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Introduction: FCC-hh running scenarios

FCC-hh: Hadron collider phase of F12 F14
1 *

the FCC integrated programme Scenarios

CM energy / 72 84
CDR baseline plan was 30 ab™ of | TeV
pp-collision data @ 100 TeV Dipole field / T 12 14
Main limitations: dipole magnets, | Init. pile-up 580 -2820 = 590
synchrotrqn radiation and extreme Lumi/year / 950 -2000 | 920
levels of pile-up f-!
— alternative FCC-hh running
scenarios
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https://indico.cern.ch/event/1439072/contributions/6106995/attachments/2917946/5120981/FCC_hh_scenarios.pdf

Introduction: The physics & performance working group

started:
Common platform for all ongoing
FCC-hh projection studies

September 2024



https://indico.cern.ch/category/18814/
https://indico.cern.ch/category/18814/

Introduction: The physics & performance working group

Main goals for FCC-hh ESPP summary report:
- Key Higgs benchmarks for other energies

started: - Ultimate precision on Higgs self-coupling
Common platform for all ongoing - Solidify assumptions on detector performance
FCC-hh projection studies - Unexplored channels/new physics cases
September 2024 March 2025
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Introduction: The physics & performance working group

Main goals for FCC-hh ESPP summary report:
- Key Higgs benchmarks for other energies

started: - Ultimate precision on Higgs self-coupling
Common platform for all ongoing - Solidify assumptions on detector performance
FCC-hh projection studies - Unexplored channels/new physics cases
September 2024 Monthly working group meetings March 2025



https://hep-fcc.github.io/FCChhPhysicsPerformance/
https://hep-fcc.github.io/FCChhPhysicsPerformance/
https://indico.cern.ch/event/1467696/
https://indico.cern.ch/event/1478078/
https://indico.cern.ch/event/1467698/
https://indico.cern.ch/event/1496608/

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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https://cds.cern.ch/record/2651300

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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https://cds.cern.ch/record/2651300
https://github.com/delphes/delphes/blob/master/cards/FCC/scenarios/
https://github.com/key4hep

Overview of topics

Covered in this presentation

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

Completely new study

% -ldea or initial exploration

'@' - 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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Overview of topics

Covered in this presentation

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

Completely new study

£ -ldea orinitial exploration

<

10k - Ongoing work

- Advanced ongoing work

Performance studies

- Flavour tagging with transformer architecture
Full simulation tracking with timing e.g. ACTS
Pile-up impact studies

= dx

Physics studies

Higgs couplings in rare decays
- 70 Ratio H(uw)/H (4u)
Top-Yukawa coupling
Ratio #tH(bb)/ttZ(bb)
itH(yy) channel
Higgs self-coupling
- bbyy channel
- 4 bbtt channel
- bbll+E, ™ channel
- HVWV CPV couplings
Higgs width measurement
+ Differential cross-sections
as input to global fits

=  dax

o
&
i
&
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Jet Flavour Tagging with transformer architecture

Motivation for the study:

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

- Can we actually reach this?

e p(a=STey
=P, (q)— 5 TeV Hit-based

- CDRincluded initial studies into
seremr o P (q)- 500 GeV : i
S e (q)— 500 1.=eV Hit based

flavour tagging efficiencies withthe = £ =pa=500
FCC-hh tracker layout relying on 04 05 06 07 08 09 1
calculation of the track covariance b-tagging eff.
matrix

LF background eff.

o
~



https://indico.cern.ch/event/1467696/contributions/6179880/attachments/2950083/5185437/FCChh_PPmeeting.pdf

Jet Flavour Tagging with transformer architecture

Wei Sheng Lai, Nikita Pond, Tim Scanlon, Sebastien Rettie. Sam Van Stroud 1 [ Focas Simiaion Dofres)

e~ ZH- wjj
b-tagging

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

- Validated against FCC-ee & CDR

GNN

7


https://indico.cern.ch/event/1467696/contributions/6179880/attachments/2950083/5185437/FCChh_PPmeeting.pdf
https://github.com/delphes/delphes/pull/127
https://github.com/delphes/delphes/pull/127

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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F FCC-hh Simulation (Delphes) —— Scenario | 7

E Vs =100 TeV —— Scenario Il

E pp—ZH - vvjj E

F 20 <pr<300GeV, |n| <6 ]

- Flat Light-jet rejection of 100 per bin 3
Fn s ! ! ! !

= T T T T T ]

50 100 150 200 250 300
pr [GeV]
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https://indico.cern.ch/event/1467696/contributions/6179880/attachments/2950083/5185437/FCChh_PPmeeting.pdf
https://github.com/delphes/delphes/pull/127
https://github.com/delphes/delphes/pull/127

Higgs couplings precision measurements

Granada report

= = [ — N (= \ e
IS S | .
| Ky || Kz K Ky o Brmv
I free Ky N (—— @ \ ]
|| ! E————— | [
| ]  — — ]
00 04 08 12 16 20 00 04 08 12 16 20 QO 08 16 24 32) 0 1 2 3 4 5 00 06 12 18 24 30

= [ — [ | 3

Kz Kp Ke ka Bryu
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| T /M I

F\ e e ) 00 06 1.2 18 24 30 0 | 2 3 4 Q 25 50 75 100 ) 0 | 2 3 4

-_ -_ B FCC-ce/eh/hh  HEEM CLIC300 WM 1LCioo0 WM LHeC |kv| <1

Ky Kg mmm FCC-eeses mmm CLIC500 ILCs00 B HE-LHC |ky| < 1
i _:-:l ] FCC-eeaso CLIC3g0 ILC>s0 HL-LHC |xy| < 1
[ ——— [ e— CEPC

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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https://arxiv.org/pdf/1905.03764

Higgs couplings: Analysis strategy

1 | 1 T ) 1 I Ll 1 ) ) I 1 T 1 ) | 1 T T 1
1
N=0(Pra>Prmn) X 30 ab
o8 | @ 100 TeV -
N Solid: gg—>H
Y, Dashes: ttH
106 _ \\ [ WA 1 Jach: VRRE i
X - Short dash: VBE
‘ Dotdash: WH
104 — T —
102 L L 1 L | 1 1 1 1 L 1 1 1 L L 1 1 1 L 1
1000 2000 3000 4000 5000
pT,min (GeV)

Systematic uncertainties will dominate



https://cds.cern.ch/record/2642471?ln=en

Higgs couplings: Analysis strategy

z
I

1 I 1 1 T T I 1 1 1 T | 1 T I 1
o(Pra>Prmin) X 30 ab™’

@ 100 TeV —

Solid: gg—>H
— o Dashes: ttH

Short dash: VBF

L Dotdash: WH
|
L I _
|
| =
102 L L 1 L ! L 1 1 1 L L 1 1 1 L 1
1000 2000 3000 4000 5000
meﬁn (GeV)

Systematic uncertainties will dominate
But: Large statistics even at high p,. ...

@)

16


https://cds.cern.ch/record/2642471?ln=en

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,. ...

85/8 (o/o)
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... where experimental systematic
uncertainties on efficiencies are smaller
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https://cds.cern.ch/record/2642471?ln=en

Higgs couplings: Previous results

- Additionally exploit ratio with BRH>ZZ*> 4I)
- Further cancel systematics
- Absolute coupling with FCC-ee BR(H>ZZ*) result
- Rescaling statistical uncertainties to other energies:
- With+20TeV: 0. 30%

Precision in %

Coupling 80 TeV 100 TeV 120 TeV
028,/ 8y 0.4 0.4 0.4
0 81t Bhipu 0.7 0.65 0.6
0 847/ 8uzy 1.0 0.9 0.8

3 (BR(H — py) / BR(H — pppp) ) (%)

102

10

50 100 150 200

BR ratio precision

FCC-hh Simulation (Delphes)
TIlII|IIII]III||IIII|IIII|IIII|7|IIIIIII!III!|*

s =100 TeV — stat + syst (cons.)

; — stat + syst (optim.) 3
L =30 ab 7
— stat. only

BR(H — up)

BR(H — puuup)

FIl|||1|||l|||ll||ll||ll||l||||1|||l|||l|||lx|:
250 300 350 400 450 50

p:.min [GeV]

CERN % ?
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https://indico.cern.ch/event/1307378/contributions/5721007/attachments/2791203/4867586/Mangano-Annecy.pdf

Higgs couplings: Status of H (zx)

@ 100 TeV

1.00

Expected signal strength precision in %

0.00

100 200 300 400 500

Minimum pT of the muon pair in GeV

- Reproduced signal strength precision scan @
100 TeV, with statistical uncertainties only
- Cut&countin 1 GeV bin around m,,
- Backgrounds only #« continuum

FCC-hh Simulation (Delphes)

’\'(; T III VI\[II I|I Vl‘ I|>|1Ii¥|v III T | |
3

o oy — stat. t +lumi 7
= \'s = 100 TeV stat. + syst. + lumi

= B stat. + syst.

o L=30 ab’

— stat. only -

10

H — uu

107 f
Coooa o s by benna b b lev L s I3
50 100 150 200 250 300 350 400 450 500

. S0V

Next steps

Validation of new samples & first
results at other energies (72, 80,
120 TeV) ongoing

Integrate systematic uncertainties
Determine ratio with H(4u)

Move to template fit of m,,
Missing backgrounds?

@)
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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

@ 0



https://arxiv.org/pdf/1905.03764

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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1072
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12 N I
I S i '-I ------- Combined (stat only}
. Vs=100Te 3 s Combined :
10— 7 '.__ bbyy
i L=30ab bbt, T, +bbr, T,
[ il S bbZZ(41)
8 3

|||||[

FCC-hh Simulation (Delphes)
T T LI DT SR S P S O e e

|III|!II|‘II|III

II\I

Combined precision

oK ; (68% CL)

3.0% - 7.8%
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https://cds.cern.ch/record/2714640?ln=en

Higgs self-coupling precision measurements

3
s [36v] Assuming SM Higgs BR |I
i B3R HHooy ..
WW |24.8% o
bbyy best sensitivity due to very
99 clean final state, despite low
branching ratio
T — Investigating at alternative
energies, and how to achieve
zz ultimate precision
YY 4 0.1% -I
| I | 10°¢
rarer

-2AInL

127w

10

FCC-hh Simulation (Delphes)
T 7T LR 1101 p i . I:: T
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https://cds.cern.ch/record/2714640?ln=en

Re-optimized hbyy analysis strategy

FCC-hh Simulation (Delphes) - Other bkgs - {H

-100TeV,L=30ab" , bbyy — HH(bbyy)

[os]
A 1 s
o 1o —S/HtH — S/Othe _,__.—"" et
102 _.——""_J_.
0 _T-’II i ) M ) Y Y | T?II I O I O O I O i
0O 01 02 03 04 05 06 07 08 09 1

DNN score

- DNNs suppress backgrounds
from single Higgs (esp. ttH)
and non-resonant QCD
(yytjets and y+jets)

7
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https://indico.cern.ch/event/1461208/

Re-optimized hbyy analysis strategy

ag FCC-hh Simulation (Delphes) ther s R *g S? FCC-hh Simulation (Delphes) ingle Higas Giiras:
105§
10%
10°E = 2
102;. Ty
10 — =
1k | |
) 7| - @ r ,.._..r-l
@ | —sitiH_—sjote _'__,_l—"*r— 2 07! peperett T b,
113-2 T ERRRa __.—J-J'rﬁr 10-2"'“:4‘ LertspeaTHert
0””().1|”E).2|”(|).é”(|).4 0.5 0.6|”(|).7|”(|).8|”(|).9H”1 80‘ ‘ ‘100‘ ‘ |120‘ ‘ |140‘ ‘ |160‘ ‘ |180‘ ‘ I200
DNN score o ) mbb_[GeV]
- DNNs suppress backgrounds - Most sensitive region
from single Higgs (esp. ttH) (=highest signal/background
and non-resonant QCD ratio) near the Higgs mass

(yytjets and y+jets)



https://indico.cern.ch/event/1461208/

Re-optimized hbyy analysis strategy

o
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FCC-hh Simulation (Delphes)
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0 041
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DNN score

DNNs suppress backgrounds
from single Higgs (esp. ttH)
and non-resonant QCD
(yytjets and y+jets)
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https://indico.cern.ch/event/1461208/

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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https://indico.cern.ch/event/1461208/

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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https://indico.cern.ch/event/1461208/

Next step for bbyy analysis: Separating triangle vs box diagrams

“triangle” “box”
g H
’ 9 0999999990009 »  ®---------- H
R
_"H_".: A \
9 H g 9292909999999 S e H
- Dominant mode of gluon-gluon fusion Higgs pair BDT classifer response (m,, min I, max I,
. . . . C Signal (training)
production has two (interfering) diagrams e - Bagours
- Only the triangle diagram contribution contains a 1000 B Bacigrours testg
Higgs-self coupling vertex | o

600}

- Ongoing work to apply Bastien Voirin's BDT classifier i
which separates the triangle from the box contribution
based on the Higgs’ kinematics to the bbyy analysis to i
further boost sensitivity NEVeris=75000 NT:e5-800 MasDepti=3 nCats-100 Wi NodeSize-0 750000

400

200[-
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https://indico.cern.ch/event/1467698/contributions/6275419/attachments/2985910/5258901/FCC-hh_2024-12-12_triangle_vs_box.pdf

bbr analysis with advanced ML techniques @ 100 TeV

1
Assuming SM Higgs BR |I
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

3.1%

—

kl precision
.

0.26%| 0.1%
1 | [ |

bb WW 99 TT ZZ

_rarer

-2AInL

127w
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https://indico.cern.ch/event/1467698/contributions/6275418/attachments/2986078/5259210/Liverpool_FCC_bbtata.pdf

bbr analysis with advanced ML techniques @ 100 TeV

Input distributions (example)

0.014
I background
0.012 signal
>
=
v 0.010
c
[
0 0.008
>
2
o 0.006
=]
3 0.004
{.
[y
0.002
0.000
0 100 200 300 400 500

Invariant Mass of taus ~

- Analysis of
signal events
Backgrounds from top and
single Higgs production, as
well QCD+EW continuum
(Drell-Yan Z+jets)



https://indico.cern.ch/event/1467698/contributions/6275418/attachments/2986078/5259210/Liverpool_FCC_bbtata.pdf

bbr analysis with advanced ML techniques @ 100 TeV

Input distributions (example) ) GNN performance
Model Output Distribution on Validation Dataset

0.014
B background L b_ackground
signal

signal

=
o
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y Den
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2
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Frequency Density
=
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£
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0.002

0.000
0

0.0 0.2 0.4 0.6 0.8 1.0
Predicted Probabilities

100 200 300 400 500
Invariant Mass of taus ~

- 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
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bbr analysis with advanced ML techniques @ 100 TeV

Input distributions (example)
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well QCD+EW continuum

(Drell-Yan Z+jets)

500

Frequency Density
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o
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o
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=
[S)
L

GNN performance

Model Output Distribution on Validation Dataset

B background
signal

0.0 0.2 0.4 0.6 0.8 1.0
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

>

10+

Sensitivity
Z values for individual bins

Z = )\‘Ys/\/ J\rb + (J\‘Yb(fb)z

A

00 02 04 06 08 1.0

First estimate of
significance binned in
GNN output shows
improvement of ~ factor 2
over previous BDT analysis
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https://indico.cern.ch/event/1467698/contributions/6275418/attachments/2986078/5259210/Liverpool_FCC_bbtata.pdf

Outlook: Towards global fits with updated FCC-hh projections

Fermion Modifiers - k0

20 HL-LHC Il CEPC B nuC3 °
B LHC FCCcc ) MEE muCl0 c) MEFlT
L__IBIVe I FCC-hh Theory error
CLIC N FCC

—
ot

Example! See Simone’s talk

0 J' 'K;L ‘@-J' '@"J Ir;# ',;T'JL

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

Uncertainty [%)]
S

t
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https://indico.cern.ch/event/1478078/contributions/6226578/attachments/2966425/5219160/rojo-FCChh-PPmeeting.key.pdf

Outlook: Towards global fits with updated FCC-hh projections

Juan Rojo, Simone Tentori, Jorge de Blas

FCC-hh interpretations in global
SMEFT fits with inclusive signal

strengths

Ratio of Uncertainties to SMEFiT3.0 Baseline, O (A’z) , Marginalised

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

@)
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https://indico.cern.ch/event/1478078/contributions/6226578/attachments/2966425/5219160/rojo-FCChh-PPmeeting.key.pdf

Outlook: Towards global fits with updated FCC-hh projections

Juan Rojo, Simone Tentori, Jorge de Blas

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

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

20,

1-loop matched models

3

Input dataset: HL-LHC+
[l Baseline

Theory Settings
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.
I FCC-ee 240 « No RGE, with Th. Err

W FCC-ee 91 + 161 + 240

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

d) = El @1 e3

FCC-hh missing here!

0,+6; T, T,

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
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https://indico.cern.ch/event/1478078/contributions/6226578/attachments/2966425/5219160/rojo-FCChh-PPmeeting.key.pdf

Summary

Covered in this presentation

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

Completely new study

£ -ldea orinitial exploration

<

% - Ongoing work

- Advanced ongoing work

Performance studies

- Flavour tagging with transformer architecture
Full simulation tracking with timing e.g. ACTS

= aR

Pile-up impact studies

Physics studies

Higgs couplings in rare decays

- 4J Ratio H(uw)/H (4u)
Top-Yukawa coupling

-« Ratio #«tH(bb)/ttZ(bb)

- & ttH(yy) channel
Higgs self-coupling

- bbyy channel

- 1) bbTr channel

- bbll+E, ™ channel
HVV CPV couplings
Higgs width measurement
Differential cross-sections
as lnput to global fits

a= dx
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Physics studies
Summary - Higgs couplings in rare decays
- 70 Ratio H(uw)/H (44)
Update of 2019 study: Reoptimized - Top-Yukawa coupling
and/or at alternate energies -« Ratio #tH(bb)/ttZ(bb)
+ ttH(yy) channel
rgs self-coupling
£ -ldea orinitial exploration + your Input’ Fbyy channel
J- bbtt channel
bbll+E, ™ channel
HVV CPV couplings
Higgs width measurement
Differential cross-sections
as input to global fits

Covered in this presentation

Completely new study

2" - Ongoing work

- Advanced ongoing work -
Performance studies w
- Flavour tagging with transformer architecture

Full simulation tracking with timing e.g. ACTS
Pile-up impact studies

1
@

= dx

1
=  dx
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Organisation, resources & links

If you are interested, join our FCC-hh physics & performance group!
- Might increase frequency, call for presentations next week
- Mailing lists: fcc-ped-hh-physicsperformance-espp25
- Mattermost:
- Mailing list: fcc-ped-hh-espp25

Resources available on common software frameworks and tools

; (recording available!)

38


https://indico.cern.ch/category/18814/
mailto:fcc-ped-hh-physicsperformance-espp25@cern.ch
https://mattermost.web.cern.ch/signup_user_complete/?id=a15uw9tehbyiix4qnkgnmaiwia&md=link&sbr=su
https://indico.cern.ch/category/18815/
https://hep-fcc.github.io/FCChhPhysicsPerformance/
https://indico.cern.ch/event/1467696/#2-hands-on-software-tutorial
https://fcc-physics-events.web.cern.ch/fcc-hh/index.php

Organisation, resources & links

Further references on physics studies:
- Studies on sensitivity to HVV CPV couplings using CP-odd observables and ML
techniques at FCC-hh (and FCC-ee)
- Higgs Self Couplings Measurements at Future proton-proton Colliders: a Snowmass
White Paper

References from 2019 studies (results are still relevant!)
- Heavy resonances at energy-frontier hadron colliders
-  Measuring the Higgs self-coupling via Higgs-pair production at a 100 TeV p-p collider

- hh + Jet production at 100 TeV
- Higgs Boson studies at future particle colliders
-  Higgs measurements at FCC-hh

@)
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https://indico.cern.ch/event/1454906/contributions/6139533/attachments/2933634/5152329/FCC-FS-CPVHiggs-240924.pdf
https://indico.cern.ch/event/1454906/contributions/6139533/attachments/2933634/5152329/FCC-FS-CPVHiggs-240924.pdf
https://arxiv.org/pdf/2203.08042
https://arxiv.org/pdf/2203.08042
https://link.springer.com/article/10.1140/epjc/s10052-019-7062-3
https://link.springer.com/article/10.1140/epjc/s10052-020-08595-3
https://d-nb.info/1166196445/34
https://arxiv.org/pdf/1905.03764
https://cds.cern.ch/record/2642471?ln=en
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FCC-hh baseline detector concept

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

Central Magnet +
Fwd solenoids

Barrel ECAL: LAr/Pb
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

@) M
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https://indico.cern.ch/event/1439072/contributions/6106999/attachments/2920406/5125885/FCC-hh%20workshop.pdf

FCC-hh baseline detector concept

FCC-hh Simulation FCC-hh Simulation
Qo L I AR IR R LR LN FULERN B o B L B
o - / = 3 - r 4
Z 008F p7>3GeV 100TeV S 01 pFls 25 Gev —100TeV
(0] C q c o 4
3 0.07F --13TeV S --13TeV
© C ]
- 1 o 0.08 E
N 0.08F = o
© = - =
C - ]
€ o.0sF AL - E TR
2 r N H S 47 7 o 0.06~ y 7]
bEAE . 99 - 1 — 7 = +  VBF Higgs
E L ] L :
0.03F ! 4 0.04—
F E [
0.02F = = = L
- E ] 0.02
0.01 "I, — I
0:...|....|....|....|..4-.'I‘h.ALL.. - roo
e AR Ly A - I/ P PRI PR
nmax
.

SM physics more forward at 100 TeV
— Precision spectroscopy and calorimetryup to |n| <4
— Tracking and calorimetryup to |n| <6
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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

Example parametrization for muons

e 1 =0.0,utrack
e n=3.0,utrack
* n=4.5,ptrack

.
11

-
o

Efficiency

4
©

0.8

10
pr (GeV)

e 1 =0.0,utrack
* 7 =2.00,u track

* 1 =4.00,p track

a(p)/p
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https://github.com/delphes/delphes/blob/master/cards/FCC/scenarios/FCChh_I.tcl
https://github.com/delphes/delphes/blob/master/cards/FCC/scenarios/FCChh_II.tcl

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

(HL-)LHC FCC-hh

@) 44
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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

Scaling of statistical uncertainty as extrapolation

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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https://cds.cern.ch/record/2642471?ln=en
https://indico.cern.ch/event/1307378/contributions/5721007/attachments/2791203/4867586/Mangano-Annecy.pdf

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

Following previous di-Higgs studies@FCC-hh

Applied as rate systematics only, no shape effect

@)
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https://arxiv.org/abs/2004.03505

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%

@)

7

47



Feasibility study for di-Higgs in bbzr events @ 100 TeV

Previous studies using a BDT were developed in 2022 (see presentation at Higgs pair by Matt Sullivan)
Results taking into account both 1L — TH and TH TH
Very good sensitivity, comparable with published studies (https://arxiv.org/pdf/2004.03505)

o HH+jet study WIP study
) - EwW
o ] Eogg{hvt_]:loo Tev . QED-HEW Yield [fb_l]
HH = bbThagThad Higgs
Top Signal 0.14 1.22
._g 108 1 [ Signal
= Background 0.96 38.94
g w Using last BDT bins —» S/VB
T¢Th 24 97 32.32
bbr,), comparison

102 -
0.0 0.2 0.4 0.6 0.8 1.0

BDT output
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https://indico.cern.ch/event/1467698/contributions/6275418/attachments/2986078/5259210/Liverpool_FCC_bbtata.pdf
https://indico.cern.ch/event/1001391/contributions/4817699/attachments/2454676/4207590/HHatFCChh-HiggsPairWorkshop2022.pdf
https://arxiv.org/pdf/2004.03505

Feasibility study for di-Higgs in bbzr events @ 100 TeV

Graph for each event, each object is a node ®

Fully connected, each node has several DI
features o | B (2o mees) | dupeesn
Different models tested (GCN, GAT) | ey | Tamaprans | | s |

Systematic evaluation of performance based
on relevant metrics (S vs B separation, AUC)

0.025 7 0.014

Tested S vs B separation using only object oo R
variables and using also complex g gJ
reconstructed kinematic variables g0 2o
Performance dramatically improved when B g £ o

kinematic variables such as b-jet pairs 2006 e e S meeam o 000G ey e

Invariant Mass of taus

invariant mass, tau-lepton invariant mass . _ . (e
. . i | o E7"**centrality = —
etc are passed as individual nodes 2 Va?+y
Area-Under-Curve in ROC curve 0.82 0.99 S _ sin(@wer — 61)
Use also radial distances among b and tau £ sin(ge=n)
objects and ETMiss centrality as in ATLAS - e - o)

-10 -05 00 05 10 15

di-Higgs studies ’

|
]
n

Excellent separation achieved
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https://indico.cern.ch/event/1467698/contributions/6275418/attachments/2986078/5259210/Liverpool_FCC_bbtata.pdf

bbll+E_™* @ 100 TeV: Strategy overview

Signal signature

Lepton pair + EM5 + 2 b-jets

Leptons isolated from b-jets

Cut-based event selection

exploiting signal kinematics

~ - I' .
L my™ = min

Targeted suppression of

background using

My by + Mygby, Miyhy + MY b,

2

)

2

[FCC-hh Simulation (Delphes)

{§=100TeV,L=30ab"
HH(bbWW(ep)) analysis, Pre-Sel.

| I

v
Single Higgs ~ Single top

W Vijets

ftw

— HH(bbWW)

a1}
=
%)

—

PR

[T TNY

E——

A,

kil

ocuowuou

T

et 1 i
50 100 150 200 250 300 350 400 450 500

me [GeV]

0.002 }

FCC-hh Simulation (Delphes) =
I Single Higgs
W V+jets ttv

%% []single top
— HH(bbll+MET)

{s=100TeV,L=30ab"
HH(bbWW(ep)) analysis, Kin. Sel.

W

—_
o
LRI

EL ¢ aw S ) | |

——

140

80 100 120 180 200

160
My,(bb2l+MET) [GeV]

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://indico.cern.ch/event/1307378/contributions/5751209/attachments/2791566/4868399/2024-02-01_FCCPhysicsWS_HH_parallel.pdf
https://arxiv.org/abs/1103.5682

bbll+E,_™* @ 100 TeV: Results

- 8 1 — 1.000 +0270
£ [ FCC-hh, 30 ab Ky = 1. ~0.246
< 7F Internal
9\ C
1 |- == Scen. ll, stat. only ~— Scen. |, Syst. 1 (1 $>
6__ = Scen. |, Syst. 2 === Scen. |,Syst. 3 _1 OO')
- ===: Scen. |, stat. only
5F
4+
3F
2F
1t
of

v b v b Py g I PRI N ST ST RS Lo
0 02 04 06 08 1 12 14 16 138

Higgs self-coupling modifier k,interpretation
o Parametrized dependence of o(ggHH) on k,
m Inputsik,=1.0, 2.4, 3.0

o All other couplings fixed to SM

o NLO cross-sections at 100 TeV, with k-factor
independent of k,

o No Higgs BR dependance on k, and
uncertainties or other additional theory

uncertainties
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https://indico.cern.ch/event/1307378/contributions/5751209/attachments/2791566/4868399/2024-02-01_FCCPhysicsWS_HH_parallel.pdf

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

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

T T T L] 1 -
HH production at 14 TeV LHC at (N)LO in QCD 1
M,=125 GeV, MSTW2008 (N)LO pdf (68%¢l)

\s =100 TeV

——
LI
-
------
~——
ey

L=30ab"’

8k, (%), p=1
3

~—
~—_
Ay
-

1 1 1 1 1 1 1 -80— -

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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https://arxiv.org/abs/2004.03505

Higgs self-coupling @ ILC

cross section o [fb]

E P(e+,e-)=(0.3,-0.8): — Higgs-strahlung (ZHH)
0.5 — WW-fusion (v,7,HH)
- P(e+,e-)=(0.6,-0.8): ... Higgs-strahlung (ZHH)
04 F --- WW-fusion (v v HH)
F - m,=125 GeV
03 F
02 B¢ 2 Y e
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 - cti | 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
- H i ' -
- 1 . —
. . .
15F cesefibb et nedt B |
- . .
- : : -
H . . —
- e, H H -
- K B o KR -
1 T -
. i - o B
- H o v H i
H H H H
il H o s . . i
i HE H H
B i ENEE S
05 i EARS
- : I
- H ' -
0 L i i ] 3

0.5 1 1.5 2
}“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
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https://arxiv.org/pdf/2203.07622.pdf

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



https://arxiv.org/pdf/1704.04298.pdf
https://arxiv.org/pdf/1508.06524.pdf
https://arxiv.org/pdf/2312.13562

