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Higgs Production at CEPC

Process Cross section(fb) Events in 5.6 ab
e*e-—ZH 196.2 1.10 x 106
e*e = veveH 6.19 3.47 x 104
e*e-—e*e'H 0.28 1.57 x 103
Total 203.7 1.14 x 106

S:B=1:(100 ~ 1000)|

B Observables: Higgs mass, CP, 6(ZH), event rate (6(ZH, vvH)*Br(H—X)), Diff. distributions
— Absolute Higgs width, branching ratio, couplings
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Jets at the Higgs Signal

Higgstrahlung(ZH) BR Pizza

# of jets | Probability

29.73%

70% qa

~ 97% with Jets

549, W\iV, Z% qqqq 49%
Y vy lag  42%
% TR = _ m - 9%
i w dd |Z-boson
10% 20% 70%

B Up to 97% of Higgstrahlung(ZH) final-states associates to jets.
B Jets are also critical for many EW precision measurements.

Pei-Zhu Lai (NCU, Taiwan) 4 CEPC WS 2019



Jets at the Higgs Signal

© Major SM Higgs decay modes.

~ 1 color singlet could be identified
29.73% (Single Z or Higgs boson)
aq . —
2/3 of ZH events
ww,zz |
Zy*, vy*

- Dominance statistic i1s ZH—qgqqqg.
e
vty

© Major uncertainty is on wrong
jet pairing. (Potential huge
I w qq impact)
Z-boson

m67% (4 + 6 jets) needs dedicated color-singlet identification: grouping the

hadronic final-state particles into color-singlets (Z, W, H, y*). Can be done
via jet clustering and pairing.

B Jet clustering is also essential for differential & EW precision
measurements (e.g. TGCs).



/(2 Physics Benchmarks

®MI: Massive bosowns
# of jets |Probability 1/3 of ZH events invariant wass vesolutions
~ Major SM Higgs decay modes.
© 1 color singlet could be identified.

—— e 04 .

\ i_ s boson)>

2 29.73%

LS 2/3 of ZH events

8.23Y = Dominance sta.tistic. of ZH—»qﬁqﬁ..

~ Major uncertainty is on wrong jet
pairing. (Potential huge impact)

m67% (4 + 6 jets) needs dedicated color-singlet identification: grouping the
hadronic final-state particles into color-singlets (Z, W, H, y*). Can be done
via jet clustering and pairing.

B Jet clustering is also essential for differential & EW precision
measurements (e.g. TGCs).



LCEP ¢ Physics Benchmarks

®MI(: Massive bosowns
# of jets |Probability 1/3 of ZH events invariant wmass vesolutions
= © Major SM Higgs decay modes.
© 1 color singlet could be identified.

—— ———

\ i_ s boson)>

| 2 || 29.73

LS 2/3 of ZH events

8.23Y o Dominance sta.tistic. of ZH—»qﬁqﬁ..

~ Major uncertainty is on wrong jet
pairing. (Potential huge impact)

®Mz: # of jet identification &
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via jet clustering and pairing.
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B Jet clustering is also essential for_differential & EW precision
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Physics Benchmarks

®MI: Massive bosowns
1/3 of ZH events invariant wass vesolutions
© Major SM Higgs decay modes.
- 1 color singlet could be identified.
< (Single Z or Higgs boson)>
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c27. BM1: Massive Boson Mass Resolution
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B W-, Z-, and Higgs-boson masses in dijet final state can be well separated at CEPC.
B After cleaned, Z- and W-boson could be separated = 26, and the Higgs Boson Mass

Resolution = 3.8% achieving the CEPC baseline.

Cleaned: Select the light flavor jet event with low energy ISR, low energy neutrino inside jet, and within |cosd| < 0.85.
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~=7¢ BM1: Massive Boson Mass Resolution
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B The separation of Z- and W-boson at CEPC is much better than ATLAS as it

should be, because of the better collision environment and detector response.
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Physics Benchmarks

# of jets |Probability 1/3 of /H events
= Major SM Higgs decay modes.

1 color singlet could be identified.
% (Single Z or Higgs boson)

SPASC 7/3 of ZH events

8 23Y Dominance statistic of ZH—qqqqg.
Major uncertainty is on wrong jet
pairing. ( )

®Mz: 4 of jet identification &
thrust clustering wethod §ov 2 jets

m67% (4 + 6 jets) needs : grouping the
hadronic final-state particles into color-singlets (Z, W, H, y*). Can be done
via jet clustering and pairing.

m is also essential for & EW precision
measurements (e.g. TGCs).
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7. C=7(? BM2: Preliminary Number of Jet Identification

Yong-Feng Zhu

TMVA response for classifier: BDT

3 [E@Sga T T s
Z SE@Background . -
g <4+ . : 0.8f—
= ,L 4and 6-jets 2-jets E -

0.61—

04| —— efficiency
—— purity

02 — efficiencyx purity

i1l L1111 L1111 L
U/O-flow (S,B): (0.0, 0.0)% / (0.0, 0.0)%
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BDT response -0.4 -0.2 0 0.2 0.4
signal : 2 quarks, the value of BDT

Samples:
ete-—qq (2 jets) Signal Efficiency x Purity
ZZ—qqqq (4 jets)
W+W-—qqqq (4 jets)
ZH—qqqq (4 jets)
ZH—qgH—qaqqqq (6 jets) 6 Jets

2 jets

20 event-shape variables are combined with the multi-variate

analysis (MVA) to separate 2, 4, and 6 jets final-states.
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nT: The thrust axis

Particles

> 1P

P; or Pj: Momentum of each particle
A unit vector ( sin@XxXcos¢, sinfXxsing, cosf )

T = max

Separate the particles into two jets

B “Thrust” is one kind of event-shape variables.
B The nature clustering idea for the single boson decays to di-jet events, thrust.

1. First, boost the system back to the rest frame.
2. Find out a vector in the 0 and ¢ phase space which has highest momentum

efflux.
3. System is divided into 2 hemispheres with the thrust axis, and each

identified as a jets. (Only applicable to 2 jets final-state)
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Physics Benchmarks

B Jet clustering is also essential for_differential & EW precision
measurements (e.g. TGCs).
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Objects Definition

B MCP represents initial parton of MC quark. The original state of quark.

m GenJets are grouped all MC particles except neutrinos with ct > 1 cm

through exclusive ee-kt jet clustering algorithm.

B RecoJets are grouped with the particle flow objects by exclusive ee-

kt jet clustering algorithm.

Gen Jet Reco Jet

Jet is clustered by exclusive ee-kt algorithm.
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Quantify the Performance

B Double-sided crystal ball(DBCB) function is used to extract energy and

angular resolution and scale.

Jet Energy Scale (JES) Jet Angular Scale (JAS)
Jet Energy Resolution (JER)

ete >ZZ—-vqq CEPC Preliminary (240 GeV) e'e —ZZ—vvqq CEPC Preliminary (240 GeV)
R A R R R RN R R RN RN R 6000 [ T

so00— sy SES g ~mc  JAS

| o, = 1.009 +0.015

]

‘ — Gaussian. o, = 0.5491 + 0.0086
3500 = e DBGB ) LA ] e,= 1232 £ 0.026 5000 fm DBCB __________ ______________________ || = 10010012

| = 0.01425 + 0.00(
| DBCB

3000 __0<Eq<3‘[ ............... ............... .......... ‘ Oopen = 0.06109 + 0.001

Entries / 0.005

Entries / 0.002

5= -0.0005146 * 0.00006¢

-1. 00<éose ¢<-0. 94 Hpse
5 : = 0.006949 + 0.00

4000 _ ..................... ........................ .................... B Y D Spece .
5 | | n,= 2.650 + 0.053

080
| n,= 1.963 +0.059

= 131+1.8

2500

I |

n,= 2.395 +0.045

1 1
L1t 1Tt el e (T 11§
3

| :

.......... S TS T £ | W PR PR - 3000
z z z P ; RMSi=0-1;51 ' :

2000 Y2/ndf = 1.43

RMS = 0.068
1500 : :

2000 f

1000

500 1000

0 ||i||||i |||i||||. ‘-.__ iI|||
05 04 03 02 01 0 01 02 03 04 05

O Ll Ll -
, E.... Ecen) /E —0.15 . . . 0.15

Reco ~

Relative difference : Reco Gen Difference: 0. -0

Reco Gen
E

Gen

18



BM3: JER & JES (Reco-Gen)
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m JER is around 4.5% in barrel region; JES is around 0.

B The difference between 2 and 4 jets final-state is controlled within 1% level.
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B JER also depends on jet flavors.

B For light-flavor jets with high energy and within central region of barrel, JER

could reach 3%.

BM3: JER (Reco-Gen)
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Gy Compare to CMS at LHC

Leadlng Sub- leadlng
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B JER at CEPC is better than CMS as it should be; 2-4 times better in the same

energy region.
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BM3: JAR (Reco-Gen)
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B The difference between 2 and 4 jets final-state is controlled within 1% level
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27, BM3: Thrust Jet Clustering Method
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B |dentify the 2 jets final-state event with (Efficiency x Purity) = 88.4%, the
thrust jet clustering method could be employed.

m After “cleaned” selection, the thrust method has significant tail suppressed
— expected to have improvement on jet energy and angular response.

Cleaned: Select the light flavor jet event with low energy ISR, low energy neutrino inside jet, and within |cosd| < 0.85.
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BM3: JER (ee-kt—Thrust)
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B I[mprovement maybe came from boosting the system back to the rest frame
with the neutrons’ information.
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m Both of jet 9 and ¢ angular resolution are also imp

20%.
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BM3: JAR (ee-kt—Thrust)
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Physics Benchmarks

2/3 of ZH events
© Dominance statistic of ZH—qqqqg.
© Major uncertainty is on wrong jet
pairing. (Potential huge impact)

BM4: Sepavation of ww zZZ
and ZH decady to qqq9 §nal state

20



27 BM4: WW & ZZ to 4 Jets Separation

Yong-Feng Zhu—Eur. Phys. J. C (2019) 79:274

0.15 = = =

'MCP T 'GenJet - ‘RecoJet g
006 0.031-

> 01 > >

S & . 8 |

s s s 002p -

2 | Overlapping | < [Overlapping = [Overlapping | |

0.05 . I
- =13% o 002 =53% ol =58% g
0 50 100 150 0 50 100 150 0 50 100 150

0.5x(M,,+M,, )/ GeV 0.5x (M, + My, }/ GeV 0.5% (M, + My, )/ GeV

B Low energy jet (20-120 GeV)

2 2
) | (mlj _ mboson) | + | (ml] _ mboson) |

B Typical multiplicity could be 102, X = 62
B GenJet and RecoJet are clustered by ee-kt and paired accordlng to ;(2 ?{)’
B WW & Z7 to 4 jets final-state separation is determined by: - j . ” ”;j‘ o 7~
20 <1. (13%) Intrinsic boson mass/width (10 GeV) .\‘P{_\ N 1/
2. (53%) Wrong jet pairing for color singlet reconstr;{uct‘i@j?;%jf J
5% pairing. =
3. (58%) Detector response (**
AT P L WWes qdiqg
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2. BM4: WW & ZZ to 4 Jets Separation

Yong- Feng Zhu—Eur. Phys. J. C (2019) 79:274

/ 150
B L I 102 GendJet, without equal mass condition
N L s GendJet, with equal mass condition
i _. L ] we=_ RecoJet, without equal mass condion |
L ) 510 L - 0:8 m——— RecoJet, with equal mass condition
- ", ] — B o | vesesemnm Semi-leptonic, RecoJe
> 100' .*- h 0 T % """""" Intrinsicp;oson Mass t 58%
§ I : .; i i W o
s & asl=10  F 510 g
= 7 - : Y8
50 - 1 sof 19
L ’ L (@]
{ Los§ half of StatlSth /' Loss half of statistic
0/ 100 150 00/|||50||||100||||1501 Olllllllllllllll'llllll]
GenJet M.,/ GeV RecoJet M,/Gev Light, ISR veto Light Inclusive
. Semi-leptonic
m Equal mass requirement: |M12 - M34| < 10 GeV Overlapplna —
=47% i
© Cost half of the statistic. g
. 0.04 1
© Overlapping can be reduced from 58%/53% to 40%/ _ RS R oot
27% for the RecoJet/GenJet. o [
m CEPC baseline could separate WW & ZZ with full hadronic 2|
Full-hadronic
final-state. Overlapping
= 40%
B Improve from the naive jet clustering & pairing and ‘RecoJet X
° 0 50 100 150
control the ISR photon in the event. om M N

B ZH full hadronic final-state analysis is on the way.
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e Summary(1/2)

B Jets are crucial for the CEPC Higgs physics
< 97% of ZH events evolve jets
-~ 1/3 of ZH events only come from single Z or Higgs boson.
~ 2/3 of ZH events have more than one boson (e.g. ZH—qqqq) - need
color singlet identification algorithm.

Higgstrahlung(ZH) BR Pizza

Higgs

# of jets | Probability

1/3
29.73% -

70% qq

2/3

qaqq 49%

lag 42% |~ 97% with Jets

ogo,  WW. ZZ .
o Zy*, yy*

T i 9%
© others I "y qd
Z-boson
10% 20% 70%

Pei-Zhu Lai (NCU, Taiwan) 29 CEPC WS 2019



Summary(2/2)

. BMR < 4% is critical. Achieved at the CEPC baseline (3.8%)
* W, Z, Higgs boson can be efficiently separated at both semi-leptonic & full
hadronic.

* Exploit Z-boson di-jet recoil mass to distinguish the ZH from ZZ process (main
bkg).

Il. 2 jets final-state could be identified with efficiencyxpurity = 88.4%.
* Clustering by dedicated the jet clustering algorithm, thrust.

lll. Single Jet — JER ~ 3-5% & JAR ~ 1%.
* Thrust clustering method is recommended for two jets final-state. It
improves the JER 20%, 40% on tail (RMS), and JAR 20%.

IV. Need a better color-singlet identification algorithm for full hadronic.
* Wrong jet pairing is the dominant effect to induce overlapping in full
hadronic WW-ZZ separation.
* Equal mass requirement could reduce the overlap region to be better than
semi-leptonic, but very costly.
* Physical impact is heeded to be controlled, ISR photon.
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CEP

0.09
0.08
0.07
0.06
0.05
0.04
0.03
0.02
0.01

A.U./0.5 GeV

Sample \ ID Efficiency(%)

WW

BM4: WW, ZZ,

O_I

- Overlap region: CEPC Preliminary -

- 0.09 ] @z - qaeq

- GenJet [ ] za - qqqq ]

_ Overlapping E

— = 9% -
N ! [ IR ]

60 80 100 120 140 160
Mg, [GEV]
GenJet

WW

L7

ZH

to 4 Jets Separation

009 E_Overlap region: CEPC Preliminary -

0.08- 026 [ J@zn - gqaq

0.07 RecoJet L@ zH - qaqq ]

> 0.06- . E

0] - Overlapping _

o 0.05- = 26% E
= -

5 0047 E

< 0.03f E

0.02 E

0.01- E

O_ : I B T ]

60 80 100 120 140 160
mReco [GeV]
RecoJet

Sample \ ID Efficiency(%)
WW

WW 77 ZH

63.24 18.95 17.81

64.98 19.07 15.94

Y4 16.09 57.89 26.02 26.51 50.54 22.96
ZH 9.99 13.84 20.29 22.93
B XZ method is St'lll employed. ){2 _ | (mz] — mboson) |2 + | (mij — mboson) |2
0—2

B The Efficiency x Purity of ZH identification is in the 5 ab-1 data.
B The statistical uncertainty of ZH to full hadronic final-state could be achieved

after considering the WW and ZZ as bkg.
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BM4:/H Full Hadronic Identification

B According to the final results, the following estimation could be declared:
The identified efficiency of ZH signal is 60% with background, 20% ZZ and 10% WW.
The cross section of ZZ is 5 times amount than ZH, 10 times from WW.

Efficiency XS

VA 10% 10 — 100 Purity
72 20% 5 — 100 —» 080
ZH 60% { —> 60

# of ZH = 500,000 in the 5 ab-1

| Efficiency x Purity |
| e 500,000 x 18% = 150,000 could be identified

| 60% x 30% = 18% |

1/ sqrt(150,000) = 0.25%




CER Summary
m Jets are crucial for the CEPC Higgs physics
- 97% of ZH events evolve jets
1/3 only come from single Z or Higgs boson.
> 2/3 has more than one boson (e.g. ZH—qqqq) - need color singlet identification
algorithm.
. BMR < 4% is critical. Achieved at the CEPC baseline (3.8%)
* W, Z, Higgs boson can be efficiently separated at both semi-leptonic & full
hadronic.
* By Z-boson di-jet recoil mass to distinguish the ZH from ZZ process.
Il. 2 jets final-state could be identified with efficiencyxpurity = 88.4%.
* Could be clustered by dedicated jet clustering algorithm, thrust.
lll. Single Jet — JER ~ 3-5% & JAR ~ 1%.
* Thrust clustering method is recommended for two jets final-state. It could
improve the JER 20%, 40% on tail (RMS), and JAR 20%.
IV. Need a better color singlet identification algorithm.
* Wrong jet pairing is the dominant effect to induce overlapping in full hadronic
WW-ZZ separation.
* Equal mass requirements: Reduce the overlapping to be better than semi-
leptonic, but very costly.
* Other physical impact is significant: ISR photon etc.
* The statistical uncertainty of ZH to full hadronic final-state could be achieved
0.25% after considering the WW and ZZ as bkg.
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BM2: Number of Jet ldentification

Linear correlation coefficients in %

100
‘|80

—{60

numchgLight
. numCama
20 Variables numChgHad

numNeuHad

# of charge lepton EEC 6 avGama

avChgHad . 2 : ) -G g
#of y EEC 4 SN G106 -8 41543 -4 =24 85-4 81004 102015 -6/~ P11
EnGama|_ii-...-=.-.§:E§ -5 7+10:23 -9
# of charge hadron EEC 2 EnChgHad [0 i e g e i 462 -61933453.
L] -5 4 -5 -4 -4 -4 -1-10 -8 -3 -3 ' | 35 3
# of neutro hadron | C parameter MCPy6
— Yo V11353336 2726 3326 303422 0046 -3 -9 -6 -220-13102922
Ey D parameter MCPy2 [ XX 20 -3 -8 -3 -417-9102221
= MCPEECS 3438 -8351813593530 7086 11| g
ECharge hadron HeaVy MaSS eigSSeny 837584 8374 7% 333 ~- ..... .... “—'
— MCPEEC2 XV o 1y XV e el [ N0 L " """ " .... 3222 121 ] " -40
ENeutro hadron Max Broaden  pparameter e gy

HeavyMass | 2627 -42010 245245
Ey Total Broaden YIS 0694 96 0096 9284 83 90EE 19729 -493.12104930 268750
TotalBroaden 248 3635 -525-14-11 -3328 6454

ECharge hadron Th rUSt Thrust : 3 § """ ’ """ ? """ E """ 1:::::mz ': —80

C parameter

ey GO O L RN A A e R

ENeutro hadron Y23, Y45, Y67

B Event-shape variables basic multi-variable analysis to separate 2, 4, and 6

jets final-state. Yong-Feng Zhu
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Event-shape Variables

Heavy Jet Mass C and D Parameter
IR 1 & pepb
M12= (ZPZ-)2 [ab — — Z i
W1 5 ¥ PSP
N
M2 = ! (Y Py C =3 s + Ads + nhy)
2
(\/E) : D — 27&1/12/13
Jet Broadening Energy-Energy Correlation
1 Al 1 EE,
B, = | P; X ngl, (P X ng) >0 EEC = J'ddﬁé(cosx— cos0;;)
22]]\;1|P]| z=zl Gtot%: Q2 /
Pl1) X P2
b | ilPxnl Poxcn) <0 likelihood = 2 (Pl x P2
oyt e g V/ 2 (PLix P2) X ¥ (P2;x P2)
j= =

Jet Transition variable, y23, Y45, Ye7
ee-kt jet clustering algorithm

dy; = 2min(E7, EZ)(1 — costy)
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Double-sided Crystal Ball

((ng \'' el [ ny x—x\ X—X
— e 7 | = —lal- < —a
a1 | a1 | o
_ _1(x=x)? X—X
f(X|a1,a2,n1,n2,x,O-) :< e 2(xo_x) —a’l < < Cvz
o
ny \ - _lmi? [ ny x+x\ "’ X—X
— ] e 2 |— —|an| - ar <
L a2 [e%1 o o
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Jet Multiplicity

9
10E="""'""""CEPC'CD'R'E5

8 - J- Ldt=5ab" ]
10° F E
- ZH inclusive

— WW inclusive o
— 7.7 inclusive 3
—e'e” = qq

Events/2

P S S [N TR T R NN SN SN SN N TN T T NN S T ]
0O 20 40 60 80 100
NTrk Multiplicity
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Kinematic Summary Plots(Parton level)
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AR as the function of AE

Leading, Reco-Gen Leading, Reco-MCP

e'e »ZZ—vvqq Leading CEPC Preliminary (240 GeV)

[}

*e—»ZZ—vvqq Leading CEPC Preliminary (240 GeV)

0.5¢ S 0.5 S ) 0.5 g
0.45 = -3 410 0.45- | 0.45% :
: 1] : =10°* ", )
0.4p s 0.4[ . 0.4 !
0.356, ) 0.350 1 — 0.35f =10°
E ) - -..: = 10 a-_\ ’ E 3 o ) i‘. ]
[0) o O 7 10 O Ea
G 03 Q o3 S o03f
o - - C - P
S 0.25[f4 S 0.25( S 0.25( >
2 o 102 & s 102 S:OJ = 10
£ 0220 T 02 T 0.2f
: . g o
0.15 & 0.15[ < 0.15
0.1 radl 10 0.1 10 0.1 10
0.05[; # " 0.05[- 0.05[*
o T - 4y s - g
—%.8 -06-04-02 0 0.2 04 0.6 0.8 1 -0.8-0.6-04-02 0 0.2 04 0.6 0.8 1 —%.8 -0.6-04-02 0 0.2 04 0.6 0.8 1
(EReco i EGe”) / EGen (EGen ) EMCP) / EMCP (EReco ) EMCP) / EMCP

Sub-leading, Gen-MCP Sub-leading, Reco-Gen Sub-leading, Reco-MCP

0 5e*e—>ZZ—>vvqa Sub-leain CPCPre/iminr (240 eV) 0 5e*e‘—>Zqua Sub-leading CEPC Preliminary (240 GeV)
- : 10* M. = 10° :
0.45F % 0.45F " "8 : .
0.4fsm R = - 0.4f. ; " =10°
— 0.35 30 RERERErn Y = 10° ~ 035727 =10° 2
G 0.30 o Q 03 "
S . ; P 10°
&O) 025 .-: 102 g 0255 ..- 102
T 029y = 02---
" T T
0.15[ 1 : 0.15F 1
. " =r 10 : 10 0
0.1 0.1 -
0.05[% 0.05F
—"n =, 0 el 1 - i Ful Ty \- [ 1 1
0.8-06-04-02 0 0.2 0.4 06 0.8 0.8-06-04-02 0 0.2 0.4 06 0.8
(EReco i EGe”) / EGen (EGen ) EMCP) / EMCP (EReco ) EMCP) / EMCP

The jet clustering brings a significant uncertainty.
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i ) Event Selection
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Leading JER & JES
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m JER/JES between Reco jet and MCP would

combine the effects of two previous stages.
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Sub-leading JER & JES
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m JES also depends on the jet flavor.

m Light flavor jet has higher energy deviation.

| cosO |
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B JER also depends on the jet flavor.

| cosO |

B Higher jet energy and within central region of barrel, JER has impressive performance.
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cEpl Jet Energy Calibration
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B Since the double-counting effect, jet energy would be overestimated.
B According to MC true energy and cosd distribution, JES can be used to

calibrate the dijet invariant mass back to the value we put into simulation.
m After calibration, boson mass resolution is improved about 1%.
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mw (GeV)
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mu (GeV)

Summary
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Compare with ALEPH at LEP
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B Our JER is better than ALEPH.
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