Update on new Higgs self-coupling study

For the ECFA Higgs Factory Report
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All future colliders combined with HL-LHC
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Key guestion of the community in the
upcoming EPPSU: Will a Linear
Collider do any better than the HL-
LHC ?

HL-LHC update will only be known
from their strategy submission, but we
should not be surprised if from the
previous 50% -> 25%

— for the SM case!



Apples = Oranges - Pears A slide from Marcel’s talk at the LC Vision Community Event
Top Yukawa coupling comparison

M. L. Mangano et al., Measuring the Top Yukawa Coupling at 100 TeV,
J. Phys. G 43 (2016) 035001, boI: 10.1088/0954-3899/43/3/035001,
arXiv: 1507.08169 [hep-ph].

Z. Liu et al., Top Yukawa coupling determination at high energy muon collider,
Phys. Rev. D 109 (2024) 035021, DOI: 10.1103/PhysRevD.109.035021,
arXiv: 2308.06323 [hep-ph].

S2 projection: “apples” LC prospects: “oranges”  Theory studies: “pears”

Values in % units | LHC | HL-LHC | ILC500 | ILC550 | ILC1000 | CLIC | FCChh | u-coll
Global fit 12% 51% 3.1% 2.6% 1.5% 3.0% - -

5)’t

Indiv. fit 10% 3.7% 2.8% 2.3% 1.4% 2.5% 1% 1.5%
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Values in % units | LHC | HL-LHC | ILC500 | ILC550 | ILC1000 | CLIC | FCChh | u-coll

Global fit 12% 5.1% 3.1% 2.6% 1.5% 3.0% -
Indiv. fit 10% 3.7% 2.8% 2.3% 1.4% 2.5% 1% 1.5%

5)’1

restricting LC prospects exclusively to results

demonstrated in full simulation with current tools /
algorithms will be mls-understood

.
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extensive projections at ILC500 (DESY-Thesis-16-027)

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

17 background and 3 signal channels considered

multivariate (MVA) tools for multiple steps
e.g. lepton and flavor tagging, background rejection etc.

, , 2 Lepton, neutrino and hadron channel of the signal process ZHH.
event counting weighted by myy From [Du16]

for further sensitivity enhancement

precision reach after running 4ab~! at 500 GeV (HH — bbbb + HH —» bbw*w)

Aoz /— 16.8%

MSM/ASM = 26.6% (10% with additional upgrade to 1 TeV)
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The previous ZHH Analysis

extensive projections at ILC500 (DESY-Thesis-16-027)

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

17 background and 3 signal channels considered

multivariate (MVA) tools for multiple steps
e.g. lepton and flavor tagging, background rejection etc.

, , 2 Lepton, neutrino and hadron channel of the signal process ZHH.
event counting weighted by myy From [Du16]

for further sensitivity enhancement

precision reach after running 4ab~! at 500 GeV (HH — bbbb + HH —» bbw*w)

Aozun/ = 16.8% 8 o observation of ee -> ZHH
Msm/ . =26.6% (10% with additional upgrade to 1 TeV) only 3.x o observation of Asm
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jet pairing and jet misclustering: “perfect” jet clustering = 40% improvement
Improve di-jet mass resolution

removal of yy overlay: 15% improvement expected
also: improve ISR reconstruction

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

adding Z — 1t channel: 8% improvement expected
Include a yet unaccounted decay channel

more modern ML architectures for signhal/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 relative
Improvements from
would directly improve the sensitivity on A (lower sensitivity factor) DESY-Thesis-16-027
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Towards a full update of the di-Higgs analysis

Analysis Flow — set up and working to a large extent

Overlay
Removal
[Lbbbb

vvbbbb
qqbbbb

Future R
Improvements: REEEK
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Towards a full update of the di-Higgs analysis

Analysis Flow — set up and working to a large extent
Pair isolated Clusterl.ng + PreSel | preSel ||
leptons 4

7
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And In addition...

« MC samples
« "ZHH" and “ZZH" generated, simulated, reconstructed in 2022/23
 SM backgrounds at 500 GeV from IDR production — modern PID not available
« would like to move full analysis to 550 GeV
 new production at 550 GeV underway, 2f / 4f generated, 6f / 8f wip

« SGV /full sim comparison very successful => can use SGV for evaluating bulk
background rejection

 Flavour tagging
* major progress with actually applying ML in analysis
* ML tools require huge training samples => SGV, wip

 kinematic reconstruction and general event selection

* major progress in porting semi-leptonic decay correction / kinematic fitting / matrix-
elements ...

« even more expected from full ML selection
c.f. talk by Manqi last meeting

 we’re not quite there yet to run the whole analysis chain — but not far away either!
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* significant improvements wrt
LCFIPlus achieved already
2023/24

* receipe to perform inference from
Marlin MarlinMLFlavorTagging

*NEew.

» ParticleNet and Particle Transformer ready
for application in full reconstruction &
analysis chain!

* new trainings on 500 GeV 6 samples
* new comparison with LCFIPlus
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https://gitlab.desy.de/ilcsoft/MarlinMLFlavorTagging

1.0

- sl BEE ] - LCFIPlus, c jets
Flavour-Tagglng withme |- LCFIPlus, light jets
—— ParticleNet, c jets
0.81 —— ParticleNet, light jets
* significant improvements wrt
. L 0.6
LCFIPlus achieved already <
2023/24
= 0.4
* receipe to perform inference from oo ILC Simulation - Unsorted Sample - 20 Epochs
Marlin MarlinMLFlavorTagging | e b VS C
| = b vsq b tagging
* New: .
» ParticleNet and Particle Transformer ready
for application in full reconstruction &

| | 0.8 0.9 1.C
analysis chain!

* new trainings on 500 GeV 6g samples
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LCFIPlus

FIPlus vs. ParticleNet
tion. M. Meyer [2023]
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Current Status for ECFA: b vs uds

~10% (rel.) higher efficiency at same background level - per jet

- b-tagging
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9% absolute / 11% relative improvement
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Current Status for ECFA: b vs ¢

~10% (rel.) higher efficiency at same background level - per jet
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b vs. c @ same background rejection: Higher performance can be expected when

7% absolute / 9% relative improvement - PIDis properly included
- Technicalities regarding the 500 GeV flavortag samples are resolved
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Higher performance can be expected when
- PID is properly included
- Technicalities regarding the 500 GeV flavortag samples are resolved
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for semileptonic decay (SLD) processes
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N
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Recovering the neutrino kinematics. Y. Radkhorrami [2022]
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Improved di-jet mass reconstruction. Y. Radkhorrami [2022]
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Neutrino Correction with Vertexing, PFlow and Kinematic Fit
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more details cf talk by Bryan Oct 2

M atrixelements for ZZH / ZH H d iscri m i nation nice additional discrimination potential even
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Extrapolation scheme

« starting point: Table 9.1 Thesis Claude Durig with S, B and significances for both polarisations

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 _| 1.07 0.92 1.26 1.1 1.5 1.54 1.57 1.58 1.55 1.64 4.41 0.227
X"2 1.14 0.85 1.59 1.21 2.25 2.37 2.46 2.50 2.40 2.69 19.46
s Claude (Tab 9.1) 3.9 2.9 5.1 3.8 5.6 3.6 8.5 5.9 12.6 8.3
b Claude (Tab 9.1) 7 4.2 8.9 5.3 6.9 1.1 21.9 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
X"2 1.40 1.18 1.86 1.59 2.51 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%
* Kkin. sel. improvement: 17.2% -> 16%

* include additional channels (also done for the good old 26.6% ~=27%): 16% -> 11.2%
o /->tautau, HH->bbWW, HH->bb tautau and "other”
« convert to dlamba/lambda with sensitivity factor incl. mHH weighting (1.62):
dA/A (SM) =18 %
“flavour tag and kinematic reconstruction improvements demonstrated in detailed simulations of the
ILD detector concept, propagated to the ZHH analysis based on [cite PhD Claude Durig]”

 mentioned as outlook: “One of the main limiting factors not yet addressed by novel algorithms is the jet
clustering. Assuming that future developments, e.g. based on ML, will improve the di-jet mass resolution, we
estimate that ASM could be determined with a precision of 15 %”
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https://inspirehep.net/literature/1493742

ECM Dependency

 use the “usual” cross-section-level extrapolation to project the dependency on
« ECM: 550 GeV incl vvHH -> 15%

et+e —vvHH ..................................................... .........
ZHH & WHH@Combined '

: :
: :
N : :
.....................................................................................................................................
: :

S/ N [%]
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ECM Dependency

« use the “usual” cross-section-level extrapolation to project the dependency on
« ECM: 550 GeV incl vvHH -> 15%

> o eMeZHH : : ,
< |- — et+e >VVHH . @@ VT .
; , ZHH & vvHH.Combined ' ZHH & vvHH:Combined '
< 10 i LCWSI2024 i
B S ol
S T
.==|| _________________________________________________________
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Beyond the SM

_____________________ ef+_e?§.ﬁZHH___@_.5o§g_Ge_\/ _________________

e++e'§evv HH @ 1 gTeV

M Ay,
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Beyond the SM

_____________________ ef+_e?§.ﬁZHH___@_.5oig_Ge_\/ _________________

e++e'§evv HH @ 1 gTeV
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Beyond the SM

1 i 1 1 1 I 1 E I I 1 1 1 I 1 1 1 I 1 1 1 i

s.), 500 GeV, 4 ab’”
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Ak, (abs.), 550 GeV, 4 ab™
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ete — ZHH
ete  — vvHH
combined
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Comparison with HL-LHC

2 —1 Higgs self-coupling projections —r [ r 11 ] 11
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Comparison with HL-LHC

ATLAS Preliminary

Vs =14TeV,3ab™"
- HH-bbt T
10+ Run 2 legacy projection

68% ClI for K,

Run 2 syst. unc.
Theo. unc. 50% -
Baseline :
No syst. unc. _
Run2(sm) 110

-~
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Comparison with HL-LHC

ATLAS Preliminary

Vs =14TeV, 3 ab~1
HH - bbttT™

Run 2 legacy projection

=~ N ¢ = S N
\\\ A// SM
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Conclusions / Next steps

* Results submitted for ECFA report:
500 GeV, ZHH: 18%
« 550 GeV, ZHH & vwHH: 15%

* given the even better flavour tag results in the literature, expectations on further usage of ML in reconstruction &
analysis etc, we think this is still not the end!

* Analysis will continue at full steam
* Next items for full analyis:
« MC 550 GeV...
* Optimize flavour-tag
* re-do full selection
* separate neutrino channel into WW fusion / ZHH

* overlay removal...
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