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Why do we want to measure the Higgs self-coupling?
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https://www.nature.com/articles/s41586-022-04899-4

How can we measure the Higgs self-coupling (at FCC-hh)?

» Cross-section of Higgs pair production is proportional to x,
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How can we measure the Higgs self-coupling (at FCC-hh)?

» Cross-section of Higgs pair production is proportional to x,
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« But, there is destructive interference of triangle and box contributions
« Tiny cross-section in the SM: o(ggHH) ~ O(1000) smaller than o(ggH)
- Experimentally very challenging !
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Overview of Higgs self-coupling limits & prospects

« At LHC we set limits: -0.4 < K, < 6.3 (AILAS-HDBS-2022-03)
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HDBS-2022-03/

Overview of Higgs self-coupling limits & prospects

* At LHC we set limits: -0.4 < k, < 6.3 (ATLAS-HDBS-2022-03)

« Only at future colliders we will reach a precision measurement

ok/ (68% CL): Best case scenarios
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Overview of Higgs self-coupling limits & prospects

« At LHC we set limits: -0.4 < K, < 6.3 (AILAS-HDBS-2022-03)

« Only at future colliders we will reach a precision measurement
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Precision Higgs self-coupling measurement at FCC-hh

" ! | «  FCC-hh: pp-collisions at 100 TeV,
HH productiori at pp colliders at NLO in QCD
1o [ MH=125 GeV, MiTWZOOB NLO pdf (68%cl) 30 a b'1 in~2 5 ye ars
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Our work: Update of bbyy and adding bbll+E_™"*

3
bb |33.6%| Assuming SM Higgs BR Final state Description
BR HH—xxyy [ ...
WW ' (mu =125 GeV) bbyy e High precision, despite small
‘ arXiv:1708.06249 102 BR: Clean signature with well
99 reconstructed objects
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Analyses performed within key4hep, on Delphes fast simulation with an optimistic detector scenario
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*  Non-resonant QCD:
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invariant masses near m, production
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bbyy analysis: Strategy overview

» DNNSs categorization

to suppress the bkg » Categorize based on m,

Pre-selected events

4

Fit m
Py

CLUSTER OF EXCELLENCE
QUANTUM UNIVERSE }

Higgs self-coupling at FCC-hh |A. Taliercio & B. Stapf| 31.01.2024| 7th FCC Physics workshop | Annecy Page 11

HHHHHHH
.............




bbyy analysis: Strategy overview
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bbll+E ™ Strategy overview

Signal signature

* Lepton pair + EM5 + 2 b-jets

+ Leptons isolated from b-jets

Cut-based event selection

exploiting signal kinematics

+  Targeted suppression of

background using

2 ’ 2
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»  Stransverse mass m._, predicts invisible

mass contribution

Capture the full HH decay
Fit to m_, distributionin 5
categories depending on lepton

flavours and if Z(ll) decay
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https://arxiv.org/abs/1103.5682

Results

FCC hh 30 ab™! (100 TeV)

n "

.{1. o ==« s bbyyStat only
7 - [1; ?J .“ wess bbyy W. SYyst

wes DIl W. SYSE
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~

Extracting Higgs self-coupling
modifier k,
o Parametrized dependence of
o(ggHH) on K,
o 3 different assumptions on
systematic uncertainties going
from optimistic to more

pessimistic (details in backup)

Baseline analysis for bbyy
— Higher precision possible!
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Summary & outlook

«  We restarted the effort of FCC-hh Higgs self-coupling studies:
« Using the common software tools, working on integration of our
developments into the main repositories
»  bbyy
« Ultimate goal is to achieve 1% precision on the Higgs self-coupling
* bbU+E ™*

« No previous study of this channel
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Systematic uncertainties

Source of uncertainty Syst. 1 Syst. 2 Syst. 3 Applies to Correlated
Common systematics

b-jet ID / b-jet 0.5% 1% 2% Signals, MC bkgs. v
Luminosity 0.5% 1% 2% Signals, MC bkgs. v
Signal cross-section 0.5% 1% 1.5%  Signals, MC bkgs. v
bbyy systematics

~vID /v 0.5% 1% 2% Signals, MC bkgs. X
bbll + ERss systematics

Lepton ID / lepton 0.5% 1% 2% Signals, MC bkgs. X
Data-driven bkg. est. - 1% 1% V + jets X
Data-driven bkg. est. - - 1% tt X

e Following previous di-Higgs studies@FCC-hh

e Applied as rate systematics only, no shape effect
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https://arxiv.org/abs/2004.03505

CERN-ACC-2018-0045

Previous projections for 5bWW @ FCC-hh

D' = I | LS | I 4

< E 7 iy T T T 7 T T T
0.6 - — o 6| —— Signal Efficiency -
N . —4-— Background Rejection g
- -hh - bb WW . é <-4 SABwith 3ab’" :
05 | , — S, 5| —— S/Bwith30ab’ -
B ] E 2} C =
- 3 ol =
] g - .
] 2 B ]
= § 3 3
- w L N
5 2~ =
: 1 =
i - , i 0

. 0 -1 -0.5 0 0.5 1

2 4 6 8 10

AR (WW) BDTG Cut

e bbWW/(2jlv) studied using BDT, with similar input variables as used here
e Achieved 40% precision (@68% CL) on k
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https://cds.cern.ch/record/2642471/files/CERN-ACC-2018-0045.pdf

Overview of Higgs self-coupling limits & prospects

Experiment 95% CL limit Reference Best case scenarios for Future Colliders
ATLAS Experiment dx, (68% CL) | Reference
CHH 0.6<K, <66 ATLAS-I—_EBS-ZOZZ i
- H+HH -04 < K, < 6.3 ILC (1 TeV) 10% arXiv:2203.07622
v2
H+HH
CMS Nature 607 2022) = | CLIC (3 TeV) 9% 181201684
- HH 1.2<K,<6.5 & —
EG@iee 24% IHEP01(2020)139 } o
dx, (68% CL) '
u (1 0 TeV) 4% arXiv:2203.07261
HL-LHC ~50% &9 v2
ATL-PHYS-PUB-20 HH
22-005 ECC-hh 304 arXiv:2004.03505
2
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HDBS-2022-03/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HDBS-2022-03/
https://www.nature.com/articles/s41586-022-04892-x
https://www.nature.com/articles/s41586-022-04892-x
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2022-005/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2022-005/
https://arxiv.org/pdf/2203.07622.pdf
https://arxiv.org/pdf/2203.07622.pdf
https://arxiv.org/pdf/1812.01644.pdf
https://arxiv.org/pdf/1812.01644.pdf
https://link.springer.com/content/pdf/10.1007/JHEP01(2020)139.pdf
https://arxiv.org/pdf/2203.07261.pdf
https://arxiv.org/pdf/2203.07261.pdf
https://arxiv.org/abs/2004.03505
https://arxiv.org/abs/2004.03505

Why di-Higgs at FCC-hh?

Higgs@FC WG September 2019
T T T 7T I T T T T [ T Tl T l | T T T l T T Tk, l T T di-Higgs single_Higgs
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S Wz Lo
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............................... 49% (19%)...... o
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............................................................................................... 27% 38% (27%) _2
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(61 i = € I O r U | [N R 49% (29%)...... ©
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.............................................................................................................................. 49% (17%).....
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FCC-hh is the only perspective for a Higgs self-coupling precision measurement

>

Higgs self-coupling measurement is a clear benchmark channel for the FCC-hh
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https://arxiv.org/pdf/1905.03764.pdf

Common software stack for future facilities

Event generator

. 4

Detector simulation

\ 4

Samples (EDM4HEP)

4

Physics analysis
& statistical
interpretation

\

stack for all future projects
e Fast, parametrized simulation in Delphes
e Using EventProducer framework (fork)
e Samplesin EDM4HEP format

/AII part of key4hep project: Consistent software \

J

Analysis with common framework ECCAnalyses
e Currently on fork with some new additions
o E.g. getting tagged jets from Delphes

e Plan tointegrate into main repo
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https://github.com/HEP-FCC/FCCAnalyses
https://github.com/bistapf/FCCAnalyses/tree/FCChh_HH_analyses
https://github.com/key4hep
https://github.com/bistapf/EventProducer/tree/fcchh_evtgen_updates
https://github.com/key4hep/EDM4hep

Common software stack for future facilities

Fast, parametrized detector simulation with

Event generator

4

Detector simulation

\ 4

Samples

4

Physics analysis
& statistical
interpretation

Delphes with updated FCC-hh card
e Very optimistic “ideal” scenario, implement

fixes & new features

Example parametrization for muons

¢ n=0.0,utrack
* n=2.00,xtrack
* n=4.00,x track

* n=0.0,utrack
e n=23.0,utrack
* n=4.5,ptrack

Efficiency
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https://arxiv.org/pdf/1307.6346.pdf
https://github.com/delphes/delphes/blob/master/cards/FCC/scenarios/FCChh_I.tcl

Higgs self-coupling projections for FCC-hh =

M. Mangano, G. Ortona, M. Selvaggi
FCC-hh Slmulatlon (Delphes)
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QIXv:2004.0350512 K,

Combined precision

0K, (68% CL) 3.0% - 7.8%

2] Assuming SM Higgs BR

(i = 125 GeV)

FCC-hh potential well

established in several channels
Previously published combination included
bbyy, bbrzr(hh+lh), 4b and bbZZ(4])
Considered three different scenarios for
detector performance and systematic
uncertainties by reweighting from main
detector scenario based on LHC
performance & FCC-hh CDR
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https://arxiv.org/abs/2004.03505

Di-Higgs cross-section dependance on k, in pp-collisions

FCC-hh Simulation (Delphes)
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https://arxiv.org/abs/2004.03505

Higgs self-coupling @ ILC

a o
=, - P(e+,e-)=(0.3,-0.8): — Higgs-strahlung (ZHH)
r 05 — WW-fusion (v,7,HH)
c - P(e+,e)=(0.6,-0.8): ... Higgs-strahlung (ZHH)
2 o4k - WW-fusion (v,v,HH)
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3 -
q 09 T b
w S —— T,
g 02 e B e

0.1F

ok
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«  Two production modes:

Higgsstrahlung, peaks ~500 GeV
WW-fusion, above ~1 TeV
— need runs at both energies for

maximum k, precision

arXiv:2203.07622v2
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Studied dominant channels 4b and bbWW
Advantage of ee-collider: ZHH cross-section
increases with K, hence better constraints at

values k, > 1 than pp-colliders
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