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Introduction

2023: Year of the FCC Feasibility Study Interim Report

Higgs physics: cornerstone of the FCC-ee physics
programme

e Several important results in the Interim Report

Goals of this presentation:

e Showcase some of the main results
e Ideas to go further than the report
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SM Lagrangian and Higgs interactions

Fsm=- + |DGI> + wiywd — V(@)

t

Gauge interactions, structurally
like those in QED, QCD, EW,
studied for many decades
(but now with a scalar)
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Yukawa interactions.
Responsible for fermion
masses, and induces “fifth
force” between fermions.

Direct study started only
in 2018!

Higgs potential —
self-interaction
(“sixth?” force
between scalars).

Holds the SM
together.

Unobserved
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Higgs and unknowns

Origin of EWSB?

Thermal History of Higgs Portal
Universe to Hidden Sectors?

Naturalness a A 4 Stability of Universe

Fundamental ® CPV and
or Composite? L) Baryogenesis

Is it unique? Origin of masses?

Origin of Flavor?
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The FCC-ee Higgs dataset

e 1 million clean ZH e Decent stagig,ti%s (50k
events) at 365 GeV
events at 240 GeV e Very complementary
e (2 experiments) for many of the
measurements
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Higgs Physics Overview

e Huge improvements wrt LHC in
many places

O

O

Necessary to reach exclusion of
some classic BSM models

In particular limits on total width and
BRinv very powerful

e Mass measurement
e CP properties (using 1)
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HL-LHC (*) FCC-ee

OlH/ TH (%) SM (™) 1.3
OgHzz / gHzz (%) 1.5 0.17
dgrww / ghww (%) 1.7 0.43
OgHbb / GHbb (%) 3.7 0.61
OQgHcc / JHce (%) ~70 1.21
OQHgg / GHgg (%) 2.5 (gg->H) 1.01
OgHrr / GHrr (%) 1.9 0.74
OGHuu / GHup (%) 4.3 9.0
OQHyy / QHyy (%) 1.8 3.9
OgHtt / ghtt (%) 3.4 -
OgHzy / gHzy (%) 9.8 -
OgHHH / gHHH (%) 50 ~40 (indirect)

BRexo (95%CL) BRinv < 2.5% <1%
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Higgs recoil analysis

" FCC-ee Simulation Vs =240 GeV,5 ab™"
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Very clean peak to fit !

e Either use it to tag the Higgs without looking at its decays
e Or"only” as an excellent S/B discriminant for numerous analyses (couplings, mass)
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ZH total cross-section

FCC-ee simuiation /s =240 GeV,5ab”’ ,FCC-ee simuation Vs =240 GeV, 5ab™
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e Unique to e’e colliders o S RS LU
o Gives ZH coupling g " B 141
o Then can obtain I, (ZH — ZZ7%) 9 T 121 | |
o Then gives all other - L 1 /
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0.4—
cC —— -
0.2
Average| avg.*0.1% 1 -
S R — T o8 ose 1T ot 102
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o Challenge: analysis selection on the Higgs decays

o EasytodoforZ—ll
o Canuse BDT on Z kinematics to improve the sensitivity
Reach on o,,, combining e and
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Higgs mass measurement

e Motivations e High field if possible
o O(10 MeV) needed for per-mille precision on g, and g, e Transparent
o O(4 MeV) needed for electron Yukawa search o CLD worse
performance from
e Asource of important detector constraints multiple scattering
wrt drift chamber
, 700FCCee smuaten s - 240 GeV, 10 ab ! | of(Cpe amomen 15 =240 GeV, 10.ab " using pp channel
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LHC: ~100 MeV
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Study of H—hadrons

8\
A2
e Two main ingredients

o Low backgrounds (esp. Z — I, but Z — vv also good)

o Exquisite flavour tagging capabilities
m leveraging state-of-the-art ML ‘ParticleNet’ techniques

= Including PID for !
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H—hadrons: prospects

e Excellent precision on couplings to b-, c-quarks, and gluons
e With 10 ab™, decent sensitivity to H — ss
Hbb 0.0016 0.015 2e-05 0.0045

0.8
5“/“ (%) Hee 0_0019 0.012 0.0054 0.043

3 0.6
Z — ee, M 2 TEEE 0.018 0.021
= 0.4
Z— vv [FIX% 0.00027 0.0063 0.076
0.2

ELILGLEGE 0.027 0.053 0.098

e Study of Z — hadrons channel still ongoing

Hbb Hcc Hgg Hss Hnonhad
Predicted label

Would complete the landscape of !
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Higgs physics for detector requirements

Neutral hadron energy resolution

Dual Readout

30% / VE
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50% / \E

CMS
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PID Performance
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Neutral Hadron energy resolution scale factor

In particular
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Higgs self-coupling

e Need to use Vs = 240 and
365 GeV to resolve
degeneracy with g,

e Expect precision with
41Ps from global fit

N. Morange (IJCLab)
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Complex analysis !
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The unique case for ee—H

47T€0h2 h 1
dy = = X —
me?  myea Yy,

e Electron mass determines size of all atoms
e It sets energy levels of all chemical reactions
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Reaching ee—H

o *2 1/2 |
° Monochromatization factor A1 =(1+ ag (—% *2)
” CLab Oxg  9yp
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Standard mode Monochromatization mode
& < 5 e & > < E, e

CM energy w = 2(E, + AE) CM energy w = 2E, + O(AE)?

e

Significance e+e-—H, Vs=125GeV
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What next ?
A very biased take



Higgs total width measurement

[~ How do we get this ?

o Through ZH — ZZZ* P o

Most straightforward

Recoil analysis gives o,,, hence g,
Then ZZ7* gives BR(ZZ*) hence I,
~2-3% precision expected

(@)

O O O

e Through VBF

HL-LHC (*) FCC-ee

OlMH/ TH (%) SM (**) [1.3 |«
8QHzz | Grizz (%) 1.5 017 |
dgHww / grww (%) 1.7 0.43
OgHbb / gHbb (%) 3.7 0.61
OQgHce / GHee (%) ~70 1.21
OQHgg / QHag (%) 2.5 (gg->H) 1.01
BgHrr / ghrr (%) 1.9 0.74
5gHup / OHpp (o/o) 4.3 9.0
OGHyy / QHyy (%) 1.8 3.9
OgHtt / ghtt (%) 3.4 -
OgHzy / gHzy (%) 9.8 -
OgHHH / gHHH (%) 50 ~40 (indirect)

BRexo (95°/OCL) BRinv <2.5% <1%

o A bit more convoluted

o(ZH — bb)o(ZH — WW*)

o(vvH — bb)o(ZH)?

N. Morange (IJCLab)

x 'y o

2
OzH

OZH,H(ZZ*)

o Combine ZH cross-section, BR(bb), BRIWW?*) at
240 GeV, and WW—H—bb at 365 GeV

1-2% precision expected

FCC France Workshop, 22/11/2023



Higgs width through H—-ZZ": channels

e Many decay channels to study !
o I, w, qq decays for each Z
o Not always high statistics

e The 3 Z are notinterchangeable:
o "Recoil” Z vs "Higgs” Zs
o H— ZZ* on-shell vs off-shell Z

ZZZ* decay Number of events  Z combinatorics Particle
type for L = bab™! (objects pairing)  combinatorics (jets)
Fully hadronic ~ 9000 hard+ hard+
Fully leptonic ~ 8 hard+ easy+
Mixed channels ~ 1500 easy-+ easy
2 leptons, 4 jets ~ 2600 hard hard
2 jets, 4 leptons ~ 250 hard easy
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ZH—-Z2ZZ"—llvvqq

e Fun final state: leptons, neutrinos, jets
o 6 possible sub-channels

e Start by hand-crafting cuts to get used of the

topology
e Then move to simple BDT to gain in precision

FCCAnalyses: FCC-ee Simulation (Delphes) FCCAnalyses: FCC-ee Simulation (Delphes)
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3 .o Vs=2400GeV o ww & 10'E {5=240.0 GeV -;VZW 3
FL-5ap7 2 EL=5ab” A I
160 ZH — 227 — pp/ee + vv 1/= L (L ZH = Z2Z s pwlete s vviigg [y
F  Final selection F  BOT6classes B H—bb

14F I H-bb

F . B Hogy ]
107 Wy Il Hoother 3
E \l‘. . — Signal 3
10 * 3

0 2 4 6 8 12
Optimal variable

15 20 25 30 35 40 45

Dijet Durham ki N=2
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ZH—-2ZZ"—llvvqq: results

e 4.6% precision achievable with only these 3 sub-channels'!

5TIT (%) livvqq

Cut-based

vvliqq

8.7

combination

BDT 7.4

10.7

6.9

e Fully dominated by stat. uncertainties

Uncertainty in 'y (%)

Total 4.6%
Statistics 4.5%
H(WW#*) normalisation (5%) 0.8%
ZZ7 normalisation (10%) 0.2%
WW normalisation (10%) 0.1%
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resolution

Fairly robust wrt neutral hadron energy

Degradation of precision on 'y (while degrading neutral hadrons energy
resolution)
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ZH—ZZZ"—llgqqq

e Started by looking at ZZ* — jets as larger BR

e Was meant to be a test bed for hadronic energy resolution:
o separation Z — jets from W — jets

FCCAnalyses: FCC-ee Simulation (Delphes)
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ZH—ZZZ"—llgqqq

+7

+7/2 A

Started by looking at ZZ* — jets as larger BR

Was meant to be a test bed for hadronic energy resolution:

o separation Z — jets from W — jets

HZZ events, after selections, Durham-kt N=4

Reconstructed masses: m(Z;)=73.4 GeV, m(Z;)=28.3 GeV, m(H)=125.3 GeV
#  Truth particles from on-shell Z + Truth particles from off-shell Z o
Jet 1, 36 constituents Jet 2, 26 constituents
Jet 3, 18 constituents Jet 4, 26 constituents
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Issue is : particles from
the decay of (low energy) Z and Z*

are mixed in the theta/phi plane
o seems very tough to find any jet
finding algorithm that would work

The claim that
at 45 GeV is necessary
to separate HZZ from HWW seems
, at least at
Vs = 240 GeV



Higgs width: a great project

Higgs width measurement as a research project:

e Many final states to explore
o Already with ZH — z7z27*
o And even more with the measurement using VBF events

o The ultimate precision will come from the
m  Thereis not 1 channel that dominates the overall sensitivity

e Work for everyone
o Many channels are easily accessible for newcomers: other “mixed” channels, 4 lepton
channels...
o More difficult problems for more experienced researchers: VBF analysis ; more granularity in
channels with flavour tagging ; add channels with tau leptons to increase stat...
o Hard problems for experts to solve: ZZ — 4 jets reconstruction
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Conclusions

e Higgs physics is one of the main drivers of
the FCC-ee physics programme

e Many important studies were performed for
the interim report

O
O

Strengthen the FCC-ee case
FCC-ee should settle the case of the second

generation fermions !

e Many studies are still poorly covered or
uncovered

(@)
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The case for Higgs width measurement
seems very strong
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