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> Part |

B Improve the branch ratios of H — bb/cc/gg and other hadonic

decays in e+e- 2 uu H --- full simulation

> Part Il

M Differential study in the same process: lepton pair of Z used for

Higgs CP study --- fast simulation

»Summary
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Introduction

B At CDR stage, the branch ratios of H — bb/cc/gg measured with a 3D-fit method.
B To improve the measurement

v' Machine learning technique and

v Including more decay modes : H —» bb/cc/gg/ww*/zz*

v Matrix method to use more information
B Based on counting analysis, differential study is important extensions

v' The lepton pair of Z used for Higgs CP study
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Brs of H - bb/cc/gg/ww*/zz*



Physics processes

> Bs of H - bb/cc/gg/ww*/zz* With Z — utu~

» Processes
> Signals: Z(u*tu~) H(bb, cc, gg, WW*, ZZ*)
> Irreducible Bkgs: utu~qq (e+e- > Z2)

» Samples simulated with CEPC_v4 with L = 5.6/ab
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Pre-selection
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Particle Flow Network

»PFN : Particle Flow Networks is an architectures designed for
learning from collider events.
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* p; . the information of particle i, such as four-momentum,
charge, or Pid, impact parameter, etc
»Advantage
« Use all info at particle level,
« W/o impacts of jet clustering and e/y isolation,
» Multi-classification is possible
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https://energyflow.network/docs/archs/
https://link.springer.com/content/pdf/10.1007/JHEP01(2019)121.pdf

Results of full simulation

5 signals: bb/cc/gg/ww*/zz*

2 bkgs: zz slOmu_down( down) and zz_slOmu_up(up).

Train and validation got consistent losses and accuracies: successful training

The separation power of bb is the best, ZZ* not good as bb
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Performance of PFN
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Performance of PFN
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« Use test samples(10% of MC events) to perform the study.
« Scale the MC events according to the cross-section x integrated lumi

(5.6

ab™1)
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: observed number of events of each channel,

: the true number of events of each channel,
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N : the number of events of each channel, calculated from observed number.
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Next to do

* More backgrounds and more statistics
* Optimize the performance of ML model

 Extract the branch ratios with more sophisticated

statistical method

* The systematic uncertainties
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Introduction

* The SM Higgs: my = 125.10 GeV, J°¢ =0**

* Related experiments in LHC: Eur. Phys. J. C75 (2015) 476

e Spin is well determined

e Study of the CP of the Higgs boson interactions with gauge bosons
by the ATLAS and CMS shows no deviations from the SM
predictions.

* Sensitivity need to be improved

* CP could be the mixture of even and odd

* Any observation of CP odd components of Higgs would be New Physics!

2021/12/22 CEPC day
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https://arxiv.org/abs/1506.05669

T h e O ry Of H 9 ZZ * JHEP 03(2016) 050 JHEP 11(2014) 028

The H — Zll matrix element;:

qua

1
M,’;m u(Ps s3) [Y”(Hw + H; Al’s) + mZ (Hz v+ Hy Ays) + )’p(Hsv + Hj A)’s) V(P4 S4)

* Where€p1p3 = +1and g = p3 + p4.

And the parameters in the function are following:
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This process limited by statistics
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https://arxiv.org/abs/1406.1361
https://arxiv.org/ct?url=https%3A%2F%2Fdx.doi.org%2F10.1007%2FJHEP03%25282016%2529050&v=637b7b6a

cross symmetry: Z* >7H:

Differential cross section forete™ —» Z ‘= ZH — lIH:

do

_ N

dcos@,dcosO,d¢ -

Na(qz)
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(22) J(qu 91' 92' ¢):
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Variables for studying distribution: 6,,60,, ¢

+ (Jysin 6y sin Oy + J5 sin 264 sin 26,) sin ¢
+ (Jg sin 0y sin Oy + J7 sin 2604 sin 265) cos ¢

o s £ . [ o 9 .92
+ Jgsin? 0 sin” 0y sin 26 + Jg sin® 6 sin 6y cos 26.

JHEP 03(2016) 050 JHEP 11(2014) 028

Assumption for simplification:
° Ogp = % = @21 =@, = a4, = 1073, others are
setto 0, so HZ,V/A = 0.

° @7 and @, have the most contribution for cp-odd.

Ji=2rs (¢4 +9%) ((Hiv >+ |Hial%).,
J2 =k (g3 +av) (s (|H|,V|2 + [Hyal?) +
J3=32rsgagv Re (1‘1|.v Hf/‘) S

Ji =46 VrsAgagy Re (HivHj  + HiaHj )|
J5 = %H VrsX (g5 +9%) Re (Hy v H3y + Hy 4 Hj )|,

Jo =4Vrsgagy [JHRQ (HLVH;”/\) - W !
| . ; . .
Jr= E\/: (,(]f‘ + ,(I\z,) [2h‘ (|H|_\'|z - |111_,\|z) +7\'R("(‘H-rv-y7'-‘-_-l—_lh4ﬂl_¢)] R

Vs = 2rs VA (g5 + 6%) Re (Hy v Hyy + Hi 4Hj 4},
Jo =275 (g5 +9%) (IHiv >+ |Hial?) .

6 of these 9 functions are independent

Others CP-even

T 0inassumption
()  EFTCP-odd term

contribution

More statistics & negligible backgrounds: uuH has ~36k signals at CEPC


https://arxiv.org/abs/1406.1361
https://arxiv.org/ct?url=https%3A%2F%2Fdx.doi.org%2F10.1007%2FJHEP03%25282016%2529050&v=637b7b6a

Dimension reduction: an optimal variable approach

* Differential cross section could be expressed as:
PLB 306 (1993) 411-417 By M. Davier

d
dcoseldcaosezdﬁb =N X (cp-even(01,02,9) + D X Jcp—0aa (61,62, P)).

p is an additional global CP-mixing parameter.
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> 3D fit 2 1D problem

o 1D fit is much easier
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http://dx.doi.org/10.1016/0370-2693(93)90101-M

Event selection

* Signal:ete™ - ZH - u"u~H(- jj) channel
* Background: Irreducible background which contains the
same final states.

* Muon pair selection:

|cosf,+,-| < 0.81; Mass,€ (77.5GeV, 104.5GeV) ; Mre COLl_,,€ (124GeV,140GeV).

* Jets pair selection:
|cosBje¢|<0.96 ; Mass;; € (100GeV, 150GeV).
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Results of event selection

ZH - u*u~ + bb/cc/gg channel

Signal Irreducible Bkg
Original 28627 1251768
Muon pair selection 18555 (efficiency:64.8%) 11198 (efficiency:0.9%)
All selection 13405 (efficiency:46.8%) 3610 (efficiency:0.3%)

2021/12/22 CEPC day
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Higgs CP-mixing measurement

e Correlation check

* We can see that 84, 05, ¢ have negligible correlation with

cos® ,+,-, Mass,,, Myecoii_yuy, €0SBjer, Mass;;.
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> Impacts of event selections on 81, 0,, and ¢ neglected next
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Fitting strategy and result

* Fit strategy:
*  Maximum-likelihood of fP(w) = Ng;g4 * fsll?g(w) + Npig * fb’;(g(w)
* Fit to w for signal and bkg shape, fig (w) and fzkg (w)
* Fitto M,.coit yu for Ngig and Ny,

* Evaluate likelihood function for each p value hypothesis, and construct a ANLL
of p.

Fit to omega disrtibution . Fit to omega disrtibution Fit to omega disrtibution

as a function

vonis (01
s & 8 %

vents /(01
s B B B

sEEEE_EdE:

sEEEE_EdE:

P=0.09vs p=0 P=0vs p=0 P=-0.09 vs p=0
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Fitting strategy and result

* Extract maximume-likelihood fit p-value and interval

Fit ANLL curve with a quadratic function ANLL(p) = a - (p — py)*?

68%(95%) CL interval corresponds to ANLL=0.5(1.96).

Assumption: @47 = @, = 1073,

ANLL

E 4 CEPC Workshop 2021 =
6 —
5C = ANLL(p|w) = 659.6(p — 5.6 X 10™%)2
4;_ _; For p:
A3 E 68% CL: [<2.79 X 1072,2.70 X 1072]
- . 95% CL: [—5.52 X 1072,5.40 x 107?]
2- -
13_ _f &AZ:&ZZ:10_3XP
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Fitting strategy and result

* Extract maximum-likelihood fit p-value and interval
* Fit ANLL curve with a quadratic function ANLL(p) = a - (p — py)?

* 68%(95%) CL interval corresponds to ANLL=0.5(1.96).

A\

 Assumption: @47 = 1073, @,5 = 0.

ANLL(p|w) =

519.53(p — 2.32 x 107%)2
Forp:

68% CL:

[—3.13 x 1072,3.08 x 107?]
95% CL:

[-6.17 X 1072,6.12 x 107?]
CA(AZ =103 x P

T | T T T T ‘ T T T T
CEPC Workshop 2021

ANLL
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Fitting strategy and result

e Extract maximume-likelihood fit p-value and interval
* Fit ANLL curve with a quadratic function ANLL(p) = a - (p — pg)*
* 68%(95%) CL interval corresponds to ANLL=0.5(1.96).

« Assumption: @, =0, @, =5- 1073,

dogaF" T T T T T T T T = ANLL(p|w) =
S oof 4 CEPCWorkshop2021 E 226.22(p — 2.73 X 10~4)?2
2F- 3 For p:
1.8 3 68% CL:
165 = [—4.73 X 1072,4.67 x 1072]
1.4 = 95% CL:
12F- = [— 934><1o— gzsxw ?]
1= - Azz =5
0.8F- =
0.6 =
0.4 =
02 =
oE 1 =

o



Result compare

* HL-LHC: (10)

—__ Parameter . -
Analysis T €y Cyy Case
HL-LHC (44, incl.) [-0.22,0.22] [-0.33,0.33] | IP
[-0.25,0.25] [-0.27,0.27] | 1P, ...
HL-LHC (4, diff) [-0.10,0.10] [-0.31,031] | IP
[-0.13,0.13]  [-0.22,0.22] | 1P,,00q.
HE-LHC (4, incl.) [-0.18,0.18] [-0.17.0.17] | IP
[-0.23,0.23]  [-0.20,0.20] | 1P, ...
HE-LHC (1/, diff) [-0.05.0.05] [-0.13,0.13] [ IP
This study: [-0.06,0.06]  [-0.10,0.10] | 1P, ..

arXiv:1902.00134

_

68% CL(10) [—2.70 X 107%,2.66 x 107%] [—1.73 x 107%,1.70 X 1074]

[—5.32 X 107%,5.28 X 107%] [—3.41 x 107%,3.39 X 107%]

95% CL(20)


https://arxiv.org/abs/1902.00134

Summary

* A Higgs hadronic decay study is ongoing with ML method and full simulation

shows promising performance.

* An EFT based Higgs CP-mixing test is performed.
* Using ML-fit to optimal variable w and extract p.
* Result: 95% CLp € [ — 5.5 x 1072,5.4 x 1072,
e Sensitivity : §Gp, &gl, &gl, A,z 0r7 < 1074,

much better than LHC

e Both two studies need more validations and to be finalized in near future e
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Method to extract production numbers

> A simple example, only H —» bb and H - c¢.
nb) (Ebb Ebc) (Nb)
(nc €ch €cc NC
* n; : the observed number of events of i class,

* N; : the production number of events of i class,
* ¢;; . the rate of state i reconstructed to be state j.

>|f we can measure the matrix E, then N = E~1n
> The PFN is used to extract the matrix.
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Table 2. Uncertainties on a'ff’l_ i O pand o
Higgs boson production utpuH ete H
Higgs boson decay H — bb H— ct H— gg H — bb H —ct H—gg
statistic uncertainty 1.1% 10.5% 5.4% 1.6% 14.7% 10.5%
—0.2% +4.1% —0.2% +4.1%
fixed background 7.6% 7.6%
+0.1% —4.2% +0.1% —4.2%
+0.7% +0.4% +0.7% +0.7% +0.4% +0.7%
event selection
—0.2% -1.1% -1.7% -0.2% —1.1% —1.7%
—0.4% +3.7% +0.2% —0.4% +3.7% +0.2%
flavor tagging
+0.2% =5.0% —0.7% +0.2% —5.0% —0.7%
+0.7% +5.5% +7.6% +0.7% +5.5% +7.6%
combined systematic uncertainty
—0.5% —6.6% —7.8% —0.5% —6.6% —7.8%
2021/12/22 CEPC day 29
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Results of fast simulation

> Fast simulation sample : only has bb/cc/gg/ww*/zz*.
» Tiny difference at loss between train and validation.

>From the ROC curve, the separation power of bb is highest,
zz" 1S lowest.

model accurac; y/loss

train/loss
s:

1VO 4><‘
0.5

001 0C UC== 6.96:3) \\
202 1/1 /22 25 50 75 100 125 150 175 PC day % 0.2 0.4 0.6 0.8 1.0 31
epoch Signal eff.



https://github.com/Wujinfei/HiggsHadron-PFNs-gpu.git

Results of fast simulation

* The performance of PFN on fast simulation is good,
except the zz* calss.

- 0.4

- 0.3

- 0.2

Significance improvement

- 0.1

Signal eff.

Predicted Signal efficiency
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Comparison between fast and full simulation

* Why is the performance of full simulation worse than
fast simulation:
» Fast simulation has larger statistic than full simulation.
»Maybe due to the reconstruction is not perfect.
»Fewer training epochs of full simulation.

« Possible ways to improve the training performance
»Include more input variables,
»Generate more full simulation samples.
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Theory of H>Z7Z*

JHEP 03(2016) 050

Ina 6-dimension EFT model: Lo = Lg} + A—lzz,scil a0k (Lpsm)

Lofr 2 o HZ,ZH + D HZy 2 + c12HZ ZH + CazHZy AP + c, 0" ARV
+HZ, ty*(cy + cavs)t + Z,ty*(gy — 9a¥s)f — Gem QeALYHYE

Where: cé? = m%(\/pr)l/Z (1 + c?élz)), cézz)& = (\/EGF)UZ&ZZ, Cz7& = (\/EGF)UZ&ZZ,

Caz = (\/EGF)l/Z&AZ; Caz = (\/EGF)UZ&AZ-

* In this base, the Gr, m,, @,y could be expressed
m, = mzo(1+ 8z), Gp = Gpy (1 + 5(;,:): Aem = Xemo(1 + 64)

e A 1, PN ~(3) PN
where: §; = @, + 3 Qop, Op = —@u + 284;, 04 =204,

2021/12/22 CEPC day
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https://arxiv.org/abs/1406.1361
https://arxiv.org/ct?url=https%3A%2F%2Fdx.doi.org%2F10.1007%2FJHEP03%25282016%2529050&v=637b7b6a

Compared with HL-LHC

e In HL-LHC: arXiv:1902.00134

93

2 2
—- _ _
TLEI2 7 T 4 Gy W

CH[ e AR
Lcpy = . CVVZA#VA + CZYTZWA + Cyy

Compare theory model in P5, we can get that the value in red frame are same:

(g1=0.358, g2=0.648, e=0.313, v = 1/_|V2G2 = 2My, /g ~ 246.22GeV)

1/2— . L g?+g -
(V2Gr) "zt Z,n 2 =30, PR 7, 70
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https://arxiv.org/abs/1902.00134

Maximum likelihood fit

e Construct a likelihood function
« LX|p,0) = laata f (xi 1D, 0)

6: nuisance parameter. p: POI, CP-mixing parameter. x;: dataset (w).
* When statistics is Igrge enough, we suppose L()?|p, 9)~GauS(23, Gﬁ), so InL(p) =
1(p-D
ln[’max - E (O'_p

* From ANLL = NLL — NLL,,;, (negative log likelihood) we can extract maximum
likelihood estimate p and its CLinterval.
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Maximum likelihood fit

Sample modelling

* w modelling: Hlsto§ram pdf. Highly depends on the sample statistics used to
bUI|d hlstogram an H|sthf

Fitto omega disrlbut 1o amega disriuton Fitlo amega disriBution Filta amega disnibuton Fitlo amega disriBution

Fitto omega disribution

P=0.04 P=0.03 P=0.02 P=0.01 P=0



Maximum likelihood fit

e Sample modelling

* w modelling: Histogram pdf. Highly depends on the sample statistics used to build
histogram and HistPdf.

L wmmesme O — e — - _ ——
£ - £ - £ - i:
P n f ) - 3 ) - ; L
P=0 P=-0.01 P=-0.02 P=-0.03 P=-0.04
mmmmmmmmmm - e o _ e rtsono dsinsn
j -f i s P E
E E E N E ] £ Y

P=-0.05 P=-0.06 P=-0.07 P=-0.08 P=-0.09



