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Higgs potential and Higgs self-coupling

Higgs potential in SM after SSB

1

V() =3

1
mih® + Anunvh® + Z)\HHHHh4 v

with ASM = ASM = i
Measure A

o — determine shape of Higgs potential

o — establish Higgs mechanism experimentally

o — determine how the Universe froze in the EW
sector, giving mass to gauge bosons, fermions, and
the Higgs itself

BSM: deviations in A — new physics in Higgs sector

o deviation of A\ can be large even if all other
couplings are SM-like
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Higgs potential and Higgs self-coupling
Higgs potential in SM after SSB V()é)
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27 EW vaaum
Measure A -7 ‘--}/
o — determine shape of Higgs potential I

o — establish Higgs mechanism experimentally

o — determine how the Universe froze in the EW
sector, giving mass to gauge bosons, fermions, and
the Higgs itself

minimum

S

BSM: deviations in A\ — new physics in Higgs sector yf : Deeper
o deviation of )\ can be large even if all other miniMum
couplings are SM-like Absolute Figure by K. Serdula
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Access to the Higgs self-coupling

"Indirect” access at loop-level:

Z H
through loop-order-corrections found from EFT H
fits using single Higgs measurements and + —
running at two different Ecp, 7 H

"Direct” access at tree-level:

through double-Higgs production 2 F P(e+,e-)=(0.3,-0.8): — Higgs-strahlung (ZHH)
o 05F — WW-fusion (v,7,HH)
ANpaH c A0 HHx < E
AHHH O HHx H B 0.4 3
@ E
H 2 0.3 2
cross section measurement S ook
S ef
model-independent which is H 01f
crucial for handling potentially 0 E

400 600 800 1000 1200 1400
centre of mass energy [GeV]

large devitions in Ayyy while all
other couplings are SM-like
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Higgs pair production in e"e™ collisions

P(e+,e-)=(0.3,-0.8): — Higgs-strahlung (ZHH)

WW fusion:

— WW-fusion (v,¥,HH)

= r
Di-Higgs strahlung: ‘-g- 05E
dominant below 1 TeV c
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— constructive interference
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— destructive interference
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As of last EPPSU

Higgs@FC WG September 2019

diHiggs  single-Higgs
B Eﬁ} o 27% precision from DESY-THESIS-2016-027
10-200 LS 50% aoee)
=§-i““"”” %ﬁ“&“ o Performed at proposed Ecy of 500 GeV
{ e Bee
FCG-eefehihh | et o ILD detector concept (DBD '13, IDR '20)

under HH ihreshoid

o Precision reach after running 4 ab™! at 500 GeV
at ILC (HH — bbbb + HH — bbWW)
— Aozun/oznn = 16.8%

FCC-ee

ILC

A

under HH threshold “E;:—IEW ) — 0,
A [ g = Adsu/Asu = 26.6%
LG B Heen, o and with additional running scenario at 1 TeV
OO | e N — 109
0 10 20 30 40 50 NEr - A)‘SM/)‘SM =10%

68% CL bouNds 0N Ky [%] Al turs coders comsivdi . G
— 80 observation of et e~ — ZHH
— only 3.xo observation of Agspy

o Improvements in reconstruction tools have the potential to bring the sensitivity to better than 20%
[ILC Snowmass white paper '22]
DESY.
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https://bib-pubdb1.desy.de/record/310520
https://arxiv.org/pdf/1306.6329
https://arxiv.org/pdf/2003.01116
https://arxiv.org/abs/2203.07622

Analysis improvements

3 channels with Z — ¢{(ee, uu), vv,qq and HH — bbbb
Flavor tagging

o Crucial for identifying the many, many b-jets

e Major progress seen in past decade for flavor tagging using ML tools

Kinematic reconstruction

o v within jet from b-hadron decay — new v-correction
o kinematic fitting for better estimating event kinematics
e important input for the event selection with ML
Increasing ECM by 10%

o increases the statistics by ~ 15%

o gives slightly better sensitivity reach

o benefits another flagship measurement, the ttH coupling
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Analysis Flow

Overlay
Removal

llbbbb
vvbbbb

qqbbbb

Future A
Improvements: [EEELLES

B. Bliewert @ ECFA '24

PreSel ll

Pair isolated Cluster{ng+ Presel
leptons b tagging

r-Tagging? ParticleNet Cut Modern
8ging: ParT windows ML?

Kinematic fits
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https://indico.in2p3.fr/event/32629/contributions/142653/attachments/87601/132238/ECFA_HTE3_ZHH_ILD_Bliewert.pdf

B. Bliewert @ ECFA '24

Analysis Flow

Overlay Pairisolated Cluster{ng + Presel Preselll
Removal leptons ¥ tagging
7
%

1-Tagging? ParticleNet Cut
8ging* /ParT windows

Kinematic fits

llbbbb

vvbbbb

qqbbbb
Future [dZ}
Improvements: [EN:K )

o Note that we are very close to running the full analysis chain!
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https://indico.in2p3.fr/event/32629/contributions/142653/attachments/87601/132238/ECFA_HTE3_ZHH_ILD_Bliewert.pdf

Flavor tagging with ML

o LCFIPlus: Standard reconstruction tool for jet clustering and flavor tagging at the time of the last

analysis

o ML models (DeeplJet, ParticleNet, ParT) show highly improved rejection compared to LCFIPlus

ParticleNet and ParticleTransformer are ready to use in analysis
« but still tweaking to improve performance

anccee Reco. Jets - (Deepjet Transformer on Z(qq), ZH(qq) Jets)

— busciets

— bus sjets

— bs wjets

— bus diets Fi
bus giets

Background Efficiency (Eskg)
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Signal Efficiency (esig)

Flavor tagging performance of DeepJet
using IDEA delphes simulation.
E. Ploerer et al. '24

ILC Simulation - Unsorted Sample - 20 Epochs
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Jet Tagging Efficiency
Flavor tagging performance of LCFIPlus
vs. ParT using ILD full simulation.
R. Tagami et al. '24
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—— ParticleNet,  jets
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Flavor tagging performance of LCFIPlus vs.
ParticleNet using ILD full simulation.

M. Meyer '23
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https://indico.desy.de/event/47363/contributions/179393/attachments/94409/128429/jet_tagging_fccee_djt-2.pdf
https://agenda.linearcollider.org/event/10134/contributions/54564/attachments/39666/62637/20240709LCWS.pdf
https://agenda.infn.it/event/34841/contributions/207748

Flavor tagging with ML Courtesy of B. Bliewert

b-tagging b-tagging

10° 10° T
— LCFIPlus b vs c (AUC = 0.896) —— LCFIPlus b vs uds (AUC = 0.962)
— ParticleNet b vs c (AUC = 0.938) —— ParticleNet b vs uds (AUC = 0.984)
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Flavor tagging with ML Courtesy of B. Bliewert

b-tagging b-taggin

10° 100 : 99ing
—— LCFIPlus b vs c (AUC = 0.896) —— LCFIPlus b vs uds (AUC = 0.962)
— ParticleNet b vs c (AUC = 0.938) —— ParticleNet b vs uds (AUC = 0.984)
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Kinematic reconstruction

v-correction arXiv:2105.08480
Missing neutrinos from semi-leptonic-decays can be corrected if:

» charged lepton is associated to a secondary vertex
» charged lepton is a single track but another vertex exist in the jet

But only down to a sign ambiguity!
Solution: kinematic fit to test 4 correction

ErrorFlow arxiv:2110.13731
Parametrize sources of uncertainties for individual jets:

OEjet = ODet D T conf D Tu D TClus D THad D 0+,

® ope: Detector resolution

o oconr: Particle confusion in Particle Flow Algorithm
e o,: Neutrino correction
o both developed for the simpler ZH final state but shown to work well on ZHH events too
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https://arxiv.org/abs/2105.08480
https://arxiv.org/pdf/2110.13731.pdf

Kinematic reconstruction
Kinematic fitting
Exploit well-known initial state in eTe™ colliders:
o Improve kinematics, e.g. mass resolution
o Hypothesis testing
o Jet-pairing

x2-function to minimise:

L(y) = Ay"V(y) ' Ay +2> " Mefi(a,y)
k=1

f(a,y): fit model with a parameters and y
measurements

- usual fitting: given y, find a
- kinematic fit: given a, find y (Ay)

4C fit — four constraints
® E conservation
ep, conservation
ep, conservation
ep, conservation

—

/
2 f&

Chi2 and probability
J’_
Corrections (Ay) to the
jets and leptons

1 ©PE)
o well-estimated errors
e under-estimated errors
e over-estimated errors
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Kinematic reconstruction

Improving kinematic reconstruction: mass resolutions

v-correction + ErrorFlow + Kinematic fit (4-momentum conservation)
— improves m(HH) distribution with better resolution
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Input for event selection

Observables from kinematic fitting
— helps discriminating ZZH and ZZZ from ZHH

For lepton channel with 2 leptons and 4 jets signature:

© XZun and X2z

e Mjj,(H) and M, (H) i.e. jet-pairing with ZHH hypo

o M j,(Z) and Mj,;, (H) i.e. jet-pairing with ZZH hypo
4+ momentum and angle for leading dijet

o M;,,(Z) and Mj,;,(Z) i.e. jet-pairing with ZZZ hypo
+ momentum and angle for leading dijet

Kinematic fitting works even better than in the past
— expect improved event selection in interplay with new
ML tools
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https://bib-pubdb1.desy.de/record/310520

Matrix elements method for ZZH/ZHH discrimination

Another powerful observable for event selection with matrix element method

o for each event, y, calculate event-likelihood for both ZHH and ZZH

1

1 M) P Wk e
it A N—— N ,

LO matrix element  transfer function

pi(y) =

o eTe "+ ILD — well defined initial state + precisely measured final states

o but ISR+BS, detector transfer function (TF), missing neutrino... not directly measured
e so far only matrix elements M zyy and M zzy

More details in PUBDB-2025-00387
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https://bib-pubdb1.desy.de/record/622550

B. Bliewert @ ECFA '24

Matrixelements for ZZH/ZHH discrimination
naive MEM

~ separation power lost ——————
=>» need to describe smearing with TFs

log(M2,,,/M2,,): Reco

Event data

generator level check

MEM type

» excellent separation

ME+DTF

l0g(M2,,,/M2,,): MCTruth)

0.16 0.16
ZHH Events ZHH Events
Entries: 28666 Entries: 28658
0.14 Mean: 1.16E+01 0.14 Mean: -1.52E+00
Std Dev: 9.43E-01 Std Dev: 3.78E+00
ZZH Events ZZH Events
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. ev: . N
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https://indico.in2p3.fr/event/32629/contributions/142653/attachments/87601/132238/ECFA_HTE3_ZHH_ILD_Bliewert.pdf

Courtesy of Jenny

Extrapolation scheme

Projections at ILC500 (DESY-THESIS-16-027) found 27% precision on Ayyn @ 500 GeV with ZHH
- S, B, and significances for each channel with Z — ee, pu, vv, bb, qq and HH — bbbb and both polarisations: 22.8%

eebbbb mumubbbb nunubbbb bbbbbb qqbbbb comb sig comb. X-sec. uncert
Pol -80,+30 +80,-30 -80,+30 +80,-30 -80,+30 +80,-30 -80,+30 +80,-30 -80,+30 +80,-30
Significance (meas.) Claude 1 1.07 0.92 1.26 11 15 1.54 1.57 1.58 1.55 1.64 4.41 0.227
X*2 1.14 0.85 1.59 121 2.25 237 2.46 2.50 2.40 2.69 19.46
s Claude (Tab 9.1) 3.9 29 5.1 3.8 5.6 3.6 8.5 5.9 12,6 8.3
b Claude (Tab9.1) 7 4.2 8.9 5.3 6.9 11 219 7 55 16
s/sqrt(s+b) 1.18 1.09 1.36 1.26 1.58 1.66 1.54 1.64 1.53 1.68 4.39 0.228

X2 1.40 118 1.86 1.59 251 2.76 2,38 2.70 2,35 2.83 19.29

apply changes to signal s per channel and polarisation, re-calculate combined cross-section significance
- flavour tag improvement: 22.8% -> 17.2%

10% rel. efficiency improvement per jet @ same bkg level
+ enters to 3rd power (i.e. 3 out of 4 jets tagged)

kin. sel. improvement: 17.2% -> 16%
+ 10% rel. efficiency improvement @ same bkg

include additional channels (as in DESY-THESIS-16-027): 16% -> 11.2%
Z — 11, HH — bbWW, HH — bbtT and "other”

convert to d\/A(SM) with sensitivity factor incl. myy weighting (1.62):
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Courtesy of Jenny and J. Tian

ECM Dependency

g e+e —ZHH g — le++el-_,z;-||-| !
< et+e —vvHH < et+e —vvHH
: ZHH & v¥HH Combined : .- == ZHH & v¥HH Combined
2 10° LCWS 2024 <10 ECEA 2025
.‘-'.I.-l"' et - .I ... -l-----' -
Ui B EE E RS
10 Tt 0 ST
500 1000 1500 500 1000 1500
Vs [GeV] /s [GeV]

e 18% precision on Aypy(SM) @ 500 GeV with ZHH
e 15% precision on Ayy(SM) @ 550 GeV with ZHH + vvHH

DESY.
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Beyond the SM

e AHHH _H
o 10 ~ 1 T T ~a -
= E %) F B
- E o L i >
= E 8 [ Bk, (abs.), 550 GeV, 4 ab™ 4 , N H
.% 1' / = 0.8 - —e:EAZHH . X
g R R S T 3 I — @ - VWHH ] 7 AN
[} F e L e combined 4 ~
173 S / 0.6 A
< L i N
S0 >'/ E C \ ] l z
§ \ § 04 =
o 550 GeV 4 L 5 / ] € —— V¢
102 k —— ZHH.Pe)=(1,0) — | !
E ©)=,0) 02 W H
F m— vHH, P(e'€")=(-1,0) + 1 k H
- 4 L ] )_ -
-3 i I 0 ] ~
107 0 2 4 6 8 -2 0 2 4 6 8 w; A “H
AN Ky i HHH _
SM [ Y R TN

o The cross sections of the two channels have very different dependency of A
o vvHH contributes to ZHH already © 550 GeV even though ZHH is still leading production

o ILC550: Complementarity of ZHH and vvHH gives at most an absolute error on ), of 0.2
for any value of Aypy down to Ky < —1
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Comparison with HL-LHC

ATLAS BSM value projection - bbTT only

<
5 ATLAS Preliminary Bl Run2syst. unc. Note only the bbrT channel
v Theo. unc. 50% .
) VS=14TeV,3ab™! B Basclne with Run 2; update for EPPSU
X HH - bbt*T~ B Mo syst.unc. with more channels and more
% 10F Run 2 legacy projection Run 2 (SM) 110 data to be expected
"l |
8 8
6 6
4 4
2 2
9 UoBON. ; I
0 0 N
2 ' )
N 7 0eee)” ! ‘H
- Gluon fusion: similar o vs. A
to WW fusion
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Comparison with HL-LHC Courtesy of Jenny

ATLAS BSM value projection - bbTT only

F5F T T L B I
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S [ vs=14Tev,3ap7! O Baseiine SO with Run 2; update for EPPSU
—2 | HH-bbt*T” B Nosyst. unc. with more channels and more
(381'@ [ Run 2 legacy projection Run 2 (SM) 10 data to be expected
S (.

8«% 8 - : E
6 16
5 = ILC 550 GeV
4 14
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. ]
2 : | 1-2 L H'@
A R R T R 4 .
R Li® 3 4 5 8 7 8 g weee)” ! ‘H
SO 7 A
.. -7 SM K()\ Gluon fusion: similar o vs. A
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Conclusion and next steps

Results submitted for the for ECFA report:
e 18% precision on Aypn(SM) with 4 ab™! @ 500 GeV with ZHH
e 15% precision on Ayuy(SM) with 4 ab™! @ 550 GeV with ZHH + vvHH

« reflects how well we can do right now with current tools
- target even better with flavor tag improvements and setting up a new event selection with ML etc.

e strong precision reach across values of A # Asu
+ due to the complementarity of ZHH and vvHH

Analysis is moving forward! Next steps:
o MC production @ 550 GeV

o Optimise flavor tag @ 550 GeV

o Re-do full event selection

e etc...
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Analysis is moving forward! Next steps:
o MC production @ 550 GeV

o Optimise flavor tag @ 550 GeV

o Re-do full event selection

e etc...

Thank you.
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