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Decay-Blinded Tagging of Higgs Boson

Unique to lepton colliders, the energy and momentum of the Higgs
boson in ee — ZH can be measured by looking at the Z kinematics

only: E, :\/;—EZ, p, =—p,

Recoil mass reconstruction:
2
2 - 12
M ecoit = (\/g_ EZ ) _| P |

= identify the Higgs boson without looking at the Higgs boson.

Measure o (ee — ZH) independent of its decay !
(LHC always measures o xBR)
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Main differences with LHC

* Production:
LHC: dominated by the QCD process = large theoretical uncertainties
CEPC: pure electroweak process = precise theory calculations

g “000000¢

g 000990

* Trigger and identification:
LHC: based on specific Higgs boson decay signatures = measure oxBR
CEPC: Higgs boson decay blinded = measure o and BR

e Environment:

LHC: suffer from underlying event and pileup effects
CEPC: clean

e Statistics
HL-LHC: ~ 300 million Higgs bosons, recording about ~2%
CEPC: ~ 1 million Higgs bosons, every event is gold
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Updated LHC Projections
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Assuming SM production cross sections  Assuming SM decay branching ratios

These are model-dependent projections !
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What We Have Done
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Abstract: The discovery of the Higgs boson with its mass around 125 GeV by the ATLAS and CMS Collaborations
marked the beginning of a new era in high energy physics. The Higgs boson will be the subject of extensive studies
of the ongoing LHC program. At the same time, lepton collider based Higgs factories have been proposed as a
possible next step beyond the LHC, with its main goal to precisely measure the properties of the Higes boson and
probe potential new physics associated with the Higgs boson. The Circular Electron Positron Collider {CEPC) is

*&~ circular collider proposed by and to be hosted in China.

one of such proposed Higgs factories. The CEPC is an e
Located in a tunnel of approximately 100 km in cireumference, it will operate at a center-of-mass energy of 240 GeV
as the Higgs factory. In this paper, we present the first estimates on the precision of the Higgs boson property

measurements achievable at the CEPC and discuss implications of these measurements.
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Final States Studied
H—bb/cc/gg

Z decay mode H—bb H—ee H-—gg
Z—ete 1.3% 12.8% 6.8%
Z—putp~ 1.0% 0.4% 4.9%

Z—qq 0.5% 10.6Y% 3.5%

Z =i 0.4% 3.7% 1.4%

Combined 0.3% 3.1% 1.2%
H—>ZZ*

Z H final state Precision
A—=putus H—=ZZ" =vigq 7.2%
7z —suw H—ZZ* st qq 7.9%

Combined 4.9%

H — Invisible

H—->WW*

Z H final state Precision

Z—etes HWW* = ivi'y, fvgg 2.6%

Zoasptp~ H-3WW* = fvf'y, gl 2.4%

A H - WW* = fvqq.qqqq 1.5%

Z —qq H—=WW* = qiqqgq 1.7%

Combined 0.95%

H—rtr

Z H final state Precision
L—ptp- H—=1tt7mo 2.6%
L —etes H-—71hTo 2.6
Z—vw H—rtr 2.5%
£ —qq H-rtr" 0.895%
Combined 0.795%

A H final
state studied

Relative precision
on o = BR

Upper limit on
BR(H — inv)

F—ete H — inv 330%. 0.82%
E—=putp-  H-—inv 232% 0.60%
£ — qf H — inv 217 0.57%

Combined 143% 0.41%,

Other final states:
H—yy: Z—> uu,tr,vv,qq
H—Zy: ZZ —>vvqq
H— uu:Z—>100,vv,qq
ee > VvvH —>vvbb

A lot final states have been studied, many more remain unexplored...
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-uture Colliders in a chart ¢

Collider | Type V'S 22 %]  N(Det.) st & Time Refs. Abbrevig
[e=le™] [10**]) em™2s~! | [ab™'] [years] N
HL-LHC | pp  14TeV _ 2 5 6.0 12 [10] OHC
HE-LHC pp 27T TeV - 2 16 15.0 20 [10] ﬁl_%LHC
FCC-hh pp  100TeV - 2 30 30.0 25 [1] $'FCC-]1I1
FCC-ee ee Mz 0/0 2 100/200 150 4 [1]
2My 0/0 2 25 0 12 N
240 GeV 0/0 2 7 5 3 (/) FCC-eesq
Mty 0/0 2 0.8/1.4 15 5 Q FCC-cesgs
(+1) A{&y SD before 2m,, run)
ILC ee 250 GeV  £80/£30 | 1.35/2.7 2.0 1.5 |44/ 11] 1LCasp
350 GeV  £80/%30 | 1.6 (0.2 1 ILCssq
500 GeV  £80/430 | 1.8/3.6 4.0 8.5 ILCsq0
(+1) (1y SD after 250 GeV run)
CEPC ee Mz 0/0 2 17/32 16 2 2] CEPC
2Mw 0/0 2 10 2.6 1
240 GeV 0/0 2 3 5.6 7
CLIC ee  380GeV  +R0/0 I 1.5 1.0 8 [12] CLIC3g0
1.5TeV  +80/0 1 3.7 2.5 7 CLIC, 500
3.0TeV +R00 | 6.0 30 8 CLIC 3000
(+4) | (2y SDs between energy stages)
LHeC ep 1.3 TeV - | 0.8 1.0 15 [9] LHeC
HE-LHeC | e¢p 1.8 TeV - 1 1.5 2.0 20 [1] HE-LHeC
FCC-ch ep  3.5TeV - I 1.5 2.0 25 [1] FCC-¢h

» The values for /s are approximate: when a scan is proposed: included in the closest value
« When the entire programme is discussed, the highest energy value label is used inclusively
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European Strategy Update

CEPC Higgs physics sensitivity projections were fairly presented
at the open symposium: https://cafpe.ugr.es/eppsu2019/

kappa-3 scenario : HL_I.“HL.‘-F . : .
SR ILCysp ILCspg | CLIC3g0 CLICsgp CLIC3000|| CEPC | FCC-een4g | FCC-ee365 FCC-eefeh/hh

Ky (90) 1.1 0.29 0.75 0.4 0.38 0.95 0.95 0.41 0.2
Kz () 0.29 (.23 0.44 (.39 (.39 0.18 (.19 0.17 0.17
Kel50) .4 01.84 1.5 I.1 0.86 .1 1.2 (.89 0.53
Ky (%) 1.3 1.2 1.5% 1.3 .1 1.2 1.3 1.2 0.36
Kzy (%) 11.% 11.% 11.# 84 3.7 6.3 11.% 10. 0.7
Ke (%) 2. 1.2 4.1 1.9 1.4 2. 1.6 1.3 0.97
K; (50) 2.7 24 2.7 1.9 1.9 2.6 2.6 2.6 0.95
Kp (%0) 1.2 0.57 1.2 (.61 .33 (1,92 . .64 0.48
Ky (%) 4.2 3.9 4.4% 4.1 3.5 3.9 4. 39 0.44
Kr (%) 1.1 (.64 1.4 0.99 0.82 (.96 (.98 0.66 0.49

BRy (<%, 95% CL) | 0.26  0.22 0.63 0.62 0.61 0.27 0.22 0.19 0.024

BRyp: (<%, 95% CL) | 1.8 1.4 2.7 2.4 2.4 1.1 1.2 L. L.

FCC-ee at 240 GeV and CEPC have very similar projections
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Recommendations from CDR review
Higgs physics.

Findings: At a center-of-mass energy of 240 GeV the CEPC operates as a Higgs boson factory. In
seven years the facility is expected to produce approximately 1 million e'e” — ZH events that allow
a direct and model-independent scrutiny of its properties and its interactions with nearly all other
elementary particles. The capabilities of CEPC as a Higgs factory are carefully evaluated and
convincingly presented. The potential for precise Higgs coupling measurements significantly
exceeds the precision that can be achieved at the Large Hadron Collider and is very competitive
compared to other proposals for electron-positron colliders. The main modes, tt/bb/cc/gg, are well
covered. In the WW/ZZ channels, it would be helpful to report separately all the leptonic and
hadronic channels.

R1: The Higgs analyses and the sensitivities in the measurement of the Higgs couplings are well
documented and studied in the context of various prominent models of new physics. It would be
helpful to establish what is the CEPC power in discriminating among these different models
through a global fit.

R2: Highlight the capability of CEPC to establish the Higgs couplings to the second generation of
quarks (and leptons).

R3: Understand the indirect sensitivity to the top quark Yukawa coupling and Higgs self coupling in
a global analysis at next-to-leading order accuracy of low-energy Higgs data

R4: In the H — invisible channel, it would be helpful to report the relative importance of the
leptonic and hadronic Z decay channels as the latter one fixes the goal of the jet energy resolution.

R5: Inthe ZH - ZZy channel, we recommend to consider the decay of one Z into charged leptons
in addition to the neutrino channel.
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Towards TDR

Examples of possible improvements

** Maximum use of detector information
= |mproving electron energy measurement;
= Estimate sensitivities of missing final states;

** Improve (some) existing analyses
= Fully exploit kinematic information of both signal and

background events;
= Use advanced analysis techniques for signal and background

separation;
= Global (combined) analysis approaches;

** Moving beyond
=  Spin/CP property studies;
= Differential cross section measurements
= BSM studies;

What performance requirements that may impact detector design
changes from the baseline? Jet energy resolution?
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Missing Channels

H—>Z2Zy > vvqqy
H sy 77 % 3 CEPG Simuaon  CEPCCDR
. imulation 1
— 2300_— — 1B Fit 5.6ab’, 240 GeV 7
Z H final state Precision ~ i ZH=ZZy—vvaly 7
— — : 0 - Signal
L —up H— ZZ° —vigq 7.2% £250[- -
£ —ur H—ZZ =t qq 7.9% A
Combined 4.9%

200}

150)
Missing: Z — qqQ :
Might be important (relatively) 1%

based on the H > WW " studies 50;

-_._.u.--"Tr.....I\?‘--...I.._._|J_....
20 30 40 50 60 70
H— WW * AM[GeV]
ZH final state Precision AM = /\//(qq_jf) - M(qc—l) or M(VVQ/) — M(VV)

£ —=ete H - WW* = fvi'v, firgq 2.6%
T a3 What about other decay final states

— VT H - WW* = frgq,qdqq 1.5%
£ —qq H - WW* = qqqq 1.7% )

Combined 0.95 SUCh as ZH — Zzy — qqqqy’ (quj/ '
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Electron Energy Measurement

LI — T T T 77
> - CEPC CDR
14000} 5.6 ab’, 240 GeV
g L RS S TR
5120001
=
5 : >
0 10000 i HH
[ « GEPC Simulation
8000 5 — S+B Fit
[ «- Signal
6000 Background
4000} F
2000+ j
,,.-."I Bt R

i

120 125

130 5

140

M [GeV]

Events / 0.8 GeV

10000

8000

6000

4000

= CEPC Simulation
—S5+B Fit

- - Signal

Background

T T | T T T T —
CEPC CDR

5.6 ab’, 240 GeV
ga —siA—ee X

 —>ee

2000 i
J -
..... . . A P i el TS
120 125 130 135

7140
MIEl [GeV]

Much worse recoil mass resolution in the electron channel due to
Bremstrahlung radiation, should be able to improve with radiation

recovery.
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Event Kinematics

Can analyses be improved through the exploitation of kinematics
of both signal and background events?

Example:
- qqgH, Higgs—invisible; (&‘\g.p
« Key measurement for the DM search, significant - e(\(‘;(\.lagp AR
LHC % -\Q&
o &
i i N\ N\
Signal: ZH — qQ Inv Q

Background: ZZ — qq w

Both signal and background events have the same dijet mass, but
different recoil masses: M, vs M,,.

Can the ggq mass constraint improve the recoil mass resoluti%n?
>
Q~
Another example, ZH — qquu is ideal final state for kin@'ﬁ%atic fitting
N
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Advanced Analysis Techniques

Many analyses have dozen of cuts

on different observables

Example:

Hao Liang: vwH — vvbb @ 360 GeV
vbb(Wiusion)  wvwbb(ZH)

No. 34.5k 29.5k

Npros < 17 100.0% 100.0%

100 <E< 200 96.3% 85.9%

15 < Pp < 150 91.3% 84.6%

Niep < 1 87.6% 81.6%

104 < M < 145 77.0% 70.2%

Miee < 255 76.5% 65.0%

12 < 0.1 74.2% 54.9%

yaz < 0.07 70.6% 54.1%

Y34 < 0.01 69 0% 53.5%

C{.]H{Qdi—j[*f) < (.2 1% 47.0%

di-b likeness > 0.5 6-1 i}'-}”. 45.0%

No. 22.4k 13.3k

Multivariate Analysis Techniques are
ideal suited for this type of analyses.

Events /0.13

Data/Pred.

10°

= ATLAS —e-Data = _ E
- \s=13TeV, 79.8 1" B VH, H = bb (1=1.16) 7
— ! [ Diboson —
1 lepton, 2 jets, 2 b-tags f _

104 pY > 150 GeV [ Single top —
= Multijet =
- Bl Wijets .
e it B Z+jets ]

: Uncertainty
10° = -« Pre-fit background

10°

o —
'01 - '01
LI

At LHC, complex analyses are
done almost exclusively using
MVA techniques (NN, BDT, ...)

Example: ATLASH — bb analysis

— VH,H — bb x 20

— I T I [ [ I I [T
—.——-.——.——.—-wm\xi\\\\ N m@
-_| 11 | L1l I Ll [ L1l | Ll | L1l I L1l | L I

-1 08 06-04-02 0 02 04 06 08 1
BDT,, output
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[{{ »” .
Global” Analyses A global analysis approach
A single parameter quantifies
both Higgs Br precision and detector performance

Instead of Higgs decay mode
oriented analyses, we should
perhaps focus more on final-
state oriented analyses

Hadronic final state is a good
final state to exercise the P Shen and G. L CEPC physics workshop, 2019/07/01-05, PKU
global analysis

ZH —(qq,vv)(bb,cc,gg,WW,ZZ)
WW — qqqg
ZZ —qqvv,qqqq

LO-

08|

N-jet fraction

06 =

A LEP example
Majority of the events at CEPC ! |
Need good iterative jet algorithm to _ |

classify events into 2, 3, 4, 5, 6, ... jets ! i mere e

" 1 ! ! ! ] 1
0.0 0.06 010 0.14 0.18
11(.'1]1

02k

Jianming Qian (University of Michigan) 16



Potential of the 360 GeV Running

Kaili Zhang
5.6ab?, 2ab’?, 1.5ab?,
240 360 360
a(ZH) 0.50% 1% 7
a(ZH) * Br(H — bh) 0.27% 0.63% 0.71%
Fl£H) + Br(H — cc) 3.3% B.2% 7.2%
a(ZH) = Br(H — gg) 1.3% 2.4% 2.7%
a(ZH) + Br(H = WW) 1.0% 2.0% 2.3%
a(ZH) = Br(H — Z7) 5.1% 12% 14%
g{ZH) * Br{H — 11) 0.8% 1.5% 1.7%
a(ZH) * Br(H = yy) 5.4% B% 9.2%
al(ZH) = BriH — pu) 12% 29% 33%
a(vwH) = Br(H — bh) 3% 0.79% 0.91%
Brygpes(H — inv.) 0.2% ) %\
a(ZH) = Br(H = Zy) 16% 25% 29%
Width 2.8% ~0.8%

Solidify o(ZH) precision estimate

Combined 240 and 360 coupling

analyses

» Are other Higgs decay modes in
vvH useful?

** |s eeH useful?

/ J
0’0 0’0

4

L)

L)

Anything else?
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Differential Distributions

dc/dpfr’ [pb/GeV]

Theory/Data

1.6 T T T T . T o b_l 5 T T 7]
B ombine ]
14 — A TLAS [ ] Syst. uncertainties i
p Rzt ok e
- -1 F— K=11)+ ]
1-2—_ 13 TeV, 36.1 tb W NG5 (K = 1.47) + XH 7
B RadISH + XH ]
1 - e ' W XH = VBF+WH+ZH+ttH+bbH
0.8 [t..; - | =
0.6 # —
0.4 +| =
0.21 + . E
» S N N N e
1.6+ ' ' . ' ' ' ' ' ' —
1 .4 _ " W - I —
1 .2 — N "= R v ]
1_ Y ¢ | R « I < 0 R » B I * """ + """" ]
08 — & . _ I ) N, ¥
0.6 i % g = —
0.4 . . . . . . , , —
0 10 20 30 45 60 80 120 200 350

p¥ [GeV]

A few canonical Higgs differential
distributions

** Transverse momentum

¢ Polar angle

What are other important
distributions?

Likely need to combine multiple

analyses or through the global
analysis
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Higgs Boson CP Studies

Extrapolated from phenomenological studies for Higgs white paper

(:é 0-0: I I I I | T I | I I I I |

= ~ + Generated value 5.6 ab™, 240 GeV|

. —1c g'e —-u'ubb

™ misas 2 T ]

0.04— ]

0.03— I
0.02—

0.01— I

- | .

0 0.005 0.01 0.015

fEIB

f,, : fraction of high-order CP-even contribution due to SM or BSM physics
f,; ¢ fraction of CP-odd contribution due to BSM physics

Anything else worth doing at this point?
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Discussion

Limited resources, cannot be too ambitious, need to choose
a few well-defined topics which are either important or good

benchmarks
** What are things that are essential?
** What are things that are nice to have?

What should be the deliverable?
An update paper? If so, what time scale?
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