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Introduction

The Higgs particle is responsible for the masses of elementary particles.
Main Higgs production modes @ LHC
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H—Zy rare decays
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Z7.7* and yvy: high resolution and precise
differential measurements
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WW#: high BR but low mass resolution

vt and bb: high BR but low S/B, important to
directly probe Yukawa coupling with 3rd generation

Z Z
W y/ up: very small BR but access to Yukawa
t W coupling with 2nd generation fermions
H---- ¢ H---- W H--- 2
g Probe for Higgs rare decay to complement the
Y Y

Higgs property in SM and new physics search

H—Zy loop decay

® |n SM, Br (H—Zy) = (1.57+0.09)x10-3, comparable with Br(H—vyy) = (2.27+0.04)x10-3
® |n current LHC study, focus on Z—ee/uu only with the lly final state
+ Good resolution, efficiency and S/B separation

+ Low fraction of 6%



H—lly

In the H—1lly decay mode, Zy and v*y and lly are technically not distinguishable

Total
Lepton pair with FSR
Loop-induced y*y " Box . )

— — — Loop-induced Zy -
-- - - (Box diagrams) 7
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Separated optimization for on-shell H—Zy with mlI>40GeV and off-shell H—y*y with mll<30GeV



Search for H—Zy @Run2 (ATLAS)

¢ Decay rate is quite low for the e/p channel only

¢ Major in low pt region: ~20GeV for photon, ~50GeV and 30GeV for leading lepton and subleading lepton
+ Single-/Di-lepton triggers: High efficiency achieved with 95.6% for e channel and 92.2% for py channel
¢ Higgs mass resolution improvement

+ 3% gain from FSR and 7%(13%) gain from Z-mass constraint for e(u) channel
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Search for H—Zy @Run2 (ATLAS)

selected events

y Category Ses/Bsg [107°] S68/+/Ses + Bss

> 0.87 <0.87
VBF BDT j VBF-enriched 16.2 0.60
High relative pt 7.0 0.70

> 0.4 <04 .

pPT(y) / mdly) l High p1: ee 2.1 0.45
Low pt: ee 0.5 0.43
i = lepton flavour £ i High pr, uu 19 047
> 40 GeV <40 GeV > 40 GeV <40 GeV LOW th /L,LL 05 047
y y Inclusive 0.7 0.86

I | 1] V||V VI

¢ Higgs signal mode include: ggH, VBF, VH, ttH.

¢ Dedicated optimization only for the VBF and ggF production modes



Results

Simultaneous fit performed on mz, spectra of the mutual categories
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¢ The analysis is still statistical dominantly

¢ Major systematic uncertainty is spurious signal due to the decision from background
function form



Search for H—Zy @Run2 (CMS)
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¢ Higgs signal mode include: ggH, VBF, VH, ttH
¢ Dedicated categorization optimization: VH-rich, VBF-rich, ggH-rich
¢ Discrete profiling method for the background function decision:

+ float the background function form in each category

+ take into account the n.d.f. difference of background functions



Search for H—Zy @Run2 (CMS)

CMS 138 fb™ (13 TeV) CMS 138 fb™ (13 TeV)
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¢ Different Higgs mass (mn = 125.38GeV)
¢ Observed (expected) significance: 2.7 (1.2) o

¢ Observed (expected) signal strength: 2.4 +0-8 9 (stat)+09-3g2(syst) (1.0+0.9)



First evidence of H—Zy with ATLAS-CMS combination
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H—v*y @ ATLAS

resolved merged
clusters cluster Resolved Electrons: Merged Electrons
pt > 4.5 GeV pT > 20 GeV
Both tracks require innermost pixel hit Both tracks require innermost pixel hit
I I -II.- E—y Ambiguity: unambiguous ele (bit=0) E—y Ambiguity: reject Ambiguity=5

Medium ID
FCLoose* applied only to the leading e

Custom ID (TMVA)
FCTight Isolation

do/ o ¢ < 3,
y*%ee r*—ee
/\5 lA'Il'L;t\SI SllmlIJIaltioln llllllllllll
uh o s=t8TeV .
§ el @ Custom ID for Merged Electrons (with the efficiency of 50 - 70%)
- 0.991 +*:# ;‘::::*:::***"'_‘d_ i
ol B :f* Hosyyslly, || < 2.47 ¢ Dedicated calibration for merged electron as converted
L+ + converted y (=30 mm) photon with radius 30mm
converted 100 mm ]
097L =F Iconvertedzgr 400 mm; __
- + electron
20 40 60 80 100 120
True p_yr [GeV]
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Categorization

Category Definition Category Events S99 BgNo Br—yy foo [%]  Zgo
_ ee resolved VBF-enriched 10 04 1.6 0.009 20 0.3

2 jets >25 GeV | ee merged VBF-enriched 15 0.8 2.0 0.07 27 0.5

2 selected jets must be >30 GeV if forward (|n| > 2.5) 1114 VBF-enriched 33 13 59 _ 18 0.5

VBF Category ~ ™Mi > 500 G&V' o [nzepp| <2.0 o An; > 2.7 ee resolved high-pr; 36 11 12 002 9 0.3
A28y, j) > 2.8 ee merged high-pr 162 25 18 0.2 12 0.6

min(AR(obj, ji)) > 1.5 for ji = 0,1 and obj = v,£0,£1 w e high-pre 210 40 34 - 11 0.7

ee resolved low-prt;

Fails VBF Category selection ee merged low-pT;

High-prThust Category 00y prrhms > 100 GeV

1L low-pry

Low-pr11hrst Category All remaining events

O categories in total: (uy, merged-e, resolve-e) x (VBF, high-Pt, low-Pt)
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Results
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= 20r - i
2 i u VBF-enriched —e=
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1
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PLB 819 (2021) 136412

@ Observed (expected) significance for mH=125.09GeV is 3.20 (2.10)
¢ Dominated by the statistical uncertainty
- Hobs = 1.5+0.5 = 1.5+0.5(stat.)+0-2_¢ 1(syst.)

- Hexp = 1.0+0.5 = 1.0+0.5(stat.)+0-2_g 1(syst.)
13



7y high mass search

¢ Focus on the Z—ee/puy decay modes: high efficiency, good resolution and low s/b ratio

¢ Challenge for Merged electron identification: due to boost effect for the very high resonance
mass, the di-leptons are quite collimated, out of detector granularity for electron pairs.

¢ Customized electron ID (MVA ID): s Rhad> Rg, AEs and Eraio

+ MVA (XGBoost) using shower shape variables and E/p, eProbabilityHT, Ay, do, Minnermost> pixel and 7s;

track-related variables with a signal efficiency of
99% @ 5TeV

¢ Mix-ID: combine standard loose ID and MVA ID with a
logical OR which improve the efficiency by 6.2% - -/
12.7% 02 '

y
O
o

Signal efficien
o
N
|

¢ ey pair selection: one of electrons is misreconstructed 01D —em 4o X s 27, spins -
. . . . ~ —k=- g9— X — Zv, spin-2 7

as a photon, and retrieve via tracking matching W g X Zy, spin 2 §
000 ~""500 1000 1500 2000 2500 3000 3500
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Events / 10 GeV
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New resonance search in Zy decay mode

Vs=13TeV, 140 b’
eey

ATLAS Preliminary

_.—" ". 15
- H »
gg X Z)/, Spln-o \, 60400 410 420 430 440 450
.
.

¢ Data
—— S+B model
—— Background
----- 420 GeV signal
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ATLAS Preliminary

Vs =13 TeV, 140 fb’
gg— X— Zy, spin-0

----- Expected
— QObserved
[ ] Expected = 10
Expected + 20

R N R N S S
500 1000

ATLAS-CONF-2023-030

II|IIII|IIII|IIII|IIII
1500 2000 2500 3000 3500
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L ATLAS
s=13TeV, 36.1 fb’

gg—> X— 2Ly
Jy =0, NWA

— Observed
""" Expected

1 £1 std. dev.
+ 2 std. dev.
Observed from
ensemble tests
Expected from
ensemble tests

= Previous search up to 2.4TeV

3x102

10° 2%10°

JHEP 10 (2017) 112

¢ Due to the dedicated identification for boost di-electron pair:

+ Search range extends up to 3.4TeV

+ Sensitivity improved with a factor of 1.9 - 4

+ Available for further search extension in future

3x10°
m, [GeV]
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Recap of H—Zy search (@ LHC

¢ Run?2 studies have been finished: due to the high efficiency, good resolution and signal-background
rate, current results are focused on e/p channel:

+ First observed evidence of 3.40 with ATLAS-CMS combination

+ With dedicated merge di-electron identification for the low-pt case and boost case, achieve the
evidences of H—=y"y and extend search range to 3.5TeV

¢ Room for possible improvement:
+ Optimization for the reconstruction and identification of low pt photon and lepton

+ Explore the Z hadronic decays and invisible decays: challenge trigger selection due to the soft final
particles. (15GeV Jet threshold @ L1 corresponds to ~50GeV Jet @ HLT)

16
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® H—Zy targets the signal process of ZH—ZZy—vvqqy

H—Zy @ CEPC

o (fb)
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1 I 1 1 I | 1 1
« CEPC Simulation
— S+ B Fit

-~ Signal

Vg -
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CEPC 2018
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ZH—Zy—vvqqy .
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30 40 50 60
AM (GeV)

¢ Mass difference used as final distinguish observable: AM=Mgyq, - Mqq, AM=Myyy - Myy

¢ With the integrated luminosity of 5.6ab-1 @250GeV, 13% precision on o(ZH)*BR(H—Zy)

17



Coupling measurement

| oM oMy o -BR K2 - K2 Loop interaction
o BRI =0 FISLIMKIg - uf = Osm-BRsy Kz f t,b e
'y = FIS{M K o t,b
1 — (BRinv ‘|'BRunt) ‘b
~©) A% MY
Leer=Lsu+ ) 507+ )~ 0P+ K, ~ 11255, +0.00035 -k = 0.12 - kwky
! J

¢ Assumptions:
+ Single state, spin 0 and CP-even, Narrow-width approximation
¢ kK-framework Methodology: parametrize deviations with coupling scale factors {kx}
+ A simple and intuitive parametrization of the potential derivation with the limitation for its understanding
+ BSM decays parametrized including invisible decays and untagged decays
+ CEPC has a clear advantage on Kz measurement and BRiny constraint
¢ EFT:

+ Directly introduce the new physics effect with the higher dimension operators
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Prospect

precision reach on effective nggs couplmgs from SMEFT global fit

+ [MHL-LHC S2 + LEP/SLD B CEPC Z.,,/WW,/240GeV,, B CLIC 380GeV. B MuC 3TeV. 1
(combined in all lepton collider scenarios) (lllCEPC +360GeV H |LC/C3 +350GeV 2+500GeV, BCLIC +1. 5TeV2 5 B MuC 10TeV
Free H Width FCC Z50/WW. M ILC/C3 +1TeV, B CLIC +3TeVs B MuC 125GeV, 0p+10TeV 1

i no H exotic decay U0 +35005GeV _ subscripts denote luminosity in ab™', Z & WW denote Z-pole & WW threshold T

(®)) -1 . I E i A 10_1 o

€ 10F - Q

o B 7 7

3 -
O 1072 102-2--- 1%
2 - =

& 3

T 10°— 1073 ©

10r 107

695f g/, b 6y

¢ Most of parameters can reach the precision of ~1%

¢ For the rare decays, HZy and Hup have comparable sensitivities among different colliders

19



Prospect of HZy coupling

Vs = 14 TeV, 3000 fb™' per experiment

| Total ATLAS and CMS kappa-O |HL-LHC | LHeC |HE-LHC ILC CLIC CEPC| FCC-ee |FCC-ee/eh/hh
T et HLLHC Projection S2 S2' [250 500 1000| 380 15000 3000 240 365
—— Theory ' ' ' ' '
Uncertainty [%)]
sy Tot Stat Exp Th Kzy [%]|  10. | — |57 3.8 |99% 86% 85 [120x 15 6.9 | 82 |81x 75«|  0.69
GggH = 25 1.3 17 1.1
0'ZZH = 25 16 1.6 1.2 kaopa-3 scenario HL-LHC+
e PP ILCys0 TLCsp0 ILCyo00|CLIC380 CLIC;s509 CLIC3000 | CEPC |FCC-eeq9 FCC-ee3s5 FCC-ee/eh/hh
O :_'. 25 11 11 1.9 ) ' o . - ' - B - A - I -
i K2y [%] | 10+ 10 10+ | 10+ 82 57 | 63 | 10 10.% 0.7
OggH — 45 23 26 28
GSSH —- 19.114.5 1.8 12.3
OSSH — 11.110.7 1.6 2.3 .
GgéH ——- IIIIIIIIII 2I4_4I22.Io 3.I5 1.0'1. KZ »}/
0 0.1 0.2 0.3
Expected relative uncertainty _
.
¢  With 3000fb-1 @ HL-LHC, ATLAS expected significance is 4.90 with the uncertainty I

of 24%
¢  With the combination of HL-LHC + CEPC, the precision can reach ~6.3%
+ ~20% anti-correlation between HZy and untagged branching fraction
¢ The best precision from FCC-hh: 0.7%

0.0 25 50 7.5 10.0

B FCC-ce/eh/hh NN CLIC300 WM ILCioo0  Wm LHeC |xyv| <1
FCC-eesq5 CLIC500 ILCs0p I HE-LHC |Kv| <1
FCC-eejq CLIC38() ILC250 HL-LHC |K‘v| < 1
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Summary

¢ Search for H—Zy rare decay can probe the Higgs loop interaction in SM and BSM
physics

¢ All the H/' X—Zy studies with full-Run2 data done:
+ First observed evidence of 3.40 was achieved with ATLAS-CMS combination
+ Evidence of H—y*y search with a significance of 3.20

+ /Zy high mass search successfully extend to 3.4TeV

¢ More promising results with higher statistics of Run3 and more sensitivity optimization
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