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 This talk is not a final summary, it is an
introduction to a review that only
started in the summer.

* Top group used the Showmass 21
exercise as a base to update and

*(if you don’t get this joke,
expand' ask your PhD students/kids)

 Higgs group started a little later and is still performing its
literature review (more topics and material to cover).

* This talk will focus on major topic(s) for each group and
propose work over the next few months.
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e Important disclaimers:
1. Remit is to review physics potential, not cost/env.impact/politics.
2. The opinions attached to the numbers in this talk mostly reflect my
personal interpretation.
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e Working under assumption of ‘worst case scenario’ for lepton collider

(i.e. assume there isn’t one or that it will ONLY run in Higgs production mode,
not top).

e Also not assuming FCCnuh is guaranteed to reach 100 TeV.

Jay Howarth
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e Working under assumption of ‘worst case scenario’ for lepton collider
(i.e. assume there isn’t one or that it will ONLY run in Higgs production mode,

not tOp)' This talk works well as one of the Plan B’s Daniela mentioned:
“China builds CEPC and CERN decides to build FCChh directly,
e Also not assuming FCChh i with current magnet technology.

Jay Howarth
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e Working under assumption of ‘worst case scenario’ for lepton collider

(i.e. assume there isn’t one or that it will ONLY run in Higgs production mode,
not top).

e Also not assuming FCCnuh is guaranteed to reach 100 TeV.

FCC lumi source, also source.

HE-LHC FCChn FCChn FCChn MuC
Type PP PP PP PP HU
Energy [TeV] 27-33 50 70 100 3-10
Lumi. per ex. 10 ab-1 15-20 ab-1 15-20 ab-1 15-20 ab-! 10 ab-1
N tt pairs 30 billion 140 billion 250 billion 430 billion (D100k
N Higgs (ggF) 1.5 billion 4.8 billion 7.7 billion 12 billion millions

e For context, 0.1(2.8 billion) tt pairs and 6(156) million H bosons in LHC
Run2 (HL-LHC).

* Not included ep in talk but is part of review, (lots of material for top, see

Monica’s talki.


https://cds.cern.ch/record/2805595/files/2203.07804.pdf
https://inspirehep.net/files/d81182accd829d590ed79b20585070ae
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e Working under assumption of ‘worst case scenario’ for lepton collider

(i.e. assume there isn’t one or that it will ONLY run in Higgs production mode,
not top).

e Also not assuming FCCnuh is guaranteed to reach 100 TeV.

@ FCC lumi source, also source.

Type pp pp pp pp pp
Energy [TeV] I’m going to be lazy and use FCChh to just mean any future |4q
_ proton-proton collider with a collision energy of 50-100 TeV 1
Lumi. per ex. (there’s nothing in these slides that relies on more fine-tuned details) [aP"
N tt pairs 30 billion 140 billion 250 billion 430 billion 100k
N Higgs (ggF) 1.5 billion 4.8 billion 7.7 billion 12 billion millions

e For context, 0.1(2.8 billion) tt pairs and 6(156) million H bosons in LHC
Run2 (HL-LHC).

* Not included ep in talk but is part of review, (lots of material for top, see

Monica’s talki.


https://cds.cern.ch/record/2805595/files/2203.07804.pdf
https://inspirehep.net/files/d81182accd829d590ed79b20585070ae
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TOP PHYSICS:

= Focus on mass prospects in different scenarios and
implications for the field as a whole.

= Highlight a few places where we could feasibly add
studies.

HIGGS PHYSICS:

= Focus on general prospects.

= Study suggestions mostly centre around fleshing out
existing ones.

Jay Howarth
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* Production at HE-LHC essentially the same as LHC
(~90% ggF, ~10% qggbar annihilation, smaller single top).

* Production at FCCnxn introduces new (or enhanced) production
modes:

>

® &} > p
T,
w < T ®
o > p ®
top PDF Gluon splitting Exclusive
e.g X + tt from

ISR/FSR gluons

* Not going to cover them in detail here, but still pretty cool.
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* Cross-sections of QCD production benefit most from moderate
energy increases.

_ - Energy for order of
10° magnitude increase
- In Xsec, relative to

. LHC:

T | tt: 50 TeV (FCChn)

; | ttZ: 50 TeV (FCChn)
L tiW: 70 TeV (FCChn)
S Zttvfp_ . tttt: 27 TeV (HE-LHC)

10 E 2,0 4.0 610 810 15:3—:0|nt scale vanalo:s 2)( 70 TeV (FCChh)

proton-proton collision energy [TeV]

* More stats is always nice, however, diminishing returns
approaching 100 TeV.

Jay Howarth
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e Cross-se( moderate

Snow mass statement:

energy inc
‘[The 4top cross-section] increases by two orders of
5 magnitude when going to the FCChh 100 TeV collider” gy for order of
True, but it’s also true at much lower pitude I'“t‘_’reise
energies than 100 TeV. Pee, reative 1o
N LHC:
F I tt: 50 TeV (FCChn)
= 5| ttZ: 50 TeV (FCChn)
_ — ttW: 70 TeV (FCChn)
I tttt: 27 TeV (HE-LHC)
10 E ZIO 4|0 610 8lo 12—:0|nt scale varlaf;:s 2)( 70 Tev (FCChh)

proton-proton collision energy [TeV]

* More stats is always nice, however, diminishing returns
approaching 100 TeV.

Jay Howarth
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* Production at muon collider is primarily via WWF, with limited
contribution from Z/y s-channel production (depending on
energy).

* Not going to cover MuC for top physics in this talk.

* There is some limited material but the cross-sections are
tiny and most work focuses on BSM (e.g. top compositeness).

Jay Howarth
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e Goal for top mass precision is set by precision EW fits due to
uncertainties caused by top loop corrections to W mass:

o(mi) = 500 MeV — o(mw) = 5 MeV

e Recent CMS result o(mw) ~10 MeV means we need top mass
precision better than 1 GeV.

e Have this precision now, but higher precision W mass
measurements (e.g. at a lepton collider of o(mw)=0.5 MeV) will require
top mass uncertainties << 100 MeV.

* Assuming we don’t have a threshold top scan, what can we expect
with future hadron machines or muon colliders?

* Note: This is assuming top mass in a well defined mass scheme!

Jay Howarth
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e Ignoring experimental and theoretical uncertainties for a
moment, what is the limit on precision just from statistics?

o Extrapolating two of the most precise individual
measurements, using an ‘old’ and ‘new’ technique:

Analysis HL-LHC HE-LHC FCCnh50 FCChh70 FCChn 100

CMS AMeV  1MeV 06MeV 04MeV 03 MeV
| ikelihood

CMS 19 MeV 5 MeV 3 MeV 2 MeV 1.5 MeV
Template

e Of course, mass measurements aren’t stat dominated, but
gives a hypothetical limit on what is possible.

Jay Howarth
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* Top mass is a renormalisation scheme dependent quantity.
= MS, MSR, PS, RS (scale dependent), pole, 1S (scale independent)
= \lonte Carlo mass (mass from kinematics, usually what we measure),

* Interpolating between MC mass and well-defined schemes currently
comes with a theoretical uncertainty of 200-500 MeV.
= This has decreased during the past decade thanks to theory work, down
from ~1 GeV at the start of LHC data taking.
= Pole mass has renormalon ambiguity but is ‘close’ to MC mass
(experiments using other mass schemes now as well).

* These theory uncertainties are fundamental to QCD but not intractable
and have been studied extensively. A sustained effort of time &
resources will be needed for precision top mass at future hadron
machines.

* |s a theory uncertainty of < 100 MeV possible? | would say yes, but hard
to achieve (QCD is 50 years old, and we’re projecting another 50 years ahead).

Jay Howarth
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* Two types of measurements at LHC/HL-LHC:

MC Mass
(0 ~300 MeV)

ATLAS+CMS

............ ATLAS+CMS combined

 stat uncertamt%/
total uncertainty

ATLAS

dilepton 7 TeV
lepton+jets 7 TeV
all-jets 7 TeV
dilepton 8 TeV
lepton+jets 8 TeV
all-jets 8 TeV
combined

CMS

dilepton 7 TeV
lepton+jets 7 TeV
all-jets 7 TeV

dilepton 8 TeV
lepton+jets 8 TeV
all-jets 8 TeV

single top 8 TeV

Jhy 8 TeV

secondary vertex 8 TeV
combined

ATLAS+CMS LHCtopWG

Vs=7,8TeV
total

stat
m, % total (t stat * syst) [GeV]

173.79+ 1.42 (£ 0.54 + 1.31
172.33+1.28 (+ 0.75+ 1.04
175.06 + 1.82 (+ 1.35+ 1.21)
172.99+ 0.84 (+ 0.41% 0.74)
172.08+0.91 (+ 0.39+ 0.82)
173.72+1.15 (+ 0.55+ 1.02)
172.71 0.48 (+ 0.25 + 0.41)

)
)

172,50+ 1.58 (+ 0.43+ 1.52)
173.49+ 1.06 ( 0.43+ 0.97)
17349+ 1.41 (+ 0.69+ 1.23)
172.2240.95 (+ 0.18+ 0.94)
172.35+ 0.48 ( 0.16+ 0.45)
172.32+ 0.62 ( 0.25+ 0.57)
172.95+ 1.20 (+ 0.77 + 0.93)
17350+ 3.14 (+ 3.00+ 0.94)
173.68+ 1.12 (& 0.20+ 1.11)
172,52+ 0.42 (+ 0.14 + 0.39)

Direct Mass

(0 ~

1 GeV)

ATLAS m{)ole + Atot
DO off , Vs=1.96 TeV +3.4
PRD 94, 092004 (2016) ¢ 1728 "3, GeV
CMS o |, NNPDF3.0, Vs=7+8TeV 17
JHEP 08 (2016) 029 ¢ 1738 ~ 1g GeV
CMS o |, Vs=13TeV 107
JHEP 09 (2017) 051 ¢ 170.6 757 GeV
CMS ot | Vs=13 Tev
diff.’ +0.8

arXiv:1904.05237 Bl 1705 ~ g GeV
ATLAS o, Vs=8TeV +16
EPJC 77 (2017) 804 * 1732 7 ;g GeV
ATLAS off | (s=7+8 TeV 425
EPJC 74 (2014) 3109 ° 172.9 75 GeV
ATLAS ofrl ¥, V5= 7 TeV +23
JHEP 10 (2015) 121 ¢ 178.7 7577 GeV
ATLAS o't ys—gTev

. .+ 18 —— 171.1 12 Gev
this analysis -1.1

dilepton 172.30+ 0.59 (+ 0.29+ 0.51)
lepton+jets 172.45+0.36 (+ 0.17 £ 0.32)
all-jets 172.60+ 0.45 (+ 0.26 + 0.36)
other 173.53+ 0.77 (+ 0.43+ 0.64)
combined 172.52+ 0.33 (+ 0.14 + 0.30)
| | | | | | | | | 1= | | | | | | | | | | |
165 170 175 180 185
m, [GeV]

| |
150 160

| | |
170 180 190
mtpole[GeV]

 Both a limited by signal modelling: More stats brings benefits but
(much) stronger assumptions if you use it to constrain systematics.
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> i X Top mass from decay -
= 800 — — Snowmass 2013 proj. —
e - —— Snowmass 2021 proj. -
© i | 1 |
s T ’J —
i X _
B Improvement of over 100 MeV j .
B From ATLAS + CMS combination 7
200— —
0 i | | | | A

Tevatron LHC LHC LHC HL-LHC Lepton
7/8 TeV 13 TeV 13.6 TeV colliders

e Historically, predicting top mass has always been too conservative.

* Arguably, Run2/3 will already reach this precision (even with
interpretation struggles).

Jay Howarth




University

ROYAL b

Top (snow)Mass Rl &Y o/ Glascow
%' i 2K Top mass from deca_y = = Jay’s (un)educated guess _
= 800 — — Snowmass 2013 proj. _
e - —— Snowmass 2021 proj. N
© i | L :
600|— ¥ L -
I ¥ _
400— X —
200~ T T7T \ ~
0 i | | | | | | | o e

Tevatron LHC LHC LHC HL-LHC HE-LHC FCChh FCChh Lepton
7/8 TeV 13TeV 13.6 TeV (27 TeV) (70 TeV) (100 TeV) colliders

o Story of the LHC has been to challenge the idea that precision
physics can’t happen at hadron colliders.

* A key question is, if we don’t have a top mass threshold scan, can
we reach the required EW fit precision with an hh machine? Maybe.

Jay Howarth
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o Extract the top mass from leptonic observables in tt dilepton events
(avoiding many QCD uncertainties):

= m(ll): Has a weak kinematic endpoint (mll < 2mt) and broad peak
structure.

= pr(ll): Sensitive to mt when tops produced close to threshold.

= pr(l): Sensitive to parent top’s mass (think W mass recoil etc).

e These observables aren’t sensitive at current statistical precision, but

don’t suffer from hadronisation uncertainties. Will they be useful at
FCChnh statistics?

 Two questions for this method that need to be studied:

= 1. How much data are needed to reach <100 MeV in a simple combined
fit to all three of these observables and individually.

= 2. \Vhat lepton resolution would be needed to preserve the needed
sensitivity? (inform detector design)

e Both of these could be answered on the timescale of March 25.
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Nature 633 (2024) 542-547

: , ! T T
| ATLAS ; -
-0.1 I ) é‘. | 0-28 > .;.~:::;,: — One_Loop
- /s=13TeV, 140 fb ] 0.26 L, oy G ]
02 (2 NN ) L;; B0[GeV]
9 ....................... - §‘ B : SRS
S _0al 1= 0.22+
T e | = i et
o 7 ] 3 N
: ' E 02p e
~04r o _ .~ Limit (Powheg + Herwig7) |~ [ LHC13TeV, gg>rr Wi T
i o ffect of mmm Theory Uncertainty | i *TROTFE Ty i
0.5} :[ etect o @ Data . 0.16F m=173GeV, I, =1.498 GeV =
| § topponium @ Powheg + Pythi:.:\S (hvg) | E Il <2.5, p.;> 40 GeV :
: B Powheg + Herwig7 (hvq) : O 1 4 - ¥ I I N
06 340 < myg < 380 380 < myg < 500 mg > 500 33 340 350 36(C

Particle-level Invariant Mass Range [GeV] mw [GeV]

e Strong evidence of bound-state top effects in top yukawa
and entanglement analyses from both ATLAS and CMS.

e |f it is a true bound state, can decay to yy. Cross section is
too low at LHC but can be found at future colliders.

Jay Howarth


https://www.nature.com/articles/s41586-024-07824-z

Other Top Studies kovas - [ et

* Plenty of other material to cover. Most follow the same story
as top mass:

= Top yukawa: Several papers and analyses to extrapolate (from
ttH but also 4top and mtt differential).

= Top properties: Not as much material but the story is
essentially the same as mass (theory uncertainties matter much
more than statistics).

= EW top processes: not focused on too much so far (needs
expanding).

= Rare top processes: Plenty of material, mostly in the context
of EFT limits but also top couplings.

Jay Howarth



N $1i Unuiversity
Yoeiandl & of Glasgow

Higgs Physics

Jay Howarth



& University

H Iggs Production i ¥ of Glasgow

 Cross-sections of higgs production increase moderately
with energy.

103 4

——e Energy for order of
magnitude increase
In Xsec, relative to
LHC:

1023

101

ggF: 70 TeV (FCChn)
e VBF: 65 TeV (FCChh)
—— ggF (NNLO+NNLL QCD + NLO EW) VH: 80 TeV (FCChh)

—— VBF (NNLO QCD)

cross-section [pb]

1003

10_13

BEE o o ttH: 35 TeV (HE-LHC)
20 40 60 80 100 HH: 45 TeV (FCChh)

proton-proton collision energy [TeV]

e Most processes increase by order of magnitude or more by
about 70 GeV but rarely 2 (ttHH does get 2 by 100, but not ttH.)
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University

Higgs Production S &Y o Glaseow

e Most gains for high pt higgs (where you might see anomalous
couplings/Higgs substructure) also happen lower than 100 TeV.

pp—HZ, Z2vy

S/VB,L=30ab" !, anti-k;fR = 0.4

—®— 150 TeVv
—&— 100 TeVv
- 70 TeV
50 TeV
—o— 13 TeV

400 ~

100 A

S

1000 2000 3000 4000 5000
pT cut

Figure 7.3: Signal-to-square-root-of-background ratio. FCC-hh integrated luminosity is applied.

J. Butterworth, B. Tan, T. Scanlon
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* Mantra is that lepton colliders are unbeatable at (most) higgs
coupling measurements. So should we consider them in FCChnn
projections?

 Are we underselling the precision of hadron machines? LHC
(not even HL-LHC) has or will have the best precision on EW
parameters (e.g. mw, mt, mn, LFU, even sin2Bw,).
= (Jp to us to make this argument with careful studies if so.

* Target for next March could be to aggressively pursue
literature and studies on what is possible at the FCCnn with
most-recent analysis tools, removing the assumption of a
lepton collider existing first.

Jay Howarth
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e Example: targets on rare Higgs couplings from FCCnn CDR at
lower energies.

Observable Parameter| Precision Precision
(stat) (stat+syst+lumi)
p = o(H) x B(H— ) o/ 0.1% 1.45%
p=oc(H) x BH—pu) op/ 0.28% 1.22%
p=o(H) x B(H— 4u) op/ 0.18% 1.85%
p=o(H) x B(H— yuu) o/ 0.55% 1.61%
p = o(HH) x B(H—~v)B(H—bb) SN/ 5% 7.0%
R = B(H—puu)/B(H—4pu) R/R 0.33% 1.3%
R = B(H—~~)/B(H— 2e2pu) R/R 0.17% 0.8%
R = B(H—vv)/B(H— 2u) R/R 0.29% 1.38%
R = B(H—uuy)/B(H—-puup) R/R 0.58% 1.82%
R = o(ttH) x B(H— bb)/c(ttZ) x B(Z— bb) SR/R 1.05% 1.9%
B(H— invisible) B@95%CL| 1x 10~* 2.5 x 1074

* Inflating the stat uncertainties by what we would get with an
FCCnhh 50 TeV, are we losing that much?

Jay Howarth
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e Example: targets on rare Higgs couplings from FCCnn CDR at
lower energies.

Observable Parameter| Precision Precision Precision (50 TeV) | o ..

) . atio

(stat) | (stat+syst+lumi)| (stat+syst+lumi)

p=o(H) x B(H— ~vv) o/ 0.1% 1.45% 1.45% 1.00
p=oc(H) x BH—puu) o/ 0.28% 1.22% 1.25% 1.03
p=oc(H) x B(H— 4pu) o/ 0.18% 1.85% 1.86% 1.00
p=o(H) x B(H— yuu) o/ 0.55% 1.61% 1.70% 1.06
p = o(HH) x B(H—~v)B(H—bb) SN/ 5% 7.0% 8.6% 1.23
R = B(H—pu)/B(H—4u) R/R 0.33% 1.3% 1.3% 1.03
R = B(H—~~)/B(H— 2e2pu) R/R 0.17% 0.8% 0.8% 1.02
R = B(H—~v)/B(H— 2u) SR/R 0.29% 1.38% 1.41% 1.02
R = BH—-ppy)/B(H-pup) R/R 0.58% 1.82% 1.91% 1.05
R = o(ttH) x B(H— bb)/c(ttZ) x B(Z— bb) SR/R 1.05% 1.9% 2.2% 1.14
B(H— invisible) B@95%CL| 1 x 10~* 2.5 x 10™* 2.7x 104 1.08

* Inflating the stat uncertainties by what we would get with an
FCCnhh 50 TeV, are we losing that much?

* Not dramatically, but could be studied in more detail. Most
recent studies only considers 100 TeV.

Jay Howarth
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 Higgs self-coupling has plenty of predictions for HL-LHC and
higher energies.

e Based on the first attempts from the LHC, and usually with just one
or two channels.

* Quite conservative compared to the eventual precision what will be
reached by the HL-LHC.

e FCCnhnh CDR: “Target of 5% uncertainty on trilinear couplings”
= N\ot sure where this statement comes from. Seems perfectly
reasonable but not cited.

* Not clear what energy is needed to reach this precision.

A good understanding of prospects for both at a range of energies
should be a key goal to understand by March.

Jay Howarth
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e New ATLAS projection of just bbr7, released just 5 days ago.
ATL-PHYS-PUB-2024-016

_i _I I | | I I I I I | | | I I I I I | | | I I | | I | | I | I | I_
C\g ATLAS Preliminary
ig HH— bbt*t searches
® Phys. Rev. Lett. 121, 191801 (2018)

I 0L A JHEP 07 (2023) 040 N
= i v Phys. Rev. D 110 (2024) 032012 |
5 I L LI Luminosity-based scaling i
E I |
©
9 5 B
(&)
S
X - . _
o A

- LEI
| I | | 1 I 1 | | I | | | I 1 | | I | | | I | | | | | | 1 I 1 | | I l—

40 60 80 100 120 140 160 180 200
Integrated Luminosity [fb]

Jay Howarth
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https://arxiv.org/abs/2404.12660
https://arxiv.org/abs/2209.10910
https://arxiv.org/abs/1808.00336
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e New ATLAS projection of just bbr7, released just 5 days ago.
ATL-PHYS-PUB-2024-016

_i [ I I | | | I I I I | | | I I I I I | | | I I | | I I | | | I I I ]
C\g ATLAS Preliminary
ig HH— bbt*t searches
@) Phys. Rev. Lett. 121, 191801 (2018)

T 10 — A JHEP 07 (2023) 040 ]
3. B v Phys. Rev. D 110 (2024) 032012 |
5 I L LI Luminosity-based scaling i
"'g - This ~33% 7
= - improvement A -
:?_g | comes entirely |
3 from improved
u%- 4 analysis A-.... i

techniques @ v _  TTtteeal.
q v v reae
1 I | | | I 1 1 1 I | | | I 1 1 | I | | | I I 1 | | I 1 | I | | | I | |

40 60 80 100 120 140 160 180 200
Integrated Luminosity [fb]

* Highlights difficulty in making meaningly projections but also
highlights how we’re almost always too conservative.
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https://arxiv.org/abs/1808.00336
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* Also some dedicated work going on in the UK already (e.g. at

Liverpool).
i Model Output Distribution on Validation Dataset
' S o - 35| background
signal
5. 08 “ ™ 30
O | =
C 8 25.
'O 0.61 [0
& || =207
L | @)
—_— : C
= -
O Jo o
D - @ 101
1 ROC curve (AUC = 0.99) —
ool 27 | Random Guess Z
0.0 OBZ y 0.4 7 E%fz . 0s 1.0 0.0 0.2 0.4 0.6 0.8 1.0
ackgroun Iciency Predicted Probabilities

Sam Valentine, Crstiano
Sebastiani, Jordy Degens, Monica
D’Onofrio, Carl Gwilliam

* Shows improvements you can gain from considering higher-level
reconstructed variables in current analysis techniques.

* Projecting this to FCCnn energies (full details in backup).
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* Many older extrapolations focus on one or two channels (bbyy,
bbr7) but other channels matter too (bbbb, bbll, ML).

_ —e— QObserved limit (95% CL)
ATLAS Preliminar .
yoo Expected limit (95% CL) PhysRevl ett. 133.101801
Vs =13 TeV, 126—140 b (MuH =0 hypothesis)
SM a [ Expected limit 10
Oggr + ver(FH) =32.8 fo [ Expected limit +20
Obs. Exp
bbit + Eiss— * 10 14
Multilepton— + 17 11
bbbb|- * 53 8.1
BBy + 40 50
ot | * 59 33
Combined|— 2.9 2.4
1 l Ll 1 1 l L1 1 l Ll l L1l I Ll 1 1l I Ll 1 1l I Ll 1.l l 1
25 30 35 40

0 1 5 10 1151 120|
95% CL upper limit on HH signal strength gy

* Though currently not as sensitive, the other channels have
(arguably) the most scope for method improvements (and thus, the
highest uncertainty on projections).
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Higgs Total Width Ko, [ e

e Example of something that we traditionally only really consider for
lepton colliders but may want to consider more for FCChn.

* You can access the higgs total width using the off-shell xsec.

e Extrapolating from the ATLAS Run2 result PLB 846 (2023) 138223
(CMS result also came out this week: 2409.13663 with 2 MeV uncertainty):

Scenario Uncertainty [Mev] Relative source
RuN2 3.30 73% et+e- Uncertainties
HL-LHC 0.50 1% ILC (250) = 3.9%
HE-LHC 0.187 4%
FCChn (50 TeV) ILC (500) = 1.7%

FCChn (70 TeV)

_ o0
FCCri (100 TeV) FCCee = 7%

Jay Howarth


https://arxiv.org/abs/2304.01532
https://arxiv.org/pdf/2409.13663
https://indico.nikhef.nl/event/2143/contributions/4569/attachments/2149/2522/HiggsWidth_ILC.pdf

Higgs Total Width o, [ pTeiE

e Example of something that we traditionally only really consider for
lepton colliders but may want to consider more for FCChn.

* You can access the higgs total width using the off-shell xsec.

e Extrapolating from the ATLAS Run2 result PLB 846 (2023) 138223
(CMS result also came out this week: 2409.13663 with 2 MeV uncertainty):

Scenario Uncertainty [Mev] Relative source
Run2 3.30 73%, e+e- Uncertainties
HL-LHC 0.50 1% ILC (250) = 3.9%
o ental HE-LHC 0.187 4%
systemates ~ FCCmn (50 TeV) <0.1? < 2% ILC (500) = 1.7%
ot FCChn (70 TeV) <0.1? < 2%
%nored them N\ FCCee = 7%
nere. FCChn (100 TeV) < 0.17? < 2% '

e Trivial combination gives you 50% relative uncertainty at Run2 and
35% by the end of Runs.
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Key takeaways (so far) T D

e Some of the key measurement goals (not searches) identified in
roadmaps & strategy documents living under the remit of lepton
colliders might be achievable at similar (or sufficient) precision at
hadron colliders.

= But extraordinary claims require extraordinary evidence. Needs
discussion on if we can provide this in time.

 As a plan B, FCCnh at lower energies on a much sooner timescale
could be very attractive and worth fleshing out, at least from the
top and Higgs measurement point of view.

e |tis difficult to do projections outside of collaborations on more

modern measurements (many moving parts, not trivial to extrapolate
likelihood sensitivities).

= Focusing efforts on a few measurements can work as
templates for other measurement (e.g. top mass works as a
decent proxy for most properties measurements).
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e Top Physics:
= No matter which hadron collider you consider at which energy,
top physics requires significant resources on the theory side to
make meaningful gains in key measurements at the HL-LHC
and beyond, but have great potential at future hadron colliders.

 Higgs Physics:
= There are places where hadron colliders obviously excel, but
there could be more. Consider a bolder scope for March by
focusing on understanding the potential without the
assumption that some things will be covered by lepton
colliders.

 Final Thought:
= Hadron colliders are discovery machines AND precision
physics machines. Best of both worlds!

Jay Howarth




N & University

Yoeiandl & of Glasgow

Backup

Jay Howarth



Top Mass

THE

ROYAL

University

7 of Glasgow

SOCIETY

> b

8 s . C M S And what about methods

= 3r i Preliminary Projection from dtop and other rare

- N i what do all these (incluc?inp single top)?

e ; —im= JY, JHEP 12(2016)123 look like at higher g singie fop)*

S 49f e & (tf), JHEP 08(2016) 029 energies:

2 r : sec. vix, PRD 93(2016)2006 Any weird methads we

'_’c:TJ 2pmimm Y eaaa. single t, arXiv:1703.02530 the J/Y in particular, could tr(me'g'hni’d_.ﬁ elals_tic)
N v . this be much better at high reshold sampling

8 1 5__ A I+jets, PRD 93(2016)2004 energies?

C * - :i\ -------------------------

S5 - JE “ main method is JES and

— C o T - theory limited. How much

S 1= CC N———— better will JES be? How

O N ' much can we assume

= - Y e L theory will improve?

0.5F \ T T L E T e ATLAS + CMS Runi1 Combination

- —_— .
|- important to note how much better we did than expected... /

o

Run |
HE-LHC

0.3ab”’ 14 TeV 3ab' 14 Tev 10ab, 27 TeV ?ab-, 50/70 TeV ?ab-!, 100 TeV

(current magnet
tech)
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UK bbrz feasibility study Ko [ et

Sam Valentine (project L& 4
student), Cristiano Sebastiani, (S
Jordy Degens, Monica UNIVERSITY OF

Feasibility studies for di-Higgs in bbtt events DOnio, CarlGwillam | | [VERPOOL

1012

s Ew
* Previous studies using a BDT were developed in e g;%;hvrsl: 100 Tev — 3;2:EW
2022 (see presentation at Higgs pair by Matt T e Top
Sullivan) Signal 0.14 1.22 '_§ 108 - [ signal
* Results taking into account both 1, — Ty and Tt Ty e 2% S/VB S g .
* Very good sensitivity, comparable with published ToTh 24.97 32.32 -
studies (https://arxiv.org/pdf/2004.03505) B GalTT{ET AT 10 -
BDT output
* This work: implement graph neural networks
* GNN pipeline from Alessio Devoto (PhD Computer @ @ So far:
Scientist, University of Rome Sapienza) * limited statistics used (35k events)

* T —ThOnNly

* Top-pair production as background
(expected to be dominantin this
channel)

* Graph for each event, each objectis a node
* Fully connected, each node has several features 0 @
* Different models tested (GCN, GAT)

* Systematic evaluation of performance based on
relevant metrics (S vs B separation, AUC)
| tau | 25.551097869873047 | 2.0833067893981934 | 1.6441311836242676 |
* Inputs and samples using official samples (EDM4HEP | b | eeanisaeneatss. | 1.osenyrrarorsc | a.seaassrsaneeses |
format) and ntuples generated with FCC analysis | energy | 4.gcet0arassrs | o man | a2831309736788605 |
starterkit (same as linked in Matt’s slides above)

| Event 1: | pT | eta | phi |
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UK bbrr feasibility study Kot L et

Sam Valentine (project n:

student), Cristiano Sebastiani, (S

Feasibility studies for di-Higgs in bbtt events (2) | vomtio.catomiion  [IVERPOOL

0.025 0.014

Sichkaglround ooLs | :;T’]I;gljround
* Tested S vs B separation using only object 200 £ oo10
variables and using also complex reconstructed 5 0015 S 0008
kinematic variables
o § 0.004
* Performance dramatically improved when kinematic & 0.005 = 0002
variables such as b-jet pairs invariant mass, tau-lepton 0000, - - - — = o000 - — - - 4
invariant mass etc are passed as individual nodes Invariant Mass of b-iets Invariant Mass of taus
* Area-Under-Curve in ROC curve 0.82 - 0.99 5
. . . 3.5 ackgroun . . _|_
* Use also radial distances among b and tau objects and 2o -=ral E7"***centrality = \(/m%
ETMiss centrality as in ATLAS di-Higgs studies 8.5 d
éz.o _ sin(prmET — ¢r)
-0 N é 15 Sin(¢€ - ¢T)
5% : : g sin(¢e — ¢
- Excellent separation achieved 0s = Si(n(‘(ﬁ _A;E)T)
5 (4 T
E 0'0—1 5 -1.0 -0.5 F).O Q.S 1.0 1.5
§ 0.4 Model Output Distribution on Validation Dataset Centralitv of 2
35 E background . . e e o
Do _— T | = sonel * First estimate of sensitivity show a
curve = 0. > . . e
. oy - . 22 significance similar to BDT-based results
0.0 0.2 0.4 0.6 0.8 1.0 gzo
Background Efficiency S 15 .. . . .
-3 * Limited by statistics, so next stepsisto
T evaluate sensitivity with full stat ttbar and
%50 0.2 08 10 add fully hadronic channel

0.4 0.6
Predicted Probabilities
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103 W 1 1 T _ 1 L] LIF 100 L |
[ VBF t s ~ '
L t{ - EEm.
_ 1071
10 "oeel VBF ttH s : L S
..... ttH == == | ---.-."""-::::.." "aa.
101 I ~ . _ J 10_2 ........-..... _ LN e s -.... 3
B 100 L L e o N g o CEUN
= [ o
N |
1071 L '
[ tt_HH - EEE _.
| VBF ttHZ e
1072 - L .
| ttHZ = === ]
| VBF 77 e
05 | ttZZ mmmm 7
_ VBF titW+tW— 1
| tHWTW-
].O_ 1 L 1 1 1 1 L
1 2 3 5 10 20 30
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e EXECUTIVE SUMMARY:

= Top mass is going to be more precise than predicted in
Snowmass 21 (already approaching HL-LHC expected precision).

= Future efforts rely on exploiting methods that can benefit from
very high stats, but even with those...

= Significant investment is required in all aspects of the theory if
future hadron colliders are required for <100 MeV precision.

 FOR MARCH 2025:

= Material available for an informed view point (top mass is a good
example of a story across most top measurements).

= There are some short studies that could be nice to add.
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