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Why an e*e- collider

Vs = 14 TeV, 3000 fb™' per experiment

. _ . || Total ATLAS and CMS
» (HL-)LHC is a discovery machine of TeV scale: — Statistical HL-LHC Projection
—— Experimental
O The precision of Higgs coupling with HL- —— Theory Uncertainty (%]
Tot Stat Exp Th
LHC are at the level of a few percent. =" 1.8 08 10 13
O Theoretical uncertainties to be dominant. WE= 1708 0713
. . . K; = 15 07 06 1.2
» An e*e-machine to precisely measure Higgs
. q | hveice i Kg = | 25 09 08 2.1
roperties and to explore new ICS |
Prop P EW physIcs 15 K = 3.4 09 11 3.1
needed, if the NP is at the sub-percent level. K, = | 37 13 18 32
K: = 1.9 09 08 15
N 43 38 1.0 1.7
Kz, BV 198 72 17 64

0O 0.02 0.04 006 008 0.1 0.12 0.14
Expected uncertainty
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Higgs physics at ete- collider
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Higgs-Struhlung W Fusion

Z Fusion

» With the energy increasing, different Higgs physics can be

explored at e*e colliders.

» Around 240 GeV, the Higgs-Struhlung, as well as the W/Z

fusion could be studied intensively.

O The dominant production is from HZ, the W/Z fusions

contribute only a few percent of the total X-section.

The 5th FCC Physics Workshop




The SM Higgs decay branching ratios and background processes
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v For 5.6 ab! samples, >1M Higgs bosons are produced.

v Most of the Higgs couplings can be determined with great precision
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Performance
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» Good mass resolution of Higgs masses.



Measurements of Higgs cross-section and my,

2

*'\[recoil — (\/: yies Eff)2 o p?f = QEff\/: 3 "n?f

v For the model independent analysis, we reconstruct
the recoil mass of Z without touching the other
particles

v The M,...i should exhibit a resonance peak at my for
signal; Background expected to smooth.

v' The best resolution can be achieved from Z—e*e",

T
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Measurement of Higgs cross-section and my
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The combined precision with three channels is Ac/0=0.5%
Similar sub-percent level for ILC/FCC-ee

The mass of Higgs can be measured with a precision 6 MeV by combining Z—ee (14 MeV)
and Z—pupu (6.5 MeV)
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Higgs width

- Method 1: Higgs width can be determined directly from
the measurement of a(ZH) and Br. of (H->ZZ%)

H—»22%) = o(ZH) . Precision : 5.1%
BR(H — ZZ*)  BR(H — ZZ*)

[y ox

 But the uncertainty of Br(H->ZZ*) is relatively larger
due to low statistics.

« Method 2: It can also be measured through:

? ['(H — bb)
'y ox B]?[H = bﬁ) o(vvH — vibb) x I'(H - WW?*) . BR(H — bb) =T'(H — bb) - BR(H — WWT)

| 3.0% ..
I'(H — bb) o(vvH — 1/1.7bb)4/ Precision : 3.5%

BR(H — bb) - BR(H — bb) - BR(H — WW*)

'y

« These two orthogonal methods can be combined to
reach the best precision. Combined: 2.9%
Feb 7-11, 2022 The 5th FCC Physics Workshop



Entries/3GeV

Entries/0.05

Other improvements on the Higgs
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Euro. Phys. J. C(2020) 80:7 CPC Vol. 44, No. 12 (2020) 123001
- | 3 [ CEPCInternal ! Data
e ® Data 0 el (s = 240 GeV, 5.6 ab’ . A(c-BR)
10° = Signal + background P 300: Asimov data =~ S4B Category (TB—RT [%]
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Precision for the Measurement of Higgs

Estimated Precision

Property

CEPC-v1

CEPC-v4

Precision of Higgs coupling measurement (7-parameter Fit)

muy
Ty
o(ZH)

5.9 MeV
2.7%
0.5%
3.0%

5.9 MeV
2.8%
0.5%
3.2%

ar 2019

d

arXiv:1810.09037v2 [hep-ex] 4 M

d

o(vwH)

m HL-LHC S1/S2 ]

m CEPC 240 GeV at 5.6 ab™" wi/wo HL-LHC

Decay mode o xBR BR o xBR BR

—
5
L

0.27% 0.56%
3.3% 3.3%
1.3% 1.4%
1.0% 1.1%

0.26% 0.56%
3.1% 3.1%
1.2% 1.3%
0.9% 1.1%
4.9% 5.0% 5.1% 5.1%
6.2% 6.2% 6.8% 6.9%

); 13% 13% 16% 16%

Hostr 0.8% 0.9% 0.8% 1.0%

H—ptp~ 16% 16% 17% 17%

BRESM - <0.28% - <0.30%

inv

H —bb
H —cc
H —gg
H-sWW+
H—ZZ*
H— vy

Relative Error
-
=
N

1073

Chinese Physics C  Vol. 43, No. 4 (2019) 043002
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Combining s(vwH(—bb)) /Br(H—ZZ)/Br(H—WW), achieved the T'y with the
precision of ~3%.
Most precisions are a few percent or lower (bb, invisible), allowing us to be
sensitive to BSM deviation
Higgs white paper are published at CPC (arxiv: 1810.09037) and the results
also included in the CDR.

O Other publications: ¢(ZH):1601.05352; bb/cc/gg: 1905.12903;

11:1903.1232 Invisible: 2001.05912

CEPC is complementary to LHC at the Higgs precision measurement. 10



https://arxiv.org/pdf/1810.09037.pdf
https://arxiv.org/pdf/1811.10545.pdf
https://arxiv.org/abs/2001.05912

Extrapolation to 360 GeV

» Mainly scale yields from 240 GeV.

» 0(ZH): preliminarily, around 1%

« Need patient work on gqgH channel

. Ideal inclusive Z - uu:0.92% — 1.72%
» Resolution change: 2 benchmarks

« Di-muon: would worse; from ~0.3 GeV to 1 GeV; (23% -> 29%)
« Di-photon:  would better; from ~2.8 GeV to 2.3 GeV; (9% -> 8%)
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Width

Combined
Width

5.6ab™
ZH

0.50%
0.27%
3.3%
1.3%
1.0%
5.1%
0.8%
5.7%
12%

0.2%

16%
2.9%

360GeV, 2ab}

ZH
1%
0.63%
6.2%
2.4%
2.0%
12%
1.5%
8%
29%

\

25%

1.4%

wH
\
0.76%

11%
3.2%
3.1%
13%

3%
11%
40%

\
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» 360 GeV run can significantly improve the Higgs width measurement.

sensitivity on Higgs measurement

240GeV,

FCC-ee 240 GeV/365 GeV:

CERN-ACC-2018-0057

V5 (GeV) 240 365
Luminosity (ab ') 5 1.5
d(cBR)/oBR (%) | HZ wWH| HZ wH
H — any +0.5 +0.9
H - bb +0.3 +3.1| 0.5 +0.9
H - cc +2.2 +6.5 10
H- gg +1.9 +3.5 +4.5

H- W'W~ +1.2 +2.6 +3.0
YA/ +4.4 +12 £10
H- 1t +0.9 +18 48
H - vy +0.0 +18 22
Hopp +19 +40)

[ H — invisible <03 < 0.6

Combined width: 1.3%

12


https://cds.cern.ch/record/2651299/files/CERN-ACC-2018-0057.pdf

Higgs CP study at CEPC

% 0.045—, —SM ‘—f
. . % 0035~  CEPC Workshop 2021 —p:.O.:"s =
ee - ZH - uuH(di — jet) § oot = =
0.025F g
Differential cross section could be represent as: 0.02F-
do 0.015F- =
dcos0,dcosO,d¢ = N X(Jcp-even (01,02, ) + DXJcp—0aa (01,02, P)). 02:’515_ _
An Optimal Variable w which combines the information from {64, 6, ¢} defined as: O 0506 04 =02 002 04 06 08 1
]CP—Odd(911921¢) -
w = to measure CP-odd strength
]CP—even(elrQqub) g
Used ML-fit in w distribution to constrain p.
Results shows: ] = T ; =
For p: Z 5:— CEPC Workshop 2021 E
na =
68% CL: [—2.9%107%,2.9%107?] - :
3 =
95% CL: [-5.7x107%,5.7x107?] : :
2 =
Sensitivities of CP-odd couplings - -
11— —
Baz,Ar5 < 107° f 5
o WA B °
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Global analysis for Higgs branching fractions

A classifier modulates production

into observation
N->n

N observes multinomial
distribution, so its
covariance

And the covariance of n

Solve all Ni by minimizing

n = EN .
Bi(1-By) -BiBy .. —BiBp

¥ _ s —B3yB, By(1—B;) ... —ByBn

—BmB1  —BmBs ... Byn(1— Bp)

" = (CZ) — EXVET |

(O €ix Nk — n;)? >k Nk — N§)?
E + 5 ’
; Cis O'Nt
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Global analysis : Enhance Higgs coupling precision

ParticleNet features: t-SNE

60 -

' Model dependent analysis =T

. Glo.Ana.

40 A

- { L

g Hhg) =
’ 'iLI..Ii..
BEC Bbb B,u;t B‘L’T ng B77 BZZ BWW ByZ

Relative Uncertainty (%)
=
1

t-SNE Feature 2

Hw

—20

—40 .
—60 T r T T T T T
-60 -40 =20 0 20 40 60
-5NE Feature 1 Decay Mode Ind.Ana. Glo.Ana. IP CEPC CDR
Calculate the efficiency matrix with the ParticleNet H = et 1.8% 0.65% IR.A 3.3%
H — bb 0.19% 0.09% 121V 0.56%
. . . . . . H = ptp 12% 72% 117 17%
il;zllggopnartlcle level information, no jet-clustering, lepton/photon R 0.61% 041% 1141 10%
S H — gg 0.7% 0.35% | 2.0 I 14%
H — vy 3.3% 2.3% | 14 I 6.9%
A proof-of-principle study shows precision could be improved by H— 272 2.0% 0.65% (301 51%
H—~Z 11% 28% 39! 15%
L4

Full simulation study ongoing ... Improved a lot for the ones with more contaminations or larger Brs



https://arxiv.org/abs/1902.08570

Summary

> After the CDR and the Higgs white paper done in 2018, several

publications are available and more analyses ongoing at the CEPC
« New methods to improve the precisions

- Differential analysis

» A generic study on Higgs physics at 360 GeV (2 ab1)

« Can bring some improvements in Higgs precision.

« Significant improvement on Higgs width measurement.
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Precision for the measurement of Higgs

CEPC CDR: arxiv: 1811.10545
Fcc-ee 240 GeV/365 GeV:

Property Estimated Precision CERN-ACC-2018-0057

My 5.9 MeV

Ly 3.1%

o(ZH) 0.5% Vs (GeV) 240 365

o(viH) 3.2% Luminosity (ab~) 3 1.5
0(cBR)/oBR (%) | HZ wWH| HZ wH

Decay mode o(ZH) x BR BR H — any +0.5 +0.9

H — bb 0.27% 0.56% H - bb +0.3 +3.1 i().:’)@)

H —ct 3.3% 3.3% H - ct +2.2 6.5 =10

H — gg 1.3% 1.4% H- gg +1.9 +3.5 +4.5

H—WW* 1.0% 1.1% H-WW" +1.2 +2.6 +3.0

H— ZZ* 5.1% 5.1% H- 77 +4.4 +12 £10

H = vy 6.8% 6.9% H- +0.9 +18 8

H — Zvy 15% 15% H-yy 19.0 18 122

H—7tr 0.8% 1.0% H-p 'y +19 +40

H— ptu~ 17% 17% H — invisible <03 < 0.6

H — inv - < 0.30%

« FCC-ee has similar results as CEPC but including a 365 GeV run improving the
measurement of Higgs width.

Feb 7-11, 2022 The 5th FCC Physics Workshop 18


https://cds.cern.ch/record/2651299/files/CERN-ACC-2018-0057.pdf

Higgs related physics at 360 GeV (generic study)

Jurgen R. Reuter
Maximal NNLO X-section:

150 D0

@381.3GeV

BAX)

150 00 y ) 0o

Eop [GeV]

With the NNLO calcuation, the highest X-section is at the energy of 381.3
GeV

Considering the Lumi-suppression factor when going to higher energy, the
effective highest X-section is around 365 GeV.

The effective X-section from 360 GeV is not much different from that of 365
GeV.

If we choose higher order correction, the peak could be even lower than
360 GeV.

For 2 ab! data, it will take 4-5 years with optimized setup of the

accelerator.

Unpolarized Beam
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Kaili Zhang :
¢ 24OGeV 10°; :
B 10°g
« ZH: 196.9; vwH: 6.2; interference: ~10% of vwH; about 318:1(z | 5
0103? %
- 360GeV: (wWH ~ 117% Z->wv), (eeH ~ 67% Z->ee) - "
10;
360/2 il 10°
40 0 O | 4%
ZH 1969 1333 1266 1230 -36% L 400
WW fusion 6.2 26.7 29.61 311  +377% o | |
ZZ fusion 0.5 2.55 2.80 291 +460% ?250; E EWW
Total 203.6 159.0 F
Total Events 1.14M 0.32M i
In total ~1.5M Higgs would be collected in CEPC 240+360. :
More fusion events, also eeH can not be ignored in 360GeV. | :

{s[GeVl 20



Results and systematics for H->bb,cc,gg

Feb 7-11, 2022

Combination of the 4 channels:

Statistic precision of o(ZH)*Br(H->bb/cc/gg) is 0.3% 3.3% and 1.3%

Consistent with the goal expected ~

Decay mode olZH) x BR BR
» b 0.28% 0.57%

H o~ o ‘ 2,3%
b 99 1.6% 1.7%

in pre-CDR with full simulation samples =«

IIH with 3D fit and systematic uncertainties considered:

Table 2.  Uncertainties of H — bb, H — c¢¢ and H — gg

utpu~H ) ete"H ‘
H-bb | Hoecc | H=g9 | H=bb | H—=cc | H-gg
Statistic Uncertainty 1.1% 10.5% 5.4% 1.6% 14.7% 10.5%
e -0.2% +4.1% | . .o -0.2% +4.1% - 2 a -
Fixed Background Yot | e | 9% | 00 | T | 79% Analysis with more reliable
i -0, 4% -0.79 +0.7% +0.4% 7% H
Event Selection ::,;(/A +l“'l"" ﬁ:)_‘lf (‘])‘;ll/ 1’:)"‘_'/ +:'_‘(; approaChes- Systematlc
~U.27% =11/ | =L/ ~U.&% =11/ =10/ = & =
P 0a% | +a7% | +02% | 0a% | +s7% | v02%  uncertainties considered.
) g +0.2% | -5.0% | -0.7% | +0.2% | -5.0% | -0.7%
Non uniformity  <02% 4 <01%
. 8 g p > P +0.7% +5.5% +7.6% +0.7% +5.5% +7.6%
Combined Systematic Uncertainty 5 A - x ! ;
-0.5% -6.6% | -7.8% -0.5% -6.6% 7.8%
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Theory model

« Differential cross section for ee - ZH — lIH :

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

do _ Ny(a?) 5
dcos6,dcosO,dp m¥ J(q*, 61,02, ),

2N 1 1 .,/A(l,s,r)
No(q )_210(2n)3 Vryz 82

Yy
A
T
1) =
. = 5
0 € - 2
H E 7 0,
(}2 P 5 ~ /
€ 2
> ~

T (q?,01,02,6) = Ji(1 4 cos® 0y cos? O+ cos® 01 + cos? )
+ Jo sin? 0; sin® 0y + J3 cos 0 cos fs
+ (J4sin 6y sin 6y + J5 sin 26, sin 26,) sin ¢
+ (Jg sin 6y sin 6y + J7 sin 261 sin 265) cos ¢

+ Jg sin? 0y sin? 6, sin 20 + Jo sin? fy sin” 6y cos 2¢.

Feb 7-11, 2022

Variables for studying distribution: 6,,0,, ¢
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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

Efficiecy matrix determined by DL multi-classification

ni €11 €12 *** €19 Ny
N2 €21 €22 ** €29 No
ng €91 €92 - - €99 Ny

‘on-shop” measurement
more efficient, better precision
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