs: Precisions exceed HL-LHC ~ 1 order of magnitude.

* EW: Precision improved from current limit by 1-2 orders.
+ Flavor Physics, sensitive to NP of 10 TeV or even higher.

* Sensitive to varies of NP signal.

White papers +

~300 Journal/AxXiv citables
3



Performance requirements

To reconstruct all Physics Object, especially Jets

Z & W: ~70% goes to a pair of jets
Higgs: ~97% final state with jets (ZH events)

Top:t—->W+b
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Higgs A
qq Strategy: make all the possible
ag measurements in each
different channel and combine
the resultl
TT, HM
WW, ZZ,
AR
I w aq Z boson
decay
Final state

Look inside the jet: 1-1 correspondence reco.

~ confusion free PFA

Larger acceptance...
Excellent intrinsic resolutions

- Extremely stable...
Be addressed by state-of-art detector design,

technology, and reconstruction algorithm!
4
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J t . . . (j
1.0
b RES 0.002 0.003 0.002 0.002 0.017 = e e——— e
efffiavor tagging With £*, K=, KB’S id.

R
Pchargeflip with Ei- Kt, Kgrs id.

0.003 0.002 0.002 0.003 0.018

0.8' T,
C 1 0.025 0.009 0.009 0.018 0.043( [ WA,
C 0.009 0.026 0.017 0.010 0.043
51 0,030 0,080 0,063 0,045 0,092 0.6

0.102 0.028 0.045 0.062 0.094

True
n
1

u 40.002 0.003 0.020 0.011 0.044 0.131 0.055 0.080 0.174 0.111

u -0.003 0.003 0.011 0.019 0.132 0.043 0.062 0.178 0.081 0.111

¢d 40.003 0.003 0.012 0.019 0.112 0.092 0.082 0.207 0.079 0.112

¢d -0.003 0.003 0.020 0.012 0.092 0.112 0.219 0.076 0.113

G -0.015 0.014 0.024 0.024 0.052 0.052 0.043 0.041 0.034

T T T T T T T T T 0.0 T T T T T

Predicted
11 categories (5 quarks + 5 anti quarks + gluon) identification, realized at Full Simulated di-jet events at
CEPC CDR baseline with Arbor + ParticleNet

Published in PRL 132, 221802 (2024). Comment from the referee: "demonstrate the world-leading
performance of tagger”, "a "game changer" and opens new horizons for precision flavor studies at all
future experiments.”

https.//arxiv.org/abs/2310.03440

15/01/25  Hao Liang, Yongfeng, etc ILD Analysis https://arxiv.org/abs/2309.13231 5
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Impact on Physics: Higgs & W

100 5
] B Relative accuray, HL-LHC S2
Il Relative accuray, CEPC
B 95% CL upper limit, CEPC
1071 5

1072 5

10

10—4 |
Kb Kc Kg Kw Kr Kz KygBss\Bua Bad Bsp Bab Bud

Improved by ~3 times
Improved by 1-2 orders of magnitudes
Presumably... firstly quantified

Bds

10°
—— Accuracy
— H->cC
10* mmm H- bblgg
s Z-qq

103

102

Events / 0.01

10!

100

1071
0.0 0.2

Combined scores for H—-ccC

 Compared to Conventional :
- vvH, H—cc: 3% — 1.7%
- Vcb: 0.75% — 0.5%

15/01/25 ILD Analysis

- Applicable to Vcs, Vts, etc.

mm W-qq

0.4 0.6

Relative Accuracy o(ZH) - Brysce (1072)



Updated result on sin? 6 erf Measurement

Table 2. Sensitivity S of different final state particles. Table 3.  Cross section of process ¢*e” — (f calculated us-
mg the ZFITTER package. Values of the fundamenial paramei-
V" GeV Nof 4‘ ’*“ Sof ,4‘}.3 Y ofA’;,E S oI‘A;}B Sof A‘f-’u Sof A?'n ers are sel as mz = 011875 GeV, m, = 1732 GeV, migy = 125 GeV |
a, = 0118 and my = 80.38 GeV.
22 4396 35 52
& o G 1 pigiones s = VsfGeV  op/mb  oy/mb oy /mb oyfmb e /mb opymb
75 0.530 5264 2598 5269 2616 5237 70 0039 0032 0066 0031 0058 0.028
92 1644 5553 4200 5553 4201 5549 700 0047 0073 0046 D06 0043
92 1196 5366 4228 5366 4222 5268 1 1 1
105 0269 4597 1993 4598 1994  4.586 i : Verlfy the RG behavior... using
105 0075 0271 0231 0271 02127 0265 _
113 0033 3956  1.091 3958  1.087  3.942 T O T R ~1 month of data tak|ng
130 0.027 3.279 0.531 3.280 0.520 3.261 130 0.026 0.071 0.068 0.071 0.066 0.069

Expected statistical uncertainties on sin Gl ef f Measurement.
(Using one-month data collection, ~ 4e12/24 Z events at Z pole)

15/01/25

..+ Significant impact on FlavdF-PR{%i€s, especially those with Bs oscillation...

e}

10~

10

Statistical Uncertainty

10~

10°¢

. . ept '
Uncertainty of sin’g}; at different energy
\ 5 —n——
= Y LAl o 2 s | e S
= A A
- 3 e 75 s ailinet BEERSTipe i Bhitab- A lies
I ‘s‘ ‘a" ",A"—:'__-"”
mAT ;‘ 92 66X (272 by |7 10
E .' 4 . ‘-‘
- - lepton 105 I U | Za s 0 | s
C \ ‘A e
N : lobain=t! Baiebelia o olaaios
i b 115 19sall=: | Gax10= | 25 |0=2
f— ‘\‘*,"‘ C
"y o 130 Sl | iy ] Gehalies
1 1 I 1 | 1 1 I 1 1 1 | 11 1 1 | 1 1 1 ‘ 1 1 1 1 I L
70 80 90 100 110 120 130
Energy (GeV)
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V.S. Hadronization models

1.0
v (40,17, 75,50 97,75 0] o pyiiag b
e i 1] r r r r ]
™ ﬂavortagglng + lllll dummm + Herng ,
0.8 - . Peharge fip (H7, H7), (P6, P6), (H7, P6) 254 mye. 2bslPythia —Herwig) 4 4 /
N -E’ max(Pythia, Herwig) /
()
>
()
| .
()
0.6 o
| -
()
0
-
2
0.4 - r
p ST >
o
Q
>
[(v]

0-0 I 1 I T T

« Different hadronization model have significantly different predictions...

15/01/25 ILD Analysis



-jet: leading b-hadrons & flip rates

Percentage (%)

Percentage of b hadrons by Whizard & Herwig Charge Flip Rate w of b hadrons by Whizard & Herwig

45%

—e— Percentage by Whizard

—e— Percentage by Herwi 20% :

9eny ? —e— w by Whizard
35% —e— w by Herwig
30%
3

25%
20%
15%
10%

Percentage Difference (Whizard - Herwig)

oS8 X 9 R NS N N AV M S | 2 'S 2 S S
d ® ? ? @5 w" «u‘\ «q’\) 0\) g @ @ go 0 h}\) R L R RO Y 5 5 3 | t
R & ¥ © o> j
9T ¥ oY . ) o b/ Zp* 2 N\om
Particle Names Particle Names
%, * *
1(5721)— B*rt [l B>*(5747)°>Br/B*nt
Difference in Percentage of b hadrons between Whizard and Herwig Difference in Charge Flip Rate w of b hadrons between Whizard and Herwig
6% 4.28
5.78 419
> 4% 3.84
3.6
3.08
a%
2%
3.43 1.69
147
el
g
5}
2% 1.96 :,: N 014 o1
z _-a.oam-m
g 03 -031 -033
101 095 ]
l B 065 063 E
CLCED 03 028 8 -151 -1.53
. - -1.66
o l . ] [ "
'3 -
Ei_: 2.26 L
g -2.8
102 am s 124
—4%
2 - 2.0
-3.17
—6% 568 578
4% 397 6.11
P N D NN 2 S o x o o S 9 s o N PY > S s s,
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Particle Names Particle Names
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From specialized Models to LLM

1.0 1.0 1.0 1.0 1.0
o= ujet d jet
e -$- PN -$- PN
Sl _er e ] o=8=9—-9 ] 1 ]
. 0.8 | (St 4 Y, 0.8 ”.__.,_ /-\; 0.8 0.8 ParT | ©8 ParT
b= 1 -
[ -¢- LM -¢- LM
= 4 A ; a1 Y e ¢ ¢
e 06 ! ¥ 0.6 K/ V4 0.6 1 g2 ¢’ 0.6 0.6
=) ! ] 4 £ : -
= I ! / ' / o \ .
I ] 4 / A - BT 05, -
S , / s % \ e _o-®> > A8
0.4 ! 0.4 / 0.4 » 0.4 Lo ¥ h 0.4 4 -
5] ! /, ’ ,? / \ ,*\‘_ oA e
> ] b jet ¥ 7 jet / / jet Pt ey =
o + je N 4 cje F / s je . " ,
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0o + -¢- PN 02d & y -¢- PN ol b 14 -¢- PN 02l L1 */ . AT
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[ e
-¢- LM -¢- LM -¢- LM f
0.0 — 0.0 4 - : ! . — 0.0 4 - : . . — 0.0+ . ! . - — 0.0 4t
102 10° 10 10° 108 107 102 10° 104 10° 108 107 102 103 104 10° 108 107 102 103 10 10° 108 107 102 103 104 10° 108
1.0 1.0 1.0 1.0 10
b jet cjet s jet ujet djet
-¢- PN -¢- PN -¢- PN -¢- PN -¢- PN
e parT | %87 parT | %87 parT | %27 parT | %8 ParT
9 -¢- LM -¢- LM -¢- LM -¢- LM -¢- LM
©
; 0.6 0.6 0.6 0.6 0.6
= ~ - —b-9—-o ~ -9~ -
o £ +‘+“’4\ + + iy * —f\_'/"\ f\*‘*”*/" +*+ v .
Doaq [V \ 0.4 \ 0.4 1 \ 0.4 1 \ 044 &= \
© N \ \ [ ] \ " \ r=¥= $ .
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o 2 . i \ \ \ \ K SV
T8 ~ - | s \ BN \ ~ o-o_ SN, e
02 R S Y 0.2 2 \ 0.2 1 g SN b n P o | 021 o 0.2 =3
- = - = ~
£ ] **_ﬁ -0 o ~y= Ll Ty 'Y -
b e S Y
0.0 Ay - - - - — 0.0t - : ! - — 0.0 4 - - ! - — 0.0 o - ] - - — 0.0t - ! - -
10? 10° 10* 10° 108 107 102 10° 10* 10° 108 107 10? 10° 10* 10° 108 107 10? 10° 104 10° 108 107 10? 10° 10* 10° 108

« Comparable result with different scaling behavior

 Para. Numbers: PN 360k, ParT 2.4M, BINBBT(Large . %é 73‘ PR
Language Base Model) 150 M .) Super Symmetry

Technologies
« More details at: https://arxiv.org/pdf/2412.00129
15/01/25 ILD Analysis 10



1-1 correspondence: ultimate Mapping
between visible & reco

15/01/25

Visible Reco Trk Clu

v

v

v

. Well-reconstructed

Charged without cluster

Charged without track

Charged with cluster lost

I

Lost

Fake (only increase multiplicity)

Fake (energy double-counting)

SN XXX [N

+ |Charged

0 |[Neutral

NI RN RN IR S RN RN RN P RN IR

https://arxiv.org/abs/2411.0693@D Analysis

— 1-1 correspondence

— = 1-n

Yuexin, Yongfeng, etc 11



Confusion: frag. Identification & veto

Before removing ChFrag After removing ChFrag

102

10!

2.2%
: 0 1.0%
00 . ZIOTotaIE[3G'OeV] ¢ - 5 2IoTotalE[sﬁbev] - . . 2'5%
3.1%
Fake particle originated Confusion
reduced by 1 order of magnitude, at
nominal vvH, H—gg event
IWeII-reconstructed
Ilgnoring the remaining fragments with Charged without cluster
total E < 1 GeV, more than 95% of the ."‘"“"“““""“""‘
. . Charged with cluster lost
visible energy preserves 1-1 i
correspondence

15/01/25 ILD Analysis 12



BMR of 2.75% reached

A.U. /0.5 (GeV)

(240 GeV)
0_0?_ T | T T T | T T T | T T T | T T T | T T T ]

- CEPC [ ]7z - vqq(ud) Cleaned -

0.06- [ ]WW - pvag (ud) Cleaned

C ZH — vvgg Cleaned ]

— 0.05- - —
S - -
(b - .
S o0.04- -
L0 L _
o B ’
~ 0.03- .
:). B ]
< .02k .
0.01F -

0: | Lo el o1 | ]

60 80 100 120 140
m; (GeV)

160

0.07

0.06

0.05

0.04

0.03

0.02

0.01

0

(240 GeV

—

[ ] ZZ—vvqq Cleaned CEPC
[ ] WW—uvqq Cleaned
[ ] ZH—vvgg Cleaned

m; (GeV)

Detector change (usage of high density scintillating glass HCAL): BMR 3.7% — 3.4%;

Al enhanced reconstruction: 3.4% — 2.8%.

Al Lol |
60 80 100 120 140 160

Impact from Beam induced background + impact on objects inside jet reco: to be evaluated.

15/01/25

ILD Analysis
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Pid: differential performance

n* 40.000

K*10.000 0.001

p/5{0.000 0.000

y10.-000 0.000

0.000 0.000 0.000 0.000 0.000

KP10.000 0.000
n+0.000 0.000
n+10.000 0.000

others-0.000 0.000

Predicted

0.000

0.000

0.000

0.000

0.008

0.020

0.119

0.084

ﬁ others

1.0

0.8

0.6

|cos8|

0.4

1071 10° 101
P [GeVI]
Trace of M3x3

|cosB|

1071 10° 10!
P [GeV]

15/0125  Neutral Hadron ID: excellent Calorametiy with ToF capability (0t~100 ps/hit) 14



GE/E

1 0 E T T T T
- —40%/VE @ 7% (HCAL)
| =—K? using TOF

10 '

1072

Perspectives with 1-1 correspondence

n using TOF

(TOF resolution = 10 ps)

15

E [GeV]

ToF enhanced energy measurement: BMR: 2.8 — 2.2-2.4

1.0

_._———h-——
effflavor tagging S}.» 52

e L

NS5 T
0.6
0.4
0.21 N o el *
"‘&\f’.—’
0.0— | :
b C s u d

- Need excellent CALO + ToF ~ 0o(10 ps)
- Assume Low energy neutrons & secondary particles can be tamed... still

very challenge...

Strongly Boost the light quark ID.

95% CL upper limit

x1073

15

1.0 1

0.5

0.0 -

mmm Original: JOI S; & BMR = 3.7%
mmm 1-1:JOI S; & BMR = 2.75%
1-1: JOI S, & BMR = 2.2%

Bss Bug Bgda Bsb  Bap  Buc  Bgs

Benchmark precision improved... up to nearly two times.
ILD Analysis

15/01/25
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Color Singlet Identification
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The Higgs— bb, c¢, gg measurement at CEPC

Yongfeng Zhu, Hanhua Cui and Manqi Ruan

Institute of High Energy Physics, Chinese Academy of Sciences,
19B Yugquan Road, Beijing 100049, China

University of Chinese Academy of Sciences,

194 Yuquan Road, Beijing 100049, China

E-mail: ruanmg@ihep.ac.cn

7, decay mode
Z —ete”
Z = putus

Z — qq
Z = v

combination

H—bb H—c H-—gg

1.57%
1.06%
0.35%
0.49%
0.27%

14.43%  10.31%
10.16%  5.23%

7.74% 3.96%
5.75% 1.82%

4.03% 1.56%

Table 3. The signal strength accuracies for different channels.

« H-—cc & gg measurements at qqH channel is much worse vvH channels, despite the

former has 3.5 times more signal statistic

« Reason: Failure of Color Singlet Identification — to distinguish the decay products of

each Color Singlet

- Z & H for 240/250 GeV Higgs factory

- Which Higgs boson for Higgs self-coupling measurements (i.e., at vwvHH events at

500 GeV, etc)

15/01/25
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CSl: to group the final state particle

15/01/25

Yongfeng, Hao, Yuexin, etc

ILD Analysis
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lassified energy ratio
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Scaling behavior
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A toy analysis: identify full hadronic ZH
signal from ZZ + WW background

e Cut based

« BDT

* 1-1 correspondence

* 1-1 correspondence with reconstructed CSI

* 1-1 correspondence with truth level CSI

e 56 1ab: 540k ZH + 3.1M ZZ + 47 M WW full
hadronic events

15/01/25 ILD Analysis 19



Signal Strength Accuracy

Comparison of different analysis methods

%103
6

LA
1

=
I

Preliminary!

LJ
I

fud
1

PN ~ holistic event description via 1-1
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ILD Analysis

Chinese Physics C  Vol. 43, No. 4 (2019) 043002
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T T T T
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14000 | 5.6ab™, 250 GeV = CEPC Simulation 5.6ab™!, 250 GeV
i ZX—pux — S+BFit ZX—etex
i 8000 | - Signal
R F Background
> 10000 > '
€ & 6000
* ®
S 8000 i i = CEPC Simulation g
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E Background
4000 !
[o-e- 2000 [
2000 | [
L fifirmera . S R el I Ll i S
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MEss=il (GeV) MEi (GeV)
() (®)
Table 5. Estimated measurement precision for the Higgs boson mass

my and the e*e” — ZH production cross section o(ZH) from a
CEPC dataset of 5.6 ab™.

Z decay mode Amg/MeV Ao (ZH)|o(ZH)
ete” 14 1.4%
whru 6.5 0.9%

qq - 0.6%
combination 5.9 0.5%

Optimistic Guesses:

Applied to Higgs recoil analysis with qqH
channel, sigma(ZH) measurements could
be improved by more than 2 times...
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Entries per bin

Analysis with 1-1 & CSI: Preliminary!
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Meta questions

 Problem categorization
- ldentification problem: Jol, Pid, 1-1 correspondence (from Arbor)

- Grouping problem: Color singlet id, tracking, clustering, ...

- Assessment/regression problem: such as energy/momentum/time
estimation, fitting

- What's the most suited corresponding Al architecture, or general Al, and
Why?

e Al for HEP, and HEP for Al (HEP — Science)

- HEP, as a mature & vivid field, has the potential to impact the Al
development, i.e., interpretability analysis

 Be relax, and have fun!...

15/01/25 ILD Analysis 22



Summary

» Higgs factory: extremely rich physics requires excellent performance
« Trilogy: Significantly enhance the discovery power & alter the experiments design

- Jet Origin ID: 'see' quark & gluon as lepton & photon

« ...A “game changer” and opens new horizon for precise flavor studies at all future
experiments...

- 1-1 correspondence, at least at Higgs factory: Should & Could

* New paradigm for analyses:

- Forget about artificial variable definition — feed all the reconstructable
- Provide much more detailed info for system monitoring & systematic control
- Color Singlet Id: decently addressed

* Bottleneck Shifts & Lots to be explored

- Confusion — Det. Acceptance

- Clever variable selection — High Quality MC: better QCD modeling, high precision calculation,
detector calibration — monitoring, event building...

- Particle Physics Provides excellent benchmarks to quantify the Al performance &
interpretability study...

15/01/25 ILD Analysis 23



Resources

« Jet Origin id: zhuyongfeng@pku.edu.cn
« https://github.com/ZHUYFgit/ CEPC-Jet-Origin-ldentification/tree/main

. LLM (BINBBT):

« https://github.com/supersymmetry-technologies/bbt-neutron

 1-1 Correspondence: wangyuexin@ihep.ac.cn

« Source deposition in construction...

15/01/25 ILD Analysis
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https://github.com/ZHUYFgit/CEPC-Jet-Origin-Identification/tree/main
https://github.com/supersymmetry-technologies/bbt-neutron
mailto:wangyuexin@ihep.ac.cn
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Back up
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Recent update: from specialized
Models to LLM

Labels

hidden_states

A

Tranformer Block
L times

(Gate Projection’

siLu
~—
e ———
Down Proj
hidden_states ><4) inear »| hidden_states
—
Up Projection J
)
MLP

RSMNorm

hidden_states Attention

RSMNorm

A

Patch Embedding

l

Residual ] Residual I

Tranformer Block

)

Bytes Patch

T

Byte Tokenization

Input Text Sequence
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v ————
Up Projection Relu Down
input_bytes Linear Linear
—

Representation of a
Jet Information as
Text Sequence

input_smbed

Patch Embedding

to Bytes
I

Byte sequences |

to Patches

l
HUOOO0OOL s

- Patch Length
L J

-
Patch Size

output_hidden_states
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Multi-Head Attention
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Split

Q Projection

Linear
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7
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K Projection

Linear

BIN-BBT Model

New tokenization method to address numeric o3
problems at LLM

ILD Analysis
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Yields ~ Xsec * Lumi * Time
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4 Million Higgs (10 years)
~ 1 Giga W (1 year) + 4 Tera Z (2 years)
Upgradable: Top factory (500 k ttbar)
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Fast/Full Simulation

Z->pp (91.2 GeV)

1.0
e pey—— . . PFO, lcosel C[o‘.u, LEN f‘m, s0Gev : - PFO, lcos C[C:.S,U.E‘J, E C‘[o, 50 Gev
effﬂavor tagging for Del pheS a nd GEANT4 ; —— Delphes E E Delphes
‘ 1_7 ------- Full Simulation _ 1; ------- Full Simulation |
084 Pcharge flip for Delphes and GEANT4 £ ] £ i
' ~ 107" T =10 =
[=) £ = o E 3
< [ 1 < E
(=] E o L
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0.4 1 L T g
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g 1e f
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0.2 - = r ] o E
S102% 4 3107
< E g <C é
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* Delphes ~ Perfect PFA (1 — 1 correspondence.. )
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Classical: Jet Clustering + Matching with min(Chi-2)
ILD Analysis
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.

MC truth boson 1

|- classical VS Al (Transformer
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Al & HEP

« HEP: data intensive + clear,
meaningful & interpretable processing

Generative

e - - Pioneering for neural network

SEL) estimation

dotcton application, i.e., in tracking in 1980s

 An irresistible trend:

|
- 17/48 parallel talks of Computing &
NOVEL ML Data handling session at ICHEP 2024
. ’ TECHNIQUES = are relevant to Al: 11 machine learning,
‘ ) 2 3 deep learning, 3 neural network

7\
A Regression D
4 >< ) - Many domestic discussions & efforts

@ ' s r 1 « CEPC is actively implementing Al to its
data processing:

- - Trigger + DAQ...
- Simulation: Fast sim.

- Reconstruction: PFA, Jet Origin id, etc

Plot from Javier Mauricio Duarte's talk at ICHEP 2024 - Analysis
15/01/25 ILD Analysis 30



1-1 Correspondence

Holistic description of physics events

Efficient & interpretable information compression: (o(1E5) Hits — o(100) reco particles)
~ Confusion Free PFA + Excellent Particle identification

~ New method for the detector monitoring & measurements

= I‘le > hep-ex > arXiv:2411.06939

High Energy Physics - Experiment

[Submitted on 11 Nov 2024]

One-to-one correspondence reconstruction at the electron—positron Higgs factory
Yuexin Wang, Hao Liang, Yongfeng Zhu, Yuzhi Che, Xin Xia, Huilin Qu, Chen Zhou, Xuai Zhuang, Mangi Ruan

We propose one-to-one correspondence reconstruction for electron-positron Higgs factories. For each visible particle, one-to-one correspondence aims to
associate relevant detector hits with only one reconstructed particle and accurately identify its species. To achieve this goal, we develop a novel detector concept
featuring 5-dimensional calorimetry that provides spatial, energy, and time measurements for each hit, and a reconstruction framework that combines state-of-
the-art particle flow and artificial intelligence algorithms. In the benchmark process of Higgs to di-jets, over 90% of visible energy can be successfully mapped
into well-reconstructed particles that not only maintain a one-to-one correspondence relationship but also associate with the correct combination of cluster and
track, improving the invariant mass resolution of hadronically decayed Higgs bosons by 25%. Performing simultaneous identification on these well-reconstructed
particles, we observe efficiencies of 97% to nearly 100% for charged particles (e*, u*, #*, K*, p/p) and photons (y), and 75% to 80% for neutral hadrons (Kf, n,
n). For physics measurements of Higgs to invisible and exotic decays, golden channels to probe new physics, one-to-one correspondence could enhance

discovery power by 10% to up to a factor of two. This study demonstrates the necessity and feasibility of one-to-one correspondence reconstruction at electron-
positron Higgs factories.

15/01/25 ILD Analysis 31



Calculable & Measure-able
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A.U./0.5 (GeV)

Boson Mass Resolution: Key Per. Para

(240 GeV

~—"

0_07_ T | T T T | T T T | T T T | T T | ] B E I | I | ! I I | I ! | I I | | I | | I | I I | | ! |
- CEPC [ ]2z - vvqq (ud) Cleaned - [ - —sig —zz 1
- [ ]ZH — vvgg Cleaned ] | : WW —Cé)thera .
0050 E 4000 [ o fd N — S— ]
0.04[ = E [
- . & 3000 T S E R
B - 0 [ é : 5 s F]
0.03 — g [
C 7 c o
- . ui 2000 [~ a
0.02- — - : ]
0-01:_ _: 1000 :_‘ ......................... et " .......................... ......................... _:
O:l i R N | R L1 |: sz Lo e L1 L1 -IL. T T |:
60 80 100 120 140 160 0 50 100 150 200 250

m; (GeV) My [GeV]

Higgs factory: need BMR < 4% (critical for qqH & qqZ separation using recoil mass to di-jet)
Strongly motivated to improve BMR to 3% or even lower, especially for NP & Flavor

CDR baseline (left plot): BMR = 3.75%
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BMR decomposition @ CDR baseline

m Tracker resolution
B ECAL resolution
HCAL resolution
Photon E > 0.2GeV
B Charged Pt > 0.2GeV
Neutral Hadron E > 2GeV
m Acceptance |Cos6| < 0.99
® Charged Hadron Fragments
u Separation Confusion

B Unidentified

» CDR baseline - GRPC HCAL

15/01/25

ILD Analysis

15t HCAL resolution dominant
the uncertainties from intrinsic
detector resolution: need beftter
HCAL — usage of GSHCAL

2" [ eading contribution:
Confusion from shower
Fragments (fake particles),
need better Pattern Reco.
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CEPC Detector & Reconstruction

Physics Physics
Models Parameters
<> ‘# ~ o(1-10) T,»
Parton 7Physics Object
: High-level
Pyth
~ 0(10 -100) /
. o ~—  Fast Reconstructed
MCParticle Simulation - Particle
MokkaPlus
4-Simulatio Arbor (Core PFA)

Simulated
Detector Hits

Nl >

- 4-—> Detector Hits

~ o(1E5-6)

Tracks & calorimeter hits

Full simulation reconstruction Chain with Arbor, etc
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Higgs & Snowmass White Paper

240 GeV, 20 ab™!|  360GeV, 1 ab~!
ZH vvH ZH | vwwH | eeH
inclusive 0.26% 1.40%| \ \
H—bb 0.14%| 1.59% |0.90%|1.10% |4.30%
H—cc 2.02% 8.80%| 16% | 20%
H—gg 0.81% 3.40%(4.50% | 12%
H—-WW 0.53% 2.80% (4.40% 6.50%
H—-ZZ 4.17% 20% | 21%
H— 11 0.42% 2.10%(4.20% |7.50%
H — vy 3.02% 11% | 16%
H — pp 6.36% 41% | 57%
H — Z~ 8.50% 35%
Brypper(H — inv.) |0.07%
Ty 1.65% 1.10%
15/01/25

ILD Analysis

Precision of Higgs coupling measurement (kappa0 fit)

Relative Error

m HL-LHC S1/82

m CEPC 240 GeV @ 20/ab / + 360 GeV @ 1/ab

Precision of Higgs coupling measurement (kappa3 fit)

10"

Relative Error

10—2_

= CEPC 240 Gev @ 20/ab
m + CEPC 360 GeV @ 1/ab

BSM

Ky K, Kz KV
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EW measurements & SMEFT

Observable  current precision ~ CEPC precision (Stat. Unc.)  CEPC runs main systematic
Amy 2.1 MeV [37-41] 0.1 MeV (0.005 MeV) Z threshold Epeam 0.100
ATy 2.3 MeV [37-41] 0.025 MeV (0.005 MeV) Z threshold Ebveam
0.010
Amy 9 MeV [42—4 0.5 MeV (0.35 MeV) W threshold Ebeam
ATy 49 MeV  [46-49] 2.0 MeV (1.8 MeV) WW threshold Epeam § 0.001
= 0.
Amy 0.76 GeV [50] O(10) MeV? tF threshold ‘-(‘]J)
AA,  49x107% [37,51-55] 1.5x107° (1.5x 107°)  Z pole (Z — 77) Stat. Unc. -% 1074
AA, 0.015 [37, 53] 3.5 x 107 (3.0 x 107°)  Z pole (Z — pp) point-to-point Unc. E 5
AA, 43 x1073 [37,51-55] 7.0x107° (1.2x 107®)  Z pole (Z — 77) tau decay model 10
AA, 0.02 [37, 56] 20 x 107° (3 x 107°) Z pole QCD effects 10-6
AA, 0.027 [37, 56] 30 x 1075 (6 x 107°) Z pole QCD effects
AChad 37 pb [37-41] 2 pb (0.05 pb) Z pole lumiosity 1077
SRY 0.003 [37, 57-61] 0.0002 (5 x 107°) Z pole gluon splitting
SR 0.017 [37, 57, 62-65] 0.001 (2 x 1079) Z pole gluon splitting
JRY 0.0012 [37-41] 2 x 107 (3 x 1079) Z pole Ejpeam and t channel
SR, 0.002 [37-41] 1x107* (3 x 1079) Z pole Epeam
SR 0.017 [37-41] 1x107* (3 x 1079) Z pole FEheam
N, 0.0025 [37, 66] 2x1074 (3 x107%) ZH run (vvy)  Calo energy scale
95% CL reach from SMEFT fit
10l HL-LHC S2 LEP/SLD included —
F| @ CEPC for all scenarios 3
[l Z—fnle + WW threshold |
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s | _
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Precision Electroweak Measurements at the CEPC

= Current accuracy

m CEPC: baseline

My R, R: Re

Ry, R: APg A%p A%p A’rg A N,

EWPT: Oblique Parameters
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Flavor Physics

@ CEPC: Tera-Z

T = pee @ CEPC: Higgs
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T Fast simulation
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See the non-seen: i.e, Bc—tauv, Bs—Phivv
Orders of magnitudes improvements (1 — 2.5 orders...).
Access New Physics with energy scale of 10 TeV, or even above
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New Physics white paper
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Special Article - Tools for Experiment and Theory

Reconstruction of physics objects at the Circular Electron ' 15¢cm
Positron Collider with Arbor L >

Mangi Ruan'?, Hang Zhao!, Gang Li!, Chengdong Fu', Zhigang W Xinchou Lou®'-®, B
cent Boudry”, Henri Videau?, Vladislav Balagura®, Jean-Claude Brient’, Peizhu Lai’, Chia-Ming Kuo®,
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Arbor branch: sum of distance between neighboring cells
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Validation: Arbor Branch
Length Vs MC Truth

? ' —— Arbor Branches

i lH | —— Charged MCParticle
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Arbor: successfully tag sub-shower structure

Samples: Particle gun event at ILD HCAL (readout granularity 1cm?® & layer thickness 2.65cm)

Length:
Charged MCParticle: spatial distance between generation/end points
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_ /—2 muon
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CMS Experiment at LHC, CERN

Data recorded: Thu Jan 1 01:00:00 1970 CEST
Run/Event: 1 /1201

Lumi section: 13




Color Singlet Identification

DRUID, RunNum = 0, EventNum = 5401 : DRUID, RunNum = 0, EventNum =7
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Color Singlet Identification

3 -
| 6
1 % Vay | 3
successful boson 1 O successful boson 1
false boson 1 O false boson 1
S 01
successful boson 2 O successful boson 2
- false boson 2 O false boson 2
-1 '
falseg, _ falseen — 0,147
totalg, 0.0 —24 totalg,
_3 .
-1.0 -0.5 0.0 0.5 1.0 -1.0 -0.5 O.O6 0.5 1.0
cos6 cos

« CS3Sl: identify the color single origin of each final state particle

« Grouping problem: essential for the physics measurements with multi-jet

events, i.e., measurements with full hadronic ZH events

« Al might well strongly enhance its performance: compared to conventional

jet clustering & matching
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BM-III: full hadronic WW-ZZ separation

-
DRUID, RunNum = 0, EventNum =7 & ir

ST CEPC CDR
J Ldt=5ab"
ZH inclusive
— WW inclusive
— ZZ inclusive
—e'e > qq

/2

Event

PR TR TR [ TN TN TN N TN TR TR [N TN TN S A S S
0 20 40 60 80 100
NTrk Multiplicity

 Low energy jets! (20 — 120 GeV)

« Typical multiplicity ~ 0(100)

o« WW-ZZ Separation: determined by
- Intrinsic boson mass/width

- Jet confusion from color single reconstruction — jet clustering & pairing

- Detector response
15/01/25 ILD Analysis 46



Jet confusion: the leading term

0.15- B ww
B b 74 L
0.06 0-03'_
> 01 > =
S 3 s |
@ 12 0.04~ 2 0.02|
5 5 5 |
< 7 < <
0.05 L
i (| 0.02 0.01 -
A :
0 I L _l"‘-~-|--‘_..|...<.:f4"}'ﬁ~ ‘\"1\-\ ——t 0 I MR ’ 0 i | .
0 50 100 150 0 50 100 150 0 50 100 150
0.5x(M,, +M,, )/ GeV 0.5x{M;, +M,, |/ GeV 0.5x (M, +M,, )/ GeV
« Separation be characterized by overlapping ratio= »_ min(aj, bj)
bins
. Fl_nal state/MC pa_rtlcles are c_Iustered .IntO Reco/Genjet 5 (M12—Mg)2  (M34—Mp)?
with ee-kt, and paired according to chi2 X = o2

« WW-ZZ Separation at the inclusive sample:
- Intrinsic boson mass/width - lower limit: Overlapping ratio of 13%
-+ Jet confusion — Genjet: Overlapping ratio of 53%

-+ Detector response — Recojet: Overlapping ratio of 58%
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Reconstructed mass of the two di-jet system

150 I
100 ~ 7 Ak i

= B : i .
Q . 4
St .
E;E : P - _E
50 - s ]

0 I I | L [ — L | L — ! 1 0 I L1 I | I I | | I I |
0 S0 100 150 0 20 100 150

M,, / GeV M,, / GeV

Equal mass condition [M12 — M34| < 10 GeV: At the cost of half the statistic,
the overlapping ratio can be reduced from 58%/53% to 40%/27% for the Reco/Genjet
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Separation of full hadronic WW-ZZ event

1
- - ww m— (Gendet, without equal mass condition
E cerccon | I BZZ*‘VW = ZZ Gendet, with equal mass condition
- < 003 WWolvagg
g Ozroved 0.8 m— Recoldet, without equal mass condition
0.04+" 7| s RecoJet, with equal mass condition
0.02
o | M Semi-leptonic, RecodJet
:c|>) B | e Intrinsic Boson Mass
(5 i 0.01- . —
0 . 2
o i . - o
=~ 0 60 80 100 120 140 160 i o
. M, [GeV] [
= - =
< 0.02 . 3
- (=]
i
. L
i -
i 0.2 e o PRSI
L -
0 L ] | | | — 0 " | | | 0 A A R T SR T TR TN SR TN SN NN SO SO SN SR SN S S SN S
0 50 10 150 Light, ISR veto Light Inclusive

0.5x(M,,+M,,}/GeV

The CEPC Baseline could separate efficiently the WW-ZZ with full hadronic final state.

Critical to develop color singlet reconstruction: improve from the naive Jet clustering & pairing.
Quantified by differential overlapping ratio.

Control of ISR photon/neutrinos from heavy flavor jet is important.

15/01/25 ILD Analysis https.//arxiv.org/abs/1812.09478 49



J,»‘

Jet origin identification: 11 categories (5 quarks + 5 anti quarks + gluon)

Geo. & Tools

EdgeConv Block

——

EdgeConv Block

——

EdgeConv Block

v

{ Global Average Pooling }

¥
Fully Connected

256, ReLU, Dropout = 0.1

¥
Fully Connected

Softmax

@c rdinaleE Qeatu reD
- -

-

Linear

\ BatchNorm

RelU

l

Linear
\’ BatchNorm 1
e

RelLU

|

Linear
PR 2
| BatchNorm |
L J

RelU

Aggregation

Full Simulated vvH, Higgs to two jets sample at CEPC baseline configuration: CEPC-v4 detector, reconstructed
with Arbor + ParticleNet (Deep Learning Tech.)

Output: 10(11)-likelihoods to different categories

Input: measurable information of all reconstructed jet particles (~ 10 float)

1 Million samples each, 60/20/20% for training, validation & test

15/01/25

ILD Analysis
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Performance V.S. Jet Kinematics

=dh=Ep =Ah-E, =—h—E =—A—E;, —A—Ey =h=Ep —h-E, =—h—E; =—A—E; —A—Ey
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Performance @ Z and Higgs

- k=g, for H g.forH =—#-g.forH —a—g,forH =—-a-g4forH
=P, for H P.forH —&—P;forH P, forH ——PyforH
-@—¢, for Z g.forZ -—-e-g;forZ -—-e—g,forZ -e-g forZ
0P, for Z P.forZ —e—P;forZ P,forZz —e—PyforZ

S Tl ks e T i, Sl e
‘s”‘:"" me * ""“‘u%

N S S e e e
(o7

1.0
---+--. ‘ 1.2
efffiavor tagging fOr Z and Higgs
- I.O_
0.8 1 Pcharge fiip for Z and Higgs
0.8 A
0.6
0.6
0.4- 0.4
0.2 1
0.2 -
0.0
1.1
0!0 1 T 1 1
1.0 A
b c s u
0.9

e M10 instead of M11

15/01/25
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Ot i
*f

0.9-0.8 0.7 -0.6 -0.4 -0.3-0.1 0.0 0.1 0.3 0.4 0.6 0.7 0.8 0.9
C0SBjet
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V.S. Multiplicity

S
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15/01/25 ILD Analysis

VWH, 360 GeV, multiplicity, lower — higher

e ...many patterns need further understanding & towards further optimization...
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B-charge flip rate: Bs oscillations

Opposite side B, - DIK~ orB; -» Din~

* p charged Leptons with impact param.

u|l=

* p charged Kaons with impact param. S k-
* p charged pions with impact param. u . USing all reco P (eXC. Bs
* p protons with impact param. ? - J&L ot -t decay final state):
B * a p0 >atn” ; )
d * Flip rate ~ 15%, Eff. Tagging
power > 40%
Same side

* pcharged Kaons with impact param.
* pcharged pions with impact param.

o
el

Branching Ratio (BR) of b/b to b hadrons
Bl 0.1%<BR<1%
B 1%<BR<10%
Bl 10%<BR<20%

o
n

o
~

left: from b/b,  right: from opposite side of BY/B?

charge flip rate
o
w

o
[N}
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BMR: impact on critical measurements
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