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Introduction

FCC-hh: Hadron collider phase of
the FCC integrated programme

Main limitations for FCC-hh from
dipole magnets, synchrotron
radiation and extreme levels of
pile-up — alternative FCC-hh
running scenarios under study

to the CDR baseline plan of 30 ab™
@ 100 TeV

started last
autumn as a common platform for
all ongoing FCC-hh projection
studies for the strategy update
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FCC-hh projection study workflow




Tracker: 0;/pr ~ 20%
at [0TeV (1.5m radius )

Barrel ECAL: LAr/Pb

FCC-hh projection study workflow | ="

lat. segm: AnAd = 0.01
long. segm: 8 layers

Barrel HCAL: Sci/Pb/Fe
O /E ~50-60%/VE ® 3 %
11 A (ECAL+HCAL)

| |Fwd ECAL: LAr/Cu ||(Fwd HCAL: LAr/Cu
O/E~30%/VE® | % O/E~100%/VE® 10%
lat. segm: AnAd= 0.01 lat. segm: AnAd =~ 0.05

long. segm: 6 layers long. segm: 6 layers

lat. segm: AnAd = 0.025
long. segm: 10 layers

%nce detector

design from the CDR

CERN-ACC-2018-0058
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Tracker: 0;/pr ~ 20%
at [0TeV (1.5m radius )

Central Magnet +
Fwd solenoids

Barrel ECAL: LAr/Pb

FCC-hh projection study workflow | ="

lat. segm: AnAd = 0.01
long. segm: 8 layers

DELPHES

fast simulation

Barrel HCAL: Sci/Pb/Fe
O/E ~50-60%/VE ® 3 %

11 A (ECAL+HCAL)

lat. segm: AnAd = 0.025
long. segm: 10 layers

| |Fwd ECAL: LAr/Cu Fwd HCAL: LAr/Cu
OJE~30%/VE® | % O/E~100%/VE ® 10 %
lat. segm: AnAd= 0.01 lat. segm: AnAd=~ 0.05

long. segm: 6 layers long. segm: 6 layers

Efficiencies & resolutions as
functions of p, and g
- Official FCC-hh scenarios
- Rely on common software
stack:
- Note: No direct pile-up
overlay, assume LHC levels
in the parametrizations

%nce detector

design from the CDR

CERN-ACC-2018-0058
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Overview of topics

Covered in this presentation

Update of 2019 study: Reoptimized
and/or at alternate energies

Completely new study

% -ldea or initial exploration

'ﬁ' - Ongoing work

~ - Advanced ongoing work

Performance studies /

- - Flavour tagging with transformer architecture
- ¢ Full simulation tracking with timing e.g. ACTS
- ¢ Pile-up impact studies
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0 . f t . Physics studies
VEIVIEW 0 Oplcs - Higgs couplings in rare decays
Covered in this presentation - 4 Ratio H (ll/l)/H (4ﬂ)

Top-Yukawa coupling
- & Ratio #tH(bb)/#tZ(bb)
- ¢ ttH(yy) channel
Higgs self-coupling

Update of 2019 study: Reoptimized
and/or at alternate energies

Completely new study

£ -ldea orinitial exploration ) Fbyy channel
10+ - Ongoing work - 1) bbrr chapnel
: bbll+E, ™ channel

- Advanced ongoing work

+ Higgs width measurement
through VBF HWW off-shell

Performance studies

- Flavour tagging with transformer architecture "¢ Piﬁ erential cr 0ss-s€ ctions
- ¢ Full simulation tracking with timing e.g. ACTS as input to global fits
-4 Pile-up impact studies - High pT ttbar production




Jet Flavour Tagging with transformer architecture

Motivation for the study:

Current FCC-hh Delphes scenarios use
assume flavour tagging efficiencies (at
least as) good as latest CMS
performance with ParticleNET

- Can we actually reach this?

CDR included initial studies into
flavour tagging efficiencies with the
FCC-hh tracker layout relying on
calculation of the track covariance
matrix

o - p, (q)=5TeV

LF background eff.

2 @~ P (q)- 500 GeV

- P, (q)— 5 TeV Hit-based |

e (q)— 500 GeV Hit-based-

04 05 06 07 0.8 0.9
b-tagging eff.
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Jet Flavour Tagging with transformer archltecture

Wei Sheng Lai, Nikita Pond, Tim Scanlon, Sebastien Rettie, Sam Van Stroud N — o

ee z~ - w,,
brtagging

- Performance study of transformer model
(GN2), with Delphes TrackCovariance “
module implementing tracker layout

T T T T
FCC-ee Smul 1D Iphe: ) —— ParticleNetiDEA

- Validated against FCC-ee & CDR

Transformer
=
. k1 Track origin
. E K i g predictions
Com
represortanon
‘eriex
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Jet Flavour Tagging with transformer architecture

Performance study of transformer model
(GN2), with Delphes TrackCovariance

module implementing tracker layout

- Validated against FCC-ee & CDR
Find b-tagging efficiencies > 95% (70%)
with 1% mis-tagging at rates in moderate
(high) pT range, maintained up to || <5

Next steps: Further study impact of
pile-up? Connect with tracking with timing
studies?
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Higgs couplings precision measurements

Granada report
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y Future colliders combined with HL-LHC
nggS@FC WG Uncertainty values on AKX in %.
@ 04 08 12 16 y 00 06 12 18 24 3.0 Kappa—3, 2019 Limits on Br (%) at 95% CL.

Significant precision improvements in couplings measurements in rare decay modes that
remain (statistically) limited at FCC-ee/ , Or are not directly accessible at FCC-ee
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Higgs couplings: Analysis strategy

Expected number of Higgses

] | |
N=0(Prg>Prmn) X 30 ab™"

Solid: gg—>H
Dashes: ttH
Short dash: VBF

Dotdash: WH

@ 100 TeV —

107 Higgs pair) events expected

Cross-section and integrated
luminosity both increase by x 10
compared to HL-LHC

— Factor 10 reduction of
statistical uncertainties,

systematic uncertainties will

mtotal ~10'%single Higgs (and ~

/

dominate even in rare channels
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Higgs couplings: Analysis strategy

z
I
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o(Pra>Prmin) X 30 ab™’

@ 100 TeV —

Solid: gg—>H
— o Dashes: ttH

Short dash: VBF

L Dotdash: WH
|
L I _
|
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Systematic uncertainties will dominate
But: Large statistics even at high p,. ...
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Higgs couplings: Analysis strategy

10°

N=0(Prg>Prmn) X 30 ab™"

@ 100 TeV

Solid: gg—>H
N — Dashes: ttH
Short dash: VBF

N Dotdash: WH

| T Ao
1 1 1 1 ! 1 1 1 1 | 1 1 1 1 | 1 1 1 1 I 1 1 1
1000 2000 3000 4000

Prmin (GeV)

5000

Systematic uncertainties will dominate

But: Large statistics even at high p,. ...
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... where experimental systematic
uncertainties on efficiencies are smaller
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S/ (%)

Higgs couplings: Analysis strategy

Signal strength precision

FCC-hh Simulation (Delphes)
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Higgs couplings: Analysis strategy

Signal strength precision

FCC-hh Simulation (Delphes)
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Higgs couplings: Analysis strategy

Signal strength precision

FCC-hh Simulation (Delphes)
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Higgs couplings: Analysis strategy

Signal strength precision

FCC-hh Simulation (Delphes)

BR ratio precision
FCC-hh Simulation (Delphes)
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Higgs couplings: Analysis strategy

Signal strength precision

FCC-hh Simulation (Delphes)
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BR ratio precision
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Higgs couplings: Previous results

First estimate of precision at alternative energies by
rescaling statistical uncertainties:
- With+20TeV: 0 .. 30%

Precision in %

Coupling 80 TeV 100 TeV 120 TeV
o gHrr/ Eiiyy 0.4 0.4 0.4
0 81t Btipu 0.7 0.65 0.6
‘ngz,/ Buzy 1.0 0.9 0.8

Rerunning the analyses is a work in progress

& (BR(H = yy) / BR(H — eeup) ) (%)

—_
o

_.
e

BR ratio precision
FCC-hh Simulation (Delphes)
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Higgs couplings: First results from H (z)/H (44)




Higgs self-coupling precision measurements

Higgs@FC WG September 2019

Tl T T [ FEUT Yo 7 T Dl T P = = ] ) == === Ty § L & g 2 2
I I I I I di-Higgs  single-Higgs
HL-LHC HL-LHC HL-LHC
...... 80%. ... 50% (47%).....
HE-LHC HE-LHC
...... [10-20% ... A2 50% (40%).....
H E' LHC FCC-ee/eh/hh FCC-eeleh/hh
I I . 5% D 25% (18%)
LE-FCC LE-FCC
15% n.a.
FCC-eh,, FCC-el
FCC-eefthhh—_———y 020 | e Hna o=
FCC-eell,
2'(4:% (14%)
FCC-ee,
FCC-ee |- 33% (19%)
) l | FCC-ee,,,
_ """"""""""""""""""""""""""""""""""""""""""""""""""""""" = ?.Lf.’gﬁua%l .....
1000 1000
ILC 10% 36% (25%)
N I ILC,, ILC,,,
............................................................................................... 27% 38% (27%)
under HH threshold D ILC,;
CEPC e | i SN 49% (29%) ...
[ [ |cepc
..................................................................................... b L 9% (17o0).
GLigE: CLIC =
CLIC T%+11% 49% (35%)
CLIC,,, CLIC,,,
AR I T Rt N: o 36% 4% 1)
N " LI 380
0 10 20 30 40 50 _50% (a)

68% CL bounds on Kq [%]  Altuture coliders combined with HL-LHC

Large dataset & increased cross-section at baseline CDR FCC-hh offers %-level k, precision
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Higgs self-coupling precision measurements

bb

24.8%|

Assuming SM Higgs BR

BR HH—xxyy
(mu =125 GeV)

arXiv:1708.08249
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Combined precision

oK ; (68% CL)

3.0% - 7.8%
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Higgs self-coupling precision measurements

3
bb -33_6 Assuming SM Higgs BR |I
BR HH—xxyy [, .

WW |24.8%

bbyy best sensitivity due to very
clean final state, despite low
branching ratio

— Investigating at alternative
energies, and how to achieve

zz ultimate precision
YY 4 0.1% -I
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Re-optimized hbyy analysis strategy

Pre-selected events

DNNSs categorization
to suppress the bkg

Events
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Re-optimized hbyy analysis strategy
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Updated bbyy analysis results

Angela Taliercio, Paola Mastrapasqua, Birgit Stapf at FCC-hh ESPP meeting

0.040 1
[ bkg
0.035 1 [ bkgres
[ signal
0.030 1 BN gaussian mbb
0.025 1
0.020 @ 100 TeV
0.015 1
0.010 A
0.005 1
0.000

80 100 120 140 160 180 200
Mas [GeV)

m,, resolution

Nominal | 10 GeV | 5 GeV 3 GeV

6161 (68% CL

3.2% 2.5% 2.0% 1.8%
- stat. only)
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Updated bbyy analysis results

Angela Taliercio, Paola Mastrapasqua, Birgit Stapf at FCC-hh ESPP meeting

o FCC-hh 30 ab~! (100 TeV)
0.040 1 ] —— 80 TeVstat + syst —— 100 TeV stat + syst —— 120 TeV stat + syst
' 1 bkg 1 @ B80TeVst only ® 100 TeVst. only ® 120 TeVst. only
0.035 - 1 bkg res . .
[ signal
0.030 1 BN gaussian mbb
0.025 <
=
0.020 4 @ 100 TeV pro
R
0.015 A =
i=]
0.010 - @
o
0.005 A a
0.000 . : ‘
80 100 120 140 160 180 200 .
My [GeV] 15 | [ E_ ___________________________ L o —
T : ® :
m,, resolution 1 i 3
1.0 ; .
. Nominal 10GeV 5GeV 3GeV
Nominal | 10 GeV | 5 GeV 3 GeV i
mpp resolution
g Impact of m,, resolution is critical
0K, (68% CL | 359 25% | 2.0% | 1.8% P bb
- stat. only)
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Next step for bbyy analysis: Separating triangle vs box diagrams

“ o ” [ ”
triangle ‘box

H [/

. 9 9992999999298 S H

KX
g A Y

N K ¢

H g 9992929999298 «— - H

Dominant mode of gluon-gluon Higgs pair production
has two (interfering) diagrams

Only the triangle diagram contribution contains a
Higgs-self coupling vertex

Ongoing work to apply Bastien Voirin's BDT classifier
which separates the triangle from the box contribution
based on the Higgs’ kinematics to the bbyy analysis to
further boost sensitivity

i 800
]

P 60|

BDT classifier response (mHH, min mHl, max mH|)
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ackground (training)
ignal (testing)
F——] Background (testing)

1200~

1000 F

400[-

200

NEvents=75000 NTrees=800 MakDepth=3 nCuts=100 MinNodeSize=0.750000
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VAR == ; [T ]
MRS Ay
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B \ /
: A DYV
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Improved bbzt analysis with advanced ML techniques

1
»| Assuming SM Higgs BR |I
bb 133.6%
- BR HH—xxyy . .

bbrr benefits from larger
branching ratio, yet only
moderate backgrounds. Final
state not fully reconstructible
due to neutrinos

— Second leading channel for
kl precision

WW |24.8%

ag

ZZ (3.1%

—

bb WW 99 TT ZZ

_rarer
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Improved bbtt analysis with advanced ML techniques @ 100

TeV

bb
WW

ag

Assuming SM Higgs BR

BR HH—xxyy
(my =125 GeV)

arXiv:1708.08249

3.1%

—

0.26%| 0.1%
1 |

bb WW 99 TT ZZ

10

_rarer

[ FCCAnalyses ]

l

[Flat (low-level) ntupIeJ

1 Ongoing work to
push sensitivity even
further by employing

advanced ML

techniques, such as
Graph Neural Net (GNN)

[Loose selection + high-level variables}

Cuts/MVA

Statistical analysis

_/
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Improved bbtt analysis with advanced ML techniques @ 100
TeV

Input distributions (example)

yyyyyy

100 200 300 400 500
Invariant Mass of tauao

Analysis of

signal events
Backgrounds from top and
single Higgs production, as
well QCD+EW continuum
(Drell-Yan Z+jets)
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Improved bbtt analysis with advanced ML techniques @ 100
TeV

Input distributions (example) GNN performance

Model Output Distribution on Validation Dataset
N background

W background signal

| 1

0.012 e > 10
—
v 0.010 2
L
O 0.008 =

3 10°
= c
0.006 g
o
o
—_
w

100 200 300 400

Invariant Mass of taUﬁo 0.0 0.2 predigt‘;d probg'gi“tjes 0.8 12 1.0
- Analysis of - Best GNN performance with
signal events high-level variables of bb and
- Backgrounds from top and 7t Systems (inv. masses, radial
single Higgs production, as distances, E,™* centrality)
well QCD+EW continuum - Small benefit with constraints
(Drell-Yan Z+jets) from di-Higgs system

33


https://www.google.com/url?q=https://indico.cern.ch/event/1467698/contributions/6275418/attachments/2986078/5259210/Liverpool_FCC_bbtata.pdf&sa=D&source=editors&ust=1736437903489656&usg=AOvVaw0i1osV_5BkDW3Wv9YK2koS

Improved bbtt analysis with advanced ML techniques @ 100

TeV

Input distributions (example)

W background
0.012 signal
>
=
& 0.010
v
O 0.008
>
=
£ 0.006
=
£ 0.004
—
u
0.002
a0 100 200 300 400

Invariant Mass of tausio

- Analysis of
signal events

- Backgrounds from top and
single Higgs production, as

well QCD+EW continuu
(Drell-Yan Z+jets)

m

Frequency Density

GNN performance

Model Output Distribution on Validation Dataset

W background
signal

0.2 0.4 0.6
Predicted Probabilities

Best GNN performance with
high-level variables of bb and
7t Systems (inv. masses, radial
distances, E,™* centrality)
Small benefit with constraints
from di-Higgs system

>

101

Sensitivity
Z values for individual bins

Z = )\‘Ys/\/ J\rb -+ (J\‘Yb(fb)z

|

00 02 04 06 08 10

First estimate of
significance binned in
GNN output shows
improvement of ~ factor 2
over previous BDT analysis

34


https://www.google.com/url?q=https://indico.cern.ch/event/1467698/contributions/6275418/attachments/2986078/5259210/Liverpool_FCC_bbtata.pdf&sa=D&source=editors&ust=1736437903593634&usg=AOvVaw1CWCH9uEaIdOEE_JOv9fP0

Outlook: Towards global fits with updated FCC-hh projections

Juan Rojo

kappa-0 |HL-LHC | LHeC | HE-LHC ILC CLIC CEPC| FCC-ee |FCC-ee/eh/hh
S2 S2’' (250 500 1000|380 15000 3000 240 365

kw [%]| 1.7 ] 0.75 |14 098 | 1.8 0.29 0.24|0.86 0.16 0.11| 1.3 | 1.3 0.43 0.14
Kz [%] 115} 1.2 (1.3 0.9 |0.29 0.23 0.22| 0.5 0.26 0.23| 0.14 [0.20 0.17 0.12
Ky [%] 2.3 | 36 |19 12 (23 097 066(25 13 09| 15 |17 1.0 0.49
Ky [%] 1.9 76 |1.6 12 |67 34 19 |98« 50 22 3.7 |47 39 0.29

kzy [%]| 10. | — |57 3.8 |99x 86x 85x [120x 15 6.9 | 8.2 |8lx 75 0.69
ke [%] = 41 |— — |25 13 09|43 18 14| 22 |18 13 0.95
k[%| 33 | - [28 17| - 69 16| - - 27| — |- - 1.0
K [%] | 3.6 2.1 (32 23|18 058 04819 046 037 12 |13 0.67 0.43
K, [%)| 46 | — |25 17|15 94 62320« 13 58| 89 |10 89 0.41

Kz [%] 1.9 33 |15 1.1 |19 0.70 057 3.0 13 088 13 |14 0.73 0.44

NLO

- Required experimental inputs: updated incl. Higgs signal
strength measurements @ 72, 80 (84)*, 100, 120 TeV

NNLO
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Outlook: Towards global fits with updated FCC- hh projections

Juan Rojo,

FCC-hh interpretations in global
SMEFT fits with inclusive signal
strengths

NLO

NNLO

Ratio of Uncertainties to SMEFiT3.0 Baselin O , Marginalised

SMEFIT

=#= HL-LHC  =®-— LHC +HL-LHC + FCC-ee

Required experimental inputs: updated incl. Higgs signal
strength measurements @ 72, 80 (84)*, 100, 120 TeV
Required theory input: Repetition of HL-LHC EFT
calculations for the FCC-hh energy scenarios

@)

7
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Outlook: Towards global fits with updated FCC-hh projections

Juan Rojo,

FCC-hh interpretations in global
SMEFT fits with inclusive signal
strengths

NLO

Ultimate goal: Global SMEFT fit
with differential distributions
from FCC-hh

NNLO

20,

1-loop matched models

3

Input dataset: HL-LHC+ Theory Settings

[l Baseline B RGE effects, no Th. Err.

W FCC-ee 91 2\ No RGE effects, no Th. Err.
[l FCC-ee 91 + 161 + RGE effects with Th. Err.
[ FCC-ee 240 « No RGE, with Th. Err

W FCC-ee 91 + 161 + 240

W FCC-ce 91+ 161 + 240 + 365 S MEFIT

o) = =i O, ‘

FCC-hh missing here!

61 @3 T] T2

Required experimental inputs: differential distributions for
Higgs, top, diboson, Drell-Yan etc. observables, and
matching to UV models, with systematic uncertainties
Required theory input: Repetition of HL-LHC EFT
calculations for the FCC-hh energy scenarios

@)

7

37



S Physics studies
ummary - Higgs couplings in rare decays
Covered in this presentation - 1) Ratio H(uw)/H (4p)

Top-Yukawa coupling
Ratio #tH(bb)/ttZ(bb)
« ttH(yy) channel
Higgs self-coupling

Update of 2019 study: Reoptimized
and/or at alternate energies

= aE

Completely new study

¢ -ldea or initial exploration - bbyy channel
X% - Ongoing work - bbrr chapnel
- bbll+E, ™ channel

- Advanced ongoing work

¢ Higgs width measurement

<

through VBF HWW off-shell

Performance studies

- Flavour tagging with transformer architecture ¥ .Diffe rential cros.s-sections
-4 Full simulation tracking with timing e.g. ACTS as input to global fits
- Pile-up impact studies - High pT ttbar production

@) 38




Physics studies

Summary - Higgs couplings in rare decays
- 70 Ratio H(uw)/H (44)

- Top-Yukawa coupling

Ratio #tH(bb)/ttZ(bb)

itH(yy) channel

rgs self-coupling

& -ldea or initial exploration + your I”pUt’ bbyy channel
J- bbzr channel

bbll+E_ ™ channel
« Higgs width measurement

Covered in this presentation

Update of 2019 study: Reoptimized
and/or at alternate energies » - ¥

%

=

Completely new study

2" - Ongoing work

- Advanced ongoing work -
Performance studies w through VBF HWW off-shell

- Flavour tagging with transformer architecture - ¢ Differential cross-sections

Full simulation tracking with timing e.g. ACTS as input to global fits
Pile-up impact studies - High pT ttbar production

=

%

]
a0 d=
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Organisation, resources & links

If you are interested, join our FCC-hh physics & performance group!
- Monthly (zoom) meetings Thursday’s at 4PM (CERN time)
- Next meeting? Increase frequency?
- Mailing lists: fcc-ped-hh-espp25 , fcc-ped-hh-physicsperformance-espp25
- Mattermost:

Resources available on common software frameworks and tools

- LINKTO RECORDING OF HANDS ON TUTORIAL
- LINKTO DATABASE OF EVENTS

40
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Higgs couplings: Top Yukawa coupling

Exploit the ratio of 7tH over #tZ for syst. cancellation
- Boosted top, H » bb decays, p.(H,t) > 250 GeV
- Fit #¢tH and #tZ simultaneously with m,; templates
- Assume precise measurement of 7#Z from FCC-ee,
and of backgrounds from control regions

Precision in %

Coupling 80 TeV 100 TeV 120 TeV

dg/g. 1.2 1 0.85

Same uncertainty scaling as on previous slide

events / 20 GeV

%10° FCC-hh Simulation (Delphes)
L) | L | T T T | T T T I | L S | ’ T T T
il — ttH
5001 Vs = 100 TeV B 1+ jets ]
r L=30ab’ I tt+bb
i -ttz

400

IIIII

300

200

100

OO

150

200 250 300
my(H) [GeV]

@)
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FCC-hh baseline detector concept

Tracker: 0;/pt ~ 20%

at 10TeV (1.5m radius ) EAIEE shagune ¢
Barrel ECAL: LAr/Pb = Fwd solenoids
O /E ~10%/vE ® 0.7 %
30 Xo

lat. segm: AnAd = 0.01
long. segm: 8 layers

9m

23 m

Fwd ECAL: LAr/Cu |[Fwd HCAL: LAr/Cu :a?fslol-:sgszf/zlss:; Pt
OE~30%VE® 1% |[0J/E~100%VE® 10% | |EI>\ (ECAL+HCAL) )
+
:Z‘,;;"‘;e";;,,A.Qﬁ‘,";;°'°' :Ztr;;esg:;nézig:so.os lat. segm: AnAd~ 0.025
x H g 3 long. segm: 10 layers

EFrom Michele Selvagqi
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FCC-hh baseline detector concept

FCC-hh Simulation

..q_‘.) I|I|ll|]l|l| I|l|l|l|(l]ll|l]l| I|Il|| T
© B =
= 008 p%>3GeV —100TeV
& F 1
3 0.07F == 13TeV
F: :
N 0.06[ =
c_és u ]
5 0-05F ."h"-. E
(e} E ' . ]
004f . e 99 » H— 4z 1

5 1 1 3

oo - ]

0.03 ! 3

F E

0.02— I-' l“l -

- I. :

0.01F ! 3
0:...|....|....|....|..4-.'I‘h.ALL.. -3
0 1 2 3 4 5 6 if 8

nmax

¢

SM physics more forward at 100 TeV

0.1

normalized event rate
o
o
[e+]

0.04

0.02

FCC-hh Simulation

O Py'> 25 GeV —100TeV -

-=13TeV

' VBF Higgs

— Precision spectroscopy and calorimetryup to |n| <4

— Tracking and calorimetryup to |n| <6

Higgs physics at FCC-hh | Birgit Stapf | 05.11.2024 | Higgs 2024 | Uppsala
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Delphes scenarios for FCC-hh

« Two current Delphes scenarios for FCC-hh:

- Scenario I: Idealistic scenario for ultimate precision

« Scenario |ll: Baseline scenario based on FCC-hh

detector concept from CDR

Relative p resolution Efficiency

Scenario | | Scenario Il | Scenario | | Scenario Il
Electrons | 0.4-1% 0.8-3% 76-95% 72-90%
Muons 0.5-3% 1-6% 90-99% 88-97%
Medium b-tagging 80-90% | 76-86%

Note: Both scenarios implement fixes w.r.t the original,
e.g. bremsstrahlung for electrons, multiple scattering,

resolutions in forward region

Higgs physics at FCC-hh | Birgit Stapf | 05.11.2024 | Higgs 2024 | Uppsala

Efficiency

a(p)/p

Example parametrization for muons

* 7 =2.00,u track
* 1 =4.00,p track

e 1 =0.0,utrack

e n=3.0,utrack
bl 1 = 4.5, p track
10 -_-

—————
0.9
0.8
e 10!
pr (GeV)

10! r

e 1 =0.0,utrack
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Higgs self-coupling: Cross-sections at FCC-hh

10*

HH production at pp colliders at NLO in QCD
My=125 GeV, MBTW2008 NLO pdf (68%cl)

onLolfol

MadGraph5_ aMC@NLO

8 | 1314 I 25 33 50 75 100
Vs[TeV]

(HL-)LHC FCC-hh

Higgs physics at FCC-hh | Birgit Stapf | 05.11.2024 | Higgs 2024 | Uppsala
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Higgs self-coupling projections: 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

Higgs physics at FCC-hh | Birgit Stapf | 05.11.2024 | Higgs 2024 | Uppsala
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bbyy analysis: Center of mass energy scan

No assumption on
mbb

4.0% - st. only 3.6%

3.5% - st. only 3.4%

3.1% - st. only 2.8%

mbb res 10 GeV

2.5% - st. only 2.3%

2.2% - st. only 2.0%

1.9% - st. only 1.7%

mbb res 5 GeV

2.0% - st. only 1.9%

1.8% - st. only 1.6%

1.6% - st. only 1.4%

mbb res 3 GeV

1.8% - st. only 1.7%

1.6% - st. only 1.4%

1.5% - st. only 1.3%

Higgs physics at FCC-hh | Birgit Stapf | 05.11.2024 | Higgs 2024 | Uppsala

48



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

FCC-hh Simulation (Delphes)
80I|IIII|IIII|I|II|IIII|IIII[IIII|_

L]

HH production at 14 TeV LHC at (N)LO in QCD

M,=125 GeV, MSTW2008 (N)LO pdf (68%cl) \s = 100 TeV
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.
-
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iy
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1 1 1 1 1 1 1 -80— E 5

v v v v v v b by g 1
-4 -3 -2 -1 0 1 2 3 4 00 04 07 10 13 15 17 20 22 24 26 28 3.(')(
7y
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Higgs self-coupling @ ILC

[}
2
<
1]
= ©
o) L b}
=, - P(e+,e-)=(0.3,-0.8): — Higgs-strahlung (ZHH) £
p 05 — WW-fusion (v,¥,HH) <
c - P(e+,e-)=(0.6,-0.8): ... Higgs-strahlung (ZHH)
2 o4k - WW-fusion (v,v,HH)
3] E m,=125 GeV
Q -
® 03F
2] C
7] C
8 oof g TTmdl
0.1F
ok

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

«  Two production modes:
« Higgsstrahlung, peaks ~500 GeV
«  WW-fusion, above ~1 TeV
« —need runs at both energies for

maximum k, precision

25 +—{ Higgs P
i === HL-LHC (single coupl. analysis) T
i P ction-level i 7
L ==s= |LC 500 GeV ZHH (full coupl. analysis) .
2 — +| == ILC 1 TeV vvHH (single coupl. analysis) | —
B weges |LC 500 GeV + 1 TeV vvHH combined T
19 [ ]
0 L i i ] 3

}“true/ }\’SM

Studied dominant channels 4b and bbWW
Advantage of e-collider: ZHH cross-section
increases with , hence better constraints at

values > 1 than pp-colliders

Higgs physics at FCC-hh | Birgit Stapf | 05.11.2024 | Higgs 2024 | Uppsala

50


https://www.google.com/url?q=https://arxiv.org/pdf/2203.07622.pdf&sa=D&source=editors&ust=1736437906289720&usg=AOvVaw2x-N_rB15EZITrW4h95z55

Quartic Higgs self-coupling

riple Higgs production measurements w

1 T ill
V(h)Nmih2+(1+ KB)kiﬁvh3+Z(l+K4)7xmhh4 ﬂemain challenging, even at FCC-hh due tm

very low cross-section

. h Again ~ O(100) smaller than the HH
# cross-section

5 Studies in final states with 4bs, tau pairs and
h. ___________________ b photon pairs and more recently 6b
A
Number of selected signal events ~O(100)
7 QQQQQ/

. Combining several channels 30 may be
“ h reached
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X (inv)

H—invisible

X (inv)
“H
* Measure it from H + X at large pt(H) % ©
jet(s
* Fit the Eymiss spectrum ;
* Constrain background pr spectrum from Z—VV to the % level using NNLO QCD/EW to
relate to measured Z,W and Y spectra (low stat)
* Estimate Z—=vv (W—IV) from Z—ee/yp (W—1V) control regions (high stat).
Phil Harris
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