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The FCC integrated program

= A coherent, long-term research infrastructure to address the most pressing questions in Particle Physics

= A ~50 years project: 15y of lepton collider stage (FCC-ee) + 10y transition + 25y of hadron collider (FCC-hh)
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The FCC integrated program

How physics program will
look like in 50y from now?
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The FCC-hh stage: running scenarios

= FCC-hh CDR baseline plan was a total of 30 ab™? of pp-collision data @ 100 TeV
ESPPU input #247

= Alternative FCC-hh running scenarios are considered
: e F12* F14 F17 F20 HL-LHC
given several potential limitations:
dipole magnets, synchrotron radiation (M energy (TeV) 72 84 102 120 14
and extreme levels of pile-up Dipole field (T) 12 14 17 20 8.3
Init. pile-up 580 - 2820 590 732 141 135
" The new baseline in the Feasibility
. . Lumi/year (fb- 950 - 2000 920 920 370 240
Study is @ 84 TeV, with the same y o)

. . *F12 includes 3 different scenarios for high, low lumi & PU
target luminosity
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FCC-hh projection study workflow
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Higgs Physics at FCC-hh

[Link]

= Several physics benchmarks have been studied to extend Prospects for physics at FCC-bh
and update previous results (with the new baseline)

= Goal: reinforce the physics case for the FCC-hh Editors:

M. Mangano *!, M. Selvaggi *2, B. Stapf *2, A. Taliercio *!, S. Williams *5

= Results have been submitted for the 2026 European | | Conibutors:
Strategy for Particle Physics Update (ESPPU) . Lo, Mamoni . Mastapsaa B Mazaoo ™ . Nt 1%, M. Sat

L. Santos Pereira Trigo *%13, R. Sawada *14, K. Tackmann *10,

Abstract

This submission reviews and updates the extensive work done over the years to explore and quantify
the physics potential of FCC-hh, the hadron collider component of the integrated Future Circular
Collider facility. The document introduces the context of these studies, as it has developed over the
years, and offers an update of key targets of FCC-hh such as the precision Higgs studies and the
discovery reach at the highest mass scales. New analyses added or improved with respect to the CDR,
are introduced. A general assessment is also given of the impact of the new energy/luminosity baseline
for the accelerator, and of alternative configurations, on the physics results.

April 10, 2025

Contribution to the European Strategy for Particle Physics Update 2025-2026
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Higgs Physics at FCC-hh

[Link]

= Several physics benchmarks have been studied to extend Prospects for physics at FCC-bh
and update previous results (with the new baseline)
= Goal: reinforce the physics case for the FCC-hh M. Mangano L M. Selvaggi . B. St % A. Talicrcio ., . Willams
= Results have been submitted for the 2026 European | | Conibutors:
Strategy for Particle Physics Update (ESPPU) "B Lipees 15, . Manaoni ™ P Masurgasqus 3, & Mazzeo 3 J, Nsbi 023, M. Seto 4,

L. Santos Pereira Trigo *%13, R. Sawada *14, K. Tackmann *10,

= |n this talk:
1) Higgs self-coupling with Higgs pair production(HH) At

This submission reviews and updates the extensive work done over the years to explore and quantify
A& the physics potential of FCC-hh, the hadron collider component of the integrated Future Circular

u H H - b b )/]/ / b bTT 7\ Collider facility. The document introduces the context of these studies, as it has developed over the
rce-ee I III' ™ years, and offers an update of key targets of FCC-hh such as the precision Higgs studies and the

discovery reach at the highest mass scales. New analyses added or improved with respect to the CDR,

. A T — -
2 ) TO p Yu kawa Ccou p I IN g * cnmnleme‘ntarlw* are introduced. A general assessment is also given of the impact of the new energy/luminosity baseline
- jo ; <

for the accelerator, and of alternative configurations, on the physics results.

" ttH — yy

April 10, 2025

3) Higgs rare decays

Contribution to the European Strategy for Particle Physics Update 2025-2026

= H - uu



https://indico.cern.ch/event/1439855/contributions/6461632/

Higgs self-coupling with HH searches
HH - bbyy / bbtt




Motivation for HH searches

= HH production is sensitive to the Higgs trilinear coupling A

= Direct measure of the A parameter

= Test of the Electroweak Symmetry Breaking (EWSB) mechanism

Higgs
potential

Our Stable
vacuum

?
Metastable

Higgs \ |
field \/

H g v _H
LO SM
Feynman | yo___ < N ,
diagrams
H g 7 H
HH production (gg-+ HH) differential cross section
i —k.=-50 | [ = HH production is also a probe
EI k = '30 . .
310" k = 1.0 for BSM theories as they predict
R k =25 .
o, tﬁ=5.o sizeable effects on A
L, =9.0
0% \\ = Deviations parametrized in
4;\ TN . terms of k) = A/Agum
|

.

5 Mt e
300 400 500 600 700 800 900 1000 1100 1200

m,, (GeV)

Deep fundamental questions
What is the order of the EW phase transition?

What is the fate of the Universe? Is it stable?




Higgs self-coupling at Future Colliders

= Extremely small cross section: a(ggHH) ~ 1/1000 o(ggH)

=  We will reach a precision measurement of the Higgs self-
coupling only with Future Colliders

= FCC-hh offers the best prospects for %-level measurement
from HH searches

HL-LHC
FCC-ee

ILC (1 TeV)
CLIC (3 TeV)
w (10 TeV)

FCC-hh

KA (68% CL)

1stgeneration 2"dgeneration

3rdgeneration

No evidence yet
No clear strategy

‘ Quarks

=2.2 MeV ¢? =1.27 GeV c?
u ‘ C
Up Charm
=4.7 MeV c? =93 MeV c?
d ‘ s
Down Strange
=0.511 MeV c? =105.7 MeV ¢?
Electron Muon

=173 GeV c?

t

Top

~4.18 GeV c?

b

Bottom

=1.777 GeV c?

Tau

Established

fNo evidence yet\

Needs future collider

=125 GeV c?

=91.2 GeV c?

Z Boson

~80.4 GeV c?

W Boson

Higgs Boson

‘ Leptons ‘ Vector bosons
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HH — bbyy : analysis strategy

10.17181/w6928-gr929

Example bin
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HH — bbyy : results
yy - 10.17181/w6928-gr929
FCC- hh 30ab~! (84 TeV) FCC - hh
5 ‘ L LA J —@- 84 TeV (30ab—1) Stat + Syst. 2
N =« Stat. onIy 6.0 +@ 84TeV (30ab~) Stat
ak \ — Syst.1 || . e I nniag |
—@- 120 TeV (12ab~?) Stat + Syst. 2
5.0 - @ 120 TeV (12ab7!) Stat
S~ & 4.5
= g
c = 4.0
J 2
r}l @ 3.5
3.0
2.5+
2.0

Nominal 10GeV 5GeV 3GeV
my; resolution

ki

= Reach 3.5% (5.2%) stat. (stat.+syst.) precision on kK, with bbyy channel alone (only ggHH)!
= Conservative assumptions on non-resonant background
= |Improvements of detector & reconstruction techniques such as e.g. my; regression have

potential to increase precision significantly
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HH — bbyy bonus: resonant version

. 30ab7" (84 TeV)
----- Expected 95% CL Limit FCChh - my, =600 GeV, by =0 GeV, b; =0.0

B Expected +1 s.d.
[ Expected *2 s.d.

95% CL on g(pp - H — hh) [fb]

i g g —0.25-0.20-0.15-0.10-0.05 0.00 0.05 0.10 0.15 0.20 0.25
-liD 0 En :I i i 1I H H
7T maseeyy 7T S. Tentori at al.

®  Use same strategy as non-resonant analysis to deliver limits on a new resonance decaying to HH

® Results can be directly compared to HL.-LHC ones

=  Singlet model interpretation shows FCC-hh exclusion (or discovery!) power

13
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HH — bbyy bonus: resonant version

30 ab~! (84 TeV)
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®  Use same strategy as non-resonant analysis to deliver limits on a new resonance decaying to HH

® Results can be directly compared to HL.-LHC ones

= Singlet model interpretation shows FCC-hh exclusion (or discovery!) power

14


https://indico.cern.ch/event/1545569/contributions/6519944/attachments/3068457/5428193/FCCperformance_Tentori.pdf
https://arxiv.org/abs/2504.00672
https://arxiv.org/abs/2504.00672
https://arxiv.org/abs/2504.00672

HH — bbzt : analysis strategy 017181 /8eda0 i34
Il background Signal
signal Background
3. 0.020 - -
- Example of input
Q
Q 0015 feature after event z
> c
O re-selection ‘ 2
$ 0.010 P Q w
-]
O
o
- 0.005
0 100 200 300 400 500 0.0 0.2 04 0.6 0.8 1.0
Mpp (GeV) Score

Focus on channels with at least on hadronic T decay (fully leptonic included in bb££ + EFSS)

Graph Neural Network (GNN) trained in the two channels: Ti,Thaq aNd TraaThaa
10.17181/ebp10-yeg2

Working on extracting precision with fit on GNN score in bins of HH invariant mass

~3% precision on signal strength - Competitive with bbyy channel - combination planned
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Top Yukawa coupling
ttH — yy




ttH — yy : analysis strategy 10.17181/tr6k7-bm770

=  Focus on ttH where at least one top-quark decays leptonically
= H - yy :clear experimental signature and excellent photon energy resolution

= Measurement is performed in bins of p}! fitting the di-photon mass

FCC-hh Simulation (Delphes) Vs =84 TeV, 30 ab™! FCC-hh Simulation (Delphes) v =84 TeV, 30 ab~! FCC-hh Simulatioln (Delphelas) \/EI= 84 TeV,‘ 30 ab~ !
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ttH — yy : results 10.17181/tr6k7-bm770

= Target measurement of top Yukawa coupling

=  For comparison: currently precision ~11% at LHC[amxiv:2207.00043, 2207.00092], €Xp. 3.4% at HL-LHC [axiv:1902.00134]

= Working on incorporating ratio ttH/ttZ to exploit systematic unc. cancellation (see previous study)

——— Syst. optimistic

FCC-hh Simulation (Delphes) —e— Total g/ FCC-hh Simulation (Delphes) !
Stat. -1 —— Syst. medium
Vs =84 TeV, 30 ab~! Syst Vs =84TeV, 30 ab Syst. pessimistic
ttH - vy, |yn| <4.0 - . I [~ Syst. medium+|
i Stat. onl
6 - — at. only
Total  Stat.  Syst. N 1.2%
pt > 450 GeV - 1.000£0.024  (0.012, 0.021) |
300 < p! < 450 GeV | 1.000+0.024  (0.009, 0.022) 1 | | e __93%CL
120 < p_’."_l <200 GeV 1.000 +0.024 (0.006, 0.023)
60 = p! < 120 GeV 1 ; 1.000£0.025  (0.007, 0.024)
68% CL
pl <60 GeV - 1.000+0.027  (0.009, 0.025) |  lf-mmmmmmoso=ANrf /e ===
098 100 102 104 106 108 1.10 0.925 0.950 0.975 1.000 1.025 1.050 1.075 1.100 1.125

(o x BR) / (0 X BR)su Ktop
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Higgs rare decays
H — pu




H — uu : analysis strategy

10.17181/sxreb-8n751

= Benefit from larger FCC-hh dataset: explore high p?“ region where exp. uncertainties are usually smaller

= Measure ratio of signal strength H - uu / H - ZZ — 4u to:

= Cancel out theory uncertainty

FCCAnalyses: FCC-hh Simulation (Delphes)

.1011§

=  Take advantage of FCC-ee 10"F

Events

Vs =84 TeV

F L=30ab’

109%* Ipp —H — uu analysisl

permille precisionon H — ZZ 100k
10’%

10°F
= Fit of my,(my,) invariant :zj

. 4 . .
mass in pF (p;' ) bins o
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FCCAnalyses: FCC-hh Simulation (Delphes)
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H — uu : results

10.17181/sxreb-8h751

= A precision on the ratio of signal strength of 1.32% can be achieved in the nominal scenario
= Precision on the absolute coupling of Higgs to muons of 0.66% (compared to ~4% for FCC-ee)

= Similar studies can be doneon H — yy and H — Zy, which are also statistically limited at FCC-ee

FCC-hh Simulation (Delphes) — 1S'°ta' FCC-hh Simulation (Delphes) - ;‘Ztat'
tat. . . . at.
Vs =84 TeV, 30 ab™?! Syst Various operating scenarios Syst
Ratio H - uu over H—ZZ" - uuuu M Ratio H - up over H—ZZ* - uuup oM
1000+ 0°036 %aotés %ygct).g)
uy o | . + 0. . , .
450 < pht = 200 oevl & y 1.000£0.052  (0.051, 0.010) Total  Stat.  Syst.
— ] 1.000+0.043  (0.042, 0.011)
ggg fg ; : :gg gg\\;_ 10000035  (0.033. 0.011) 120 TeV, 12 ab-11 # — ; 1.00000 +0.01489 (0.00618, 0.01355)
300 : p H <350 GeV - 1.000 £ 0.029 (0.026, 0.012)
550 = o = 300 Gev 1.000£0.024  (0.020, 0.013) | 100 TeV, 30 ab~1- —— 1.00000 = 0.01221 (0.00442, 0.01138)
=" ] 1.000+£0.021  (0.013, 0.016) -1 — , 1.00000 + 0.01319 (0.00490, 0.01224)
138 fg p z %gg 823_ 1.000£0.021  (0.010, 0.018) 84 Tev, 30ab
= nlu ] 1.000£0.023  (0.009, 0.021) _
50 = p7 ;Ilgl#g gii\;_ 100020013 (0005 0.012) 72 TeV, 42 ab-1- iT: 1.00000 + 0.01274 (0.00463, 0.01187)
0.'95 1.'00 1'65 1.10 1_15 1.20 099 1.00 101 1.02 1.03 1.04 1.05 1.06 1.07

BR(H - ) / BR(H = ppup)

BR(H - upt) / BR(H = upipp)
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Summary & Outlook

= Key Higgs benchmark studies updated for new baseline operating
scenario at 84 TeV (and alternatives)

= Qverall picture does not change from 100 TeV CDR case
= FCC-hh remains the ultimate test for Higgs self-coupling

=  FCC-hh can access rare Higgs decay mode, complementing FCC-ee
= Addition of new studies and more advanced analysis techniques
may boost the FCC-hh physics case even further

= Several ongoing studies & further updates to be completed
= FCC-hh P&P working group documentation page

22
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Summary & Outlook

= Key Higgs benchmark studies updated for new baseline operating
scenario at 84 TeV (and alternatives)

= Qverall picture does not change from 100 TeV CDR case
= FCC-hh remains the ultimate test for Higgs self-coupling

=  FCC-hh can access rare Higgs decay mode, complementing FCC-ee
= Addition of new studies and more advanced analysis techniques
may boost the FCC-hh physics case even further

= Several ongoing studies & further updates to be completed
= FCC-hh P&P working group documentation page

Now it’s the time to decide how
the future will look like!
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Overview of Higgs self-coupling limits & prospects

Best case scenarios for Future Colliders

H+HH

} Honly

Experiment 95% CL limit Reference
ATLAS ATLAS-HDBS-2022-03
- HH -0.6 <K;<6.6
H+HH -04<kK,;<6.3
CMS Nature 607 (2022) 60
- HH -1.2<K;<6.5
oK, (68% CL)
HL-LHC ~30% EoPPU#1 /70

Experiment | &k, (68% CL) | Reference
ILC (1 TeV) 10% arXiv:2203.07622\2
CLIC (3 TeV) 9%, arXiv:1812.01644v1
FCC-ee 24% JHEPO1(20201139
u (10 TeV) 4% ariv:2203.07261v2
FCC-hh 3% rXiv:2004.0350502

HH
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Setting the scene: self-coupling at FCC-hh

" EH production at pp colliders at NLO in QCD FCC-hh offers excellent prospects for a precision

Myy=125 GeV, MBTW2008 NLO pdf (68%cl)

measurement of Higgs self-coupling
Higgs pair production cross-section increases by

factor ~40 compared to (HL)-LHC

oyLolfo]

Recent HL-LHC projections exceeding initial

expectations and reaching ~30% precision on Kk

Previous studies @ FCC-hh proved percent level

precision on k,; combining several channels

(HL-)LHC FCC-hh
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FCC-hh timelines

ESPPU input #247

[Activity

IEuhrﬁ.‘n‘mllﬂ evalailod & poopec! Mathofaalion ol

i

Ll

3|

=

Technical design accelerator

Industraalization & magnet peoductzn

|FOC—2e dismanil

|Late3t project decision

Start of subsurface censtructiens fer FOC-hh sage 3

Sobmarface civil construction

Technical infrastrocrupes imatallution

Acoclerator installation

|Hadware commmmiioning

IB-m SOMMMIHOMInE

Iln'mluna.!bc.unup-mlm

P

Activity

Emvironmental cvahastion & preject ssthonsation processes
Techiacal design sccckermer

Iadisirrsliestion & msgn: prodedtos

&1

H L1

Latil prajeet drcisien

ot af sabsmi T comtraeibon fer FOC- b o sl

Imﬂ.ﬂf.h'{ iVl oSN oS

Techiosal infrasrectues imtallaton

Acoeleraion metallation

|Hardwane commisioning

|Hum CONNTEASIANIL

I.‘-'t.'l'ru.m{ heam operation

1l

Fig. 10: Timeline of FCC-hh as stand-alone project from preparatory phase to the end of operation.

Fig. 9: Timeline of FCC-hh as second stage after FCC-ee from preparatory phase to the end of operation.
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Efficiency parametrization in Delphes

Object Relative momentum resolution  Efficiency
Photons 0.2-3.0% 72-90%
Electrons 0.8-3.0% 72-90%
Muons 1.0-6.0% 88-97%%
Medium b-tagging 76-86%
Mistag rates c-jets 10-20%

Table 1: Ranges of the relative momentum reso-
lutions as well as efficiencies (including reconstruc-
tion and identification efficiency) of the relevant
objects for the analysis, as parameterized in the
DELPHES scenario studied [15].
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HH — bbyy systematic uncertainty scenarios

. Value
Source of uncertainty
Syst. 1 Syst. 2

Luminosity 0.50% 1.00%
b-tagging eff. / b-jet 0.50% 1.00%
Photon ID eff. / photon 0.50% 1.00%
Single Higgs bkg normalisation 1.00% 1.00%
Non-resonant bkg normalisation 5.00% 5.00%

Consider different scenarios for systematic uncertainties

Type

InN
INN
INN
InN
InU

Applied to

Signals - Single Higgs
Signals - Single Higgs
Signals - Single Higgs
Single Higgs
Non-resonant QCD

- Reconstruction uncertainties apply to signal and single Higgs background, assuming it is determined from

MC + additional 1% normalisation uncertainty on each single Higgs process

- Assume non-resonant background estimation data-driven from side-bands with 5% uncertainty

(conservative - post-fit constrained to 2%)

- Explicitly no signal theory cross-section uncertainty included
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ttH — yy systematic uncertainty scenarios

Uncertainty source

Uncertainty scenario

Optimistic | Medium Medium+ Pessimistic
Photon 1D 0.5% 1% 1.2% to 0.5% (pr-dep.) 2%
Electron ID 0.5% 1% 2.0% to 0.5% (pr-dep.) 2%
Muon ID 0.5% 1% 0.7% to 0.2% (pr-dep.) 2%
Flavor Tagging 0.5% 1% 1.4% to 0.5% (pr-dep.) 2%

Table 3: Per-object uncertainty values under different scenarios.

Uncertainty source Uncertainty scenario

Optimistic | Medium | Medium+ | Pessimistic
Luminosity 0.5% 1% 1% 2%
ttH cross-section 0.5% 1% 1% 1.5%

Table 4: Per-event uncertainty values under different scenarios.

In the medium+ scenario, the uncertainties
on the object identification efficiency were
determined using a pT-dependent
parameterization
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Granada report

Higgs couplings: motivation
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Significant precision
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measurements in rare decay
modes that remain (statistically)
limited at FCC-ee/H - HC, orare

not directly accessible at FCC-ee

31


https://arxiv.org/pdf/1905.03764

	Slide 1
	Slide 2: The FCC integrated program
	Slide 3: The FCC integrated program
	Slide 4: The FCC-hh stage: running scenarios
	Slide 5: FCC-hh projection study workflow
	Slide 6
	Slide 7
	Slide 8: Higgs self-coupling with HH searches
	Slide 9
	Slide 10
	Slide 11
	Slide 12
	Slide 13
	Slide 14
	Slide 15
	Slide 16: Top Yukawa coupling
	Slide 17
	Slide 18
	Slide 19: Higgs rare decays 
	Slide 20
	Slide 21
	Slide 22: Summary & Outlook
	Slide 23: Summary & Outlook
	Slide 24: Backup
	Slide 25: Overview of Higgs self-coupling limits & prospects
	Slide 26: Setting the scene: self-coupling at FCC-hh
	Slide 27: FCC-hh timelines
	Slide 28: Efficiency parametrization in Delphes
	Slide 29: H H b b  systematic uncertainty scenarios
	Slide 30: t t H  systematic uncertainty scenarios
	Slide 31: Higgs couplings: motivation 

