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The Higgs self-coupling A4 in the SM
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v vacuum expectation value (vev) of Higgs field h

my mass of Higgs boson

in SM: Ay, fixed since my is known [At/Cm12]

deviation from A = Ag, hints at BSM physics

beyond the SM, many values are possible
strong-case for model-independent measurements

most projections assume A = Agy
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Measuring the Higgs self-coupling at e+e- colliders
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Measuring the Higgs self-coupling at e+e- colliders
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» Direct access to A through double-Higgs production

E P(e+,e-)=(0.3,-0.8): — Higgs-strahlung (ZHH)
0.5 — WW-fusion (v v ,HH)

— Di-Higgs strahlung (ZHH; dominant < 1 TeV)
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Starting point: Last ZHH Analysis (2016) Universitat Hamburg
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» Extensive projections at ILD @ ILC500

— Based on ILD detector concept (DBD2013,
IDR2020) and fully simulated event samples

— 17 background and 3 signal channels

— Multivariate (MVA) tools for multiple steps Lepton, neutrino and hadron channel of the signal process ZHH.

From [Du16]
e.g. lepton and flavor tagging, background rejection etc.
~ Precision after running 4ab™! at 500 GeV: L

AGZHH/GZHH —16.8% 80 observation for ee - ZHH
A2
SM/ASM = 26.6% only 30 observation foree - ZHH .
b?l’):g;V WW 21.5%

bbZZ 3.1% 7ZZ  2.6%
bbTT 7.3% T 6.3%

bbcc 3.3% cc 2.9%

bbgg 9.5% g9  82%

other 0.43%

WW bb
Branching Ratios of Di-Higgs Decays 7
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https://browse.arxiv.org/pdf/1306.6329.pdf
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Structure of the Analysis
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Overlay Event Pair isolated Clustering + : Final
. : Preselection :
Removal variables leptons b tagging Selection

AN ML-based? r-Tagging? [ harticteNet ——
Improvements: / ParT ’

direct clas-
sification



https://github.com/ILDAnaSoft/ZHH/blob/main/source/CheatedMCOverlayRemoval/src/CheatedMCOverlayRemoval.cc
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» Goal: extract projections with state-of-
the-art methods; now at E-;; = 550 GeV
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» Goal: extract projections with state-of- |
b-tagging

° — 100 E | | |
the-art methods; now at E-;; = 550 GeV ] —— LcFIPlus b vs < (AUC = 0.896)
—— ParticleNet b vs ¢ (AUC = 0.938)
~ Major improvements expected due to - :/ _—
/

[}
o
o

— B-jet-tagging with machine learning

ParticleNet, ParticleTransformer = /
o
é 10-2 ] Ca. 10% higher tagging accuracy
S : at same background rejection
)
£ Enters sensitivity in third power due
10-3 to number of b jets
10_4 Ll I I I
0.75 0.80 0.85 0.90 0.95 1.00

True Positive (b) Rate
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Goal: extract projections with state-of-
the-art methods; now at E-;; = 550 GeV
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Major improvements expected due to o [[ e o ]

q) B pO 0.004438 + 0.000014 p0 0.0002677 + 0.0000034 ]

B-jet-tagging with machine learning 810_1 i _

ParticleNet, ParticleTransformer 9 -

Q] - i

Better use of kinematic information é [ ]
check consistency of event kinematics with hypotheses o

Z107° E E

Kinematic fits - 3
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Goal: extract projections with state-of-
log(M2,,,,/M2..,): Reco

the-art methods; now at Ecy; = 550 GeV ~ °:1¢ —
Entries: 28658
. . 0.14 - Mean: -1.52E+00
Major improvements expected due to Std Dev: 3.78E+00
0.12 4 EZH_Events
B-jet-tagging with machine learning Momn 18 080
ParticleNet, ParticleTransformer 0.10 - >td Dev: 2.80E+00
Better use of kinematic information 0 08
check consistency of event kinematics with hypotheses
0.06 -
Kinematic fits
Matrix element inferred variables 0941
Inclusion of VBF contribution to signal 9.027 /ﬁh“\\
higher at increased energies 0 00
' -15 -10 -5 0 5 10 15
log(MZ,4/M22,)

A classifier motivated by the “matrix element method”
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» Goal: extract projections with state-of-
the-art methods; now at E-;; = 550 GeV

() N i

.. 012 - -

» Major improvements expected due to 0121 ] wer L Jznn ]
O - ]

: : . : . o 0.01 —

— B-jet-tagging with machine learning » ¥ N
ParticleNet, ParticleTransformer _g_oog [ -

— Better use of kinematic information g 006 - _
check consistency of event kinematics with hypotheses ' _ ]

— Kinematic fits 0.004 - _:
— Matrix element inferred variables 0.002 :_ _:
— Inclusion of VBF contribution to signal 0 1 — 0 5‘ — 0 —— '0'5' ' ' _1

higher at increased energies

BDTG response

Extrapolation: improve total sensitivity

Msw/,  from27% — 15%
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Extrapolation Comparison with HL-LHC (bbtt only)

B o T T T T T o svst, unc. ]
O

Run 2 syst. unc. _
Theo. unc. 50%

“s | ATLAS Preliminary
S5 [ Vs=14Tev,3ab!

—2 | HH-bbt*T™

(-1’8 100 |~ Run 2 legacy projection
R ol =)
o0

©

. 2 1 pfe.11 2 3 4
\""..,._ _.-*, SM

Higgs self-coupling measurement at the ILC | DPG 2025 | 2024/04/03 | G6ttingen | Bryan Bliewert

Baseline
No syst. unc.
Run 2 (SM)

—
—
—
—

UH

j-t'l . .y e

L2 Y Universitdit Hamburg
DER FORSCHUNG | DER LEHRE | DER BILDUNG

ILC 550 GeV

Good sensitivity across a
range of non-SM values of 4
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Summary and Outlook
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» Set up an automated framework for the new ZHH analysis
— Added kinematic fits, MEM and modern jet tagging to the existing baseline

— Preselection efficiencies for all channels line up with last study at similar rejection
~ Effort on 550 GeV sample production ongoing

» Next steps: From extrapolations:

sensitivityon 4 ...
— Finalize production of physics background samples

18% at 500 GeV @ 4ab~?!
15% at 550 GeV @ 4ab~?!
— Tune preselection 11% at 550 GeV @ 8ab~?!

— Validate ML overlay removal

— Train channel-specific MVAs to carry out final event selection

— Extract limits on Azyy

Higgs self-coupling measurement at the ILC | DPG 2025 | 2024/04/03 | Gottingen | Bryan Bliewert 15



Backup
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Event Selection - Overview

Based on same strategy as 2016 study

stared variables* explained below; italic-bold variables new

1IHH (llbbbb)

vwHH (vbbbb)
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New: LO matrix elements (ll, qq), kinematic
fits (masses, chi2, fit probabilities)

qqHH (qgbbbb)

splitinto bbHH and light qqHH

1stBackground / | llbb /9 variables: mZ, thrust, bbbb / 6 variables: Evis, ptmiss, bbbb / 9 variables: costhrust,

Variables costhrust, pjmax(2jets)*, thrust, pjmax(6jets)*; ZZ: mZ1, mZ2 | pjmax(6jets)*, yminus*, npfos,
cos(Z,jet)max*, npfos, npfosmin(6j)*; ZZ: mZ1, mZ2,
npfosmin(4j)*, yminus*, yplus* pjmax(4jets)*, cosjmax(4jets)

2ndBackground / | lvbbqq /7 variables: Evis, mZ, lvbbqq / 11 variables: npfos, bbgqqq / 12 variables: npfos¥*,

Variables plmin*, m(b34)*, ptmiss, npfos, npfosmin(5j)*, mMiss; ZHH: mH1, pjmax(6jets)*, cosbmax*; tt: mW1,
mva(lepsmall)* mH2; tt: mW1, mW2, mt1, mt2; mW2, mt1, mt2, )(Et; ZHH: mH1,

pcmax*, yminus* Xeuy, MH2, mZ
3"9Background/ | ZZH,ZZZ — llbbbb/12+2 ZZH,ZZ7Z — vvbbbb /12 variables; | ZZH,ZZZ — qqbbbb /12 variables;
Variables variables: y2yy*, X574*, LCME see [lHH see [lHH

ZHH*, LCME ZZH*; ZHH: mH1,
mH2; ZZH: mH, mZ, p1st*, cos1st*
i ZZZ: mZ1, mZ2, p1st*, cos1st*

Explanation of variables: pjmax(n jets) - leading jet momentum when clustering into n jets / cos(Z,jet)max - largest angle between reconstructed Z and two of the four jets / npfosmin, npfosmax - smallest, largest number of PFOs in a jet / yminus, yplus - likeliness to
be a four instead of three jet event, three instead of two jet event (similar for other selection) / plmin - smallest isolated lepton momentum / m(b34) - invariant mass of jet system related to bmax3 and bmax4 / mva(lepsmall) - MVA output in the isolated lepton tagging,
lepsmall denotes the smaller value of the two /)(%HH and X%zn - chi squared values from kinematic fits under ZHH and ZZH hypothesis, respectively / LCME ZHH, ZZH - log of leading order ZHH and ZZH matrix elements / p1st, cost1st - largest momentum (for ZZH,

Z7Z: of boson candidate) and cos of associated polar angle / pcmax - largest momentum of a charged PFO / cosjmax(n jets) — polar angle of jet with largest momentum

Higgs self-coupling measurement at the ILC | DPG 2025 | 2024/04/03 | G6ttingen | Bryan Bliewert
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https://inspirehep.net/literature/1493742

Bottlenecks in the ZHH analysis Hamburg
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jet pairing and jet misclustering: “perfect® jet clustering —» 40% improvement
improve di-jet mass resolution

All improvements
removal of yy overlay: 15% improvement expected are relative
important to tackle initial state radiation (ISR)

flavor tagging: 11% improvement expected from 5% eff. increase with newer LCFIPlus
important as H — bb is the dominant Higgs decay channel

adding Z — 77 channel: 8% improvement expected
include a yet unaccounted decay channel

more modern ML architectures for signal/background selection
improvement expected when transitioning from BDTs to (e.g.) transformer-based models etc.

separation of ZHH diagrams with/without the self-coupling Expected improvements

would directly improve the sensitivity on A (lower sensitivity factor) from DESY-Thesis-16-027
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LHH / Z mass Cut
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500 GeV FullSim 550 GeV Fast Sim

ZHH — lIbbbb analysis (wt. events before cuton 71.2 = mz/GeV < 111.2) ZHH _ libbbb analysis (wt. events before cut on 71.2 = mz/GeV = 111.2)
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I(LHH / H1 mass Cut

500 GeV Full Sim

ZHH — libbbb analysis (wt. events before cut on 60.0 = my1/GeV = 180.0)

T T T T l T l T T T T
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T |
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> 10
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3 10°
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1 11
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550 GeV Fast Sim

wi. events / 2.50 GeV
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ZHH - libbbb analysis (wt. events before cut on 60.0 = my1/GeV = 180.0)

T T T T l
ILD preliminary

V5 =550 GeV, L,,,= 2a
Ple™,e”)=(+0.3, — 0.9
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l T T T T d
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IlTHH / H2 mass Cut

500 GeV Full Sim

ZHH — lIbbbb analysis (wt. events before cut on 60.0 = my>/GeV = 180.0)
T T T T e o
10° & ILD preliminary ;
VS =500 GeV, Ljy = 2ap™* E
pet, e”) = (+0.3, — 0.§)

E

wt. events / 2.50 GeV

eeHHbbbb
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Hubb
eebb

11t
1lqq
11
0 50 100 150 200 250
My [GeV]
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ZHH - llbbbb analysis (wt. events before cut on 60.0 = my/GeV = 180.0)
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o [ lJ-l-I
ILHH / missing transverse momentum Cut
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500 GeV FullSim 550 GeV Fast Sim

ZHH — libbbb analysis (wt. events before cut on p{**/GeV =< 70.0) ZHH _ libbbb analysis (wt. events before cut on pf"s5/GeV < 70.0)
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lLHH / thrust Cut

500 GeV Full Sim

ZHH — lIbbbb analysis (wt. events before cut on thrust < 0.9)

10°
= ILD preliminary
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550 GeV Fast Sim

wt. events / 5.87E-03
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ZHH - libbbb analysis (wt. events before cut on thrust = 0.9)
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Cross section for non-SM A atthe LHC

138 fo~' (13 TeV)
LLLAL

) et = ‘

=10°t CMS . 95% CL upper limits -
I | Prelimnary T, oY PeACtn — Observed -
T - predict --- Median expected
Q W= 68% expected

%— 10%F 95% expected |

10 .|

-15 10 5 0
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The Matrix Element Method - An example

Generator level check Event data

Reco
MEM type

» excellent separation

ME+DTF

log(M2,,/M2,,)): MCTruth)

0.16
ZHH Events
Entries: 28666
0.14 1 Mean: 1.16E+01
Std Dev: 9.43E-01
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Std Dev: 2.11E+00
c 0.10 -
o
|
T
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0.04 1
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B. 80 T T - T T T T T
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N a ive M E M Event data

» even without any

ME+DTF

transfer functions, sep. power remains

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

/HH Events
Entries: 28658

Std Dev: 3.78E+00

Entries: 28194
Mean: -6.22E+00
Std Dev: 2.80E+00

-15 -10 -5 0] 5 10 15
log(MZ,,,/MZ21,)

Higgs self-coupling measurement at ILD via the ZHH Process at multiple COM energies | 3rd ECFA Workshop on e+e- Higgs/EW/Top Factories | 2024/10/10 | Paris | Bryan Bliewert 27
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