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A preamble

> this type of talk is often given by a theorist who builds models of new physics

» such a theorist can tell you with authority about the landscape of models that any
given facility might probe
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> this type of talk is often given by a theorist who builds models of new physics

» such a theorist can tell you with authority about the landscape of models that any
given facility might probe

» there are many kinds of theorist
» while I’'m a theorist, I am not a BSM model-builder

» my “day job” is to calculate phenomena in QCD (jets, parton showers, etc.), in order to
help augment colliders’ capabilities

» this talk will not involve specifics of models, but rather attempt to explore the case for
the future of large-scale HEP more generically



Medium-large projects: community knows how to motivate and get them funded

Current: Joint Fit
Future: Joint Fit
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desirable features of the next major HEP project(s)?

an important target to be reached ~ guaranteed discovery
exploration into the unknown by a significant factor in energy

major progress on a broad array of particle physics topics
likelihood of success, robustness (e.g. multiple experiments)

cost-eftfective construction & operation,
low carbon footprint, novel technologies



top-down

figure out the best
collider you can
realistically build

establish what
physics it will probe

bottom up

establish what you
want to learn

figure out how to
build a collider that
will best achieve it



Dear Santa Claus,

We have been good
these past decades.
Please could you

now bring us

® adark matter candidate

® an explanation for the fermion masses

® an explanation of matter-antimatter
asymmetry

® an axion, to solve the strong CP problem

® a solution to fine tuning the EW scale

® a solution to fine tuning the
cosmological constant

Thank you, Particle Physicists

ps: please, no anthropics




8 Dear Santa Claus,

We have been good
these past decades.
Please could you

now bring us

we have so far been unlucky in

® adark matter candidate

® an explanation for the fermion masses gettmg answers 1o these many
® an explanation of matter-antimatter :
asymmetry guestions

® an axion, to solve the strong CP problem

® asolution to fine tuning the EW scale

® asolution to fine tuning the
cosmological constant

Thank you, Particle Physicists

ps: please, no anthropics
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snowmass Dark Matter report, 2209.07426
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https://arxiv.org/abs/2209.07426

“the standard-model Is
complete”

2
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photon

Higgs boson electron

W g2 V.

boson boson

muon

V neutrino
neutrino
electron T

https://www.symmetrymagazine.org/standard-model/
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the standard-model particle set
s complete

Higgs boson electron

neutrino

W gz Ve

boson boson

muon

V neutrino
e tau
neutrino
electron T

https://www.symmetrymagazine.org/standard-model/
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the standard-model particle set
s complete

rg/standard-model/

and we have bheen lucky with
the Higgs boson's 125 GeV mass

It opens a door to the most
mysterious part of the Standard

Model

https://www.symmetrymagazine.o
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deswable features of the next major HEP project(s)?

an 1mportant target to be reached guaranteed dlscovery 'f
exploration into the unknown by a signiﬁcant factor in energy
major progress on a broad array of particle physics topics
likelihood of success, robustness (e.g. multiple experiments)

cost-eftfective construction & operation,
low carbon footprint, novel technologies
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Higgs 1s the last particle of the SM.

with interactions unlike any we had studied before

National Seminar Theoretical High Energy Physics, NIKHEF, March 2024
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The Lagrangian and Higgs interactions: two out of three qualitatively new!

‘Higgs potential — |
self-interaction |
" (“sixth?” force

\between scalars).

Holds the SM
‘together.

Gauge interactions, structurally
. like those in QED, QCD, EW, f
studied for many decades]
(but now with a scalar)

. Yukawa interactions. |
Responsible for fermion
' masses, and induces “fifth |
, force” between fermions.
: Direct study started only '
in 2018! |

'Unobserved |



typeset from Gian Giudice original

Almost every problem of the Standard Model originates from Higgs
interactions

L =yHyy+u?|H” = 2| H|* =V,

b

flavour naturalness stability

cosmological constant



Thermal History of
Universe

Fundamental
or Composite?

Is it unique?

Origin of EWSB?

Origin of Flavor?

Higgs Portal
to Hidden Sectors?

Stability of Universe

CPV and
Baryogenesis

Origin of masses?




Yukawa Interaction hypothesis

Yukawa couplings ~ fermion mass

first fundamental interaction that we probe at the quantum
level where interaction strength (y;) not quantised
(i.e. no underlying unit of conserved charge across particles)



Gavin Salam

2.2 MeV 2.2 MeV 4.7 MeV

proton: ~ 938.3 MeV

neutron: ~ 939.6 MeV

2.2 MeV 4.7 MeV 4.7 MeV

Protons are lighter than neutrons— protons are stable.
Giving us the hydrogen atom, & chemistry and biology as we know it

Natinnal QSaminar Thaanratical Hinh Enarav Phyvcice NIKHEE Mareh 209/,
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2.2 MeV 2.2 MeV 4.7 MeV

~ 2.2 MeV/c2 ~ 2.2 MeV/c2 ~ 4.7 MeV/c2

‘! +electromagnetic
proton: u,o- . u,o- . & strong forces = 938.3 MeV

down

~ 2.2 MeV/c2 ~ 4.7 MeV/c2 ~ 4.7 MeV/c2

+electromagnetic
neutron: @ @ ~ 939.6 MeV
v & strong forces

up down down

2.2 MeV 4.7 MeV 4.7 MeV

Protons are lighter than neutrons— protons are stable.
Giving us the hydrogen atom, & chemistry and biology as we know it

Supposedly because up quarks interact more weakly
with the Higgs field than down quarks



proton - neutron mass difference

QED

Lattice calculation
(BMW collab.)
1306.2287
1406.4088

- -
—3  up and down masses
_4 | Le. Yukawa Interactions


https://arxiv.org/abs/1306.2287
https://arxiv.org/abs/1406.4088

Why do Yukawa couplings matter?
(2) Because, within SM conjecture, they re what give masses to all leptons

0000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000

electron mass determines size of all atoms

it sets energy levels of all chemical reactions

Gavin Salam 19



currently we have no evidence that up and down quarks
and electron get their masses from Yukawa interactions
— It's In textbooks, but is It nature?



First Second Third
generation generation generation

H Interactions

~ 2.2 MeV/c2 ~ 1.27 GeV/c2 ~ 173 GeV/c2

up charm to interaction with H —

4T MeV/e =93 MeV/ee | =4.18 Gev/e much greater precision at
e+e— colliders

established (50) at LHC by
observation of direct

down strange bottom ~80.4 Mev/c2 | | =91.2 Mev/c2

~(0.511 MeV/c2 =106 MeV/c2 ~1.78 GeV/c2

' ' ' W-boson | | Z-boson

electron muon tau




First

generation generation generation

~ 2.2 MeV/c2

up

~ 4.7 MeV/c2

down

~(0.511 MeV/c2

electron

Second Third

H Interactions

~ 1.27 GeV/c2 ~ 173 GeV/c2

‘ established (50) at LHC by

observation of direct
charm top interaction with H —
~93Mev/ | ~4.18 Gev/e much greater precision at

. e+e- colliders

strange bottom ~80.4 Mev/c | | =91.2 Mev/c2

~ 106 MeV/c2 ~ 1.78 GeV/c2

' ' W-boson | | Z-boson

tau
first evidence (30)

to be conclusively
established at the LHC
within 3 -10 years



no obvious path to
SM-level
measurement

bright ideas
heeded!
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H Interactions

no evidence yet First Second Third
generation generation generation
guaranteed at future

e+e— Colliders = 2.2 MeV/c2 =~ 1.27 GeV/c?

up charm

~ 173 GeV/c2

established (50) at LHC by

observation of direct

lo interaction with H —
no obvious path to armeve | =osmevie  [=a18cevse much greater precision at

SM-level e+e— colliders
measurement
down strange bottom ~80.4 Mev/c2 | | ~91.2 Mev/c2

bright ideas
needed! ~0.511 MeV/c2 | = 106 MeV/c2 ~1.78 GeV/c? ' ,
. . ’ W-boson | | Z-boson
tau

electron

first evidence (30)

to be conclusively
established at the LHC
within 3 -10 years




H Interactions

no evidence yet First Second Third
generation generation generation
guaranteed at future

e+e— Colliders = 2.2 MeV/c2 =~ 1.27 GeV/c?

up charm

~ 173 GeV/c2

‘ established (50) at LHC by

observation of direct
top interaction with H —
- 418 GeV/c2 much greater precision at
e+e— colliders

no obvious path to ca7mev/ee 1N =93 Mev/e

SM-level
measurement .
. . a strange
bright ideas == J

heeded!

bottom ~80.4 MeV/c2 | | =91.2 Mev/c2

~ 106 MeV/c2 ~ 1.78 GeV/c2

' ' W-boson | | Z-boson

tau

~(0.511 MeV/c2

electron

no evidence yet first evidence (30)

to be conclusively
established at the LHC
within 3 -10 years

tantalisingly close

to reach of circular e+e-
colliders?




D Teaser from the analysis front [FCC-ee, H — hadrons]

= Tools fully incorporated in FCCSW | ]

o Example: Z(>wW)H(=>qq) Signal extraction: 2D fit

m(rec) m(jj)
. FCCAnalyses: FCC-ee Simulation (Delphes) FCCAnalyses: FCC-ee Simulation (Delphes)
Categorlze events: bb’ CC' SS’ gg % 1012 IIIIII]IIIIIT[]IIIIIII]IIlllllllllllllllll]ll > 13 IlIIIIII]IIIII[IIIIIIIIIIIIIllllNllIlllNlllll[l
. . & b IDEA, e’ > Z(vv)H(j) 8 1°°F IDEA, e'e’ — Z(vv)H(j)
Sub-categories w/ different S/B § 07 (5-2400GeV, L=5ab’ R 10°F (52400 GeV, L=5ab"
T 10 — Hss  ww T 10" —Hss  ww
£ e —Hob . ZZ 2 100F — Hbb m 2z
D 48 Hoc =ﬁWW R Hee [
— Hgg —H B HWwW
107 Hrt M HZZ 10° H?tg B HZZ
" | Jebly 107 I qoH
1f 10°
- 10°
10° 1o
o 10°
ParticleNet-ee 1

10?
10
1

107
0 20 40 60 80 100 120 140 160 180 200 220 240

M, (GeV)

1 -1
0 0 20 40 60 80 100 120 140 160 180 200 220 240

Meec (GeV)

Results @ 5ab?

(syst: 5% BKG, 0.1% SIG)

More on Friday:

Su/u(%) |1 0.4 | 29| 160 | 1.2

q b ¢ s g tau ZZWW ZHWWHZZqqH *
Predicted I Ks I <1'9
Loukas Gouskos FCC Physics Workshop, Krakow 2023 16




Results @ 5ab1
(syst: 5% BKG, 0.1% SIG)
Z(—2>vv)
H(=2>qq)

*|ks]<1.9 strange Yukawa tantalisingly
close to being within reach

would complete 2nd generation Yukawas
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Electron Yukawa coupling: Unique @ FCC-ee

(not yet in the baseline)

One of the toughest challenges, which requires in particular, at /s = 125 GeV

¢ Higgs boson mass prior knowledge to a couple MeV, requires at least the design lumi at v/s = 240 GeV
¢ Huge luminosity, achievable with with several years of running and possibly 4 IPs
¢ /s monochromatisation : Ty, (4.2 MeV) < natural beam energy spread (~100 MeV)

arXiv:1509.02406

(2): with ISR
(2): 81/s = 6 MeV
(3): 8v/s = 10 MeV

ete—— H

(3)

‘IlllII|III|III|III|III|III|III [

e | I 1 I 1 | 1 I 1 | 1 | 1 \ |

125.08 125.085 125.09 125.095 125.1
Vs (GeV)

24

Joue( YO1IIed WO IPI[S [BUIISIIO



d

d

1.6
1.4

1.2

0.8

o(s) [fb]

0.6

0.4

0.2

Electron Yukawa coupling: Unique @ FCC-ee

(not yet in the baseline)

One of the toughest challenges, which requires in particular, at /s = 125 GeV

¢ Higgs boson mass prior knowledge to a couple MeV, requires at least the design lumi at v/s = 240 GeV
¢ Huge luminosity, achievable with with several years of running and possibly 4 IPs
¢ /s monochromatisation : Ty, (4.2 MeV) < natural beam energy spread (~100 MeV)

First studies indicate a significance of 0.46 with one detector in one year

arXiv:1509.02406

(2): with ISR
(2): 81/s = 6 MeV
(3): 8v/s = 10 MeV

ete—— H

(3)

‘II|III|III|III|III|III|III|III [

e | I 1 I 1 | 1 I 1 | 1 | 1 \ |

125.08 125.085 125.09 125.095 125.1
Vs (GeV)

24

Joue[ Yd11ed WOIJ dPI[S [BUIISLIO



d

d

o(s) [fb]

1.6

1.4

1.2

Electron Yukawa coupling: Unique @ FCC-ee

(notyetin th

One of the toughest challenges, which requires in particular, at /s = 125 GeV

¢ Higgs boson mass prior knowledge to a couple MeV, requires at least the design lumi at v/s = 240 GeV

¢ Huge luminosity, achievable with with several years of running and possibly 4 IPs
¢ /s monochromatisation : Ty, (4.2 MeV) < natural beam energy spread (~100 MeV)

First studies indicate a significance of 0.46 with one detector in one year
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Electron Yukawa coupling: Unique @ FCC

One of the toughest challenges, which require

some caution needed with the numbers

(cf. Soyez @ 2022 FCC Physics Week
on state-of-the art tagging of H—gg)

/

Born

arXiv:1509.02406

(1): with ISR
(2): 8+/s = 6 MeV
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N
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s in particular, at /s = 125 GeV

¢ Higgs boson mass prior knowledge to a couple MeV, requires at least the design lumi at v/s = 240 GeV

| possibly 4 IPs
1 (~100 MeV)

ne year

H ‘18=1 zseev arXiv:2107.02686

@ -5ys@ Vs = 125 GeV

Still working on optimizing luminosity vs monochromatization
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National Seminar Theoretical High Energy Physics, NIKHEF, March 2024
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Electron Yukawa coupling: Unique @ FCC-ee

2 One of the toughest challenges, which requires in particular, at /s = 125 GeV

| possibly 4 IPs
1 (~100 MeV)

some caution needed with the numbers
(cf. Soyez @ 2022 FCC Physics Week
on state-of-the art tagging of H—~gg) ne year

(no-

¢ Higgs boson mass prior knowledge to a couple MeV, requires at least the design lumi at v/s = 240 GeV

H \js=1 25GeV arXiv:2107.02686

\N QO
Born .

still a couple of bright ideas away from concrete path

to 50 discovery of the origin of the electron mass;
may simply not be feasible

— but would be a clear no-lose theorem for FCC-ee

—~ Vs =125 GeV

0 : | 1 | | | | | | I | | | | I | | | | I | |
125.08 125.085 125.09 125.095 125.1

Still working on optimizing luminosity vs monochromatization
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A side comment on the near future at LHC

» particle physics normally deals with esoteric particles that have [almost] no relation
with the world as we experience it

» LHC will reach 50 sensitivity for H — pu in the coming years (if it is SM-like),

offering first proof that particles other than 3rd generation also get their mass from
Yukawa mechanism

» that will be a crucial step on the way from 3rd generation Yukawas to 1st
> it deserves a big event with the world’s press to announce it

» an opportunity to explain the quest for understanding the origin of the mass of the
fundamental particles that we are made of
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potential
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Higgs potential

mechanism gives
Standard Model mass 1o partlcles

potential because the Higgs
field ¢ Is non-zero

________ i That happens
hecause the
minimum of the SM
potential Is at
b non-zero @



Higgs potential

V(¢), SM
Standard Model
potential
________ } 2 2
. Myv
depth is n (my ~ 125 GeV, v ~ 246 GeV)
a fairly innocuous sounding (104 GeV)*
0 1



Higgs potential — remember: it's an energy density

Standard Model
potential

———————— - ' Corresponds to an energy density of |
1.5 % 109 GeV/fm® '
|i.e. >40 billion times nuclear density

j Mass density of 2.6 X 10*° kg/m3
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cosmological constant & fine-tuning [classically]

_ 2 2 4
Vinin = [-#2 18P+ 2101} +V,

Po cosmological constant

— 2.6 x10°kg/m3 + V, =| 5.96 x 10~*' kg/m3

> V,, needs to be fine tuned for cosmological constant to have today’s size
(also with respect to various sources of quantum correction)

» not the only fine-tuning problem in fundamental physics,
— arguably special in that it appears already classically

» collider physics cannot tell us anything about V,,
— but it would seem negligent not to try and establish the rest of the potential



The potential expanded around the minimum

» take h as the Higgs field excitation in units of the field at minimum

2.2
MgV

V= (=1 + 4h* + 41° + h*)

ot

the Higgs boson mass term

V(g), SM

prediction of the strength of HHH interaction

[modifier may be called «; or k3]




|slide from P. Janot]

Higgs self-coupling at FCC-ee

a  Statistics-limited sensitivity comes from o . _,,, measurements at 240 and 365 GeV
¢ Thanks to the relative change with centre-of-mass energy . 8o/c or &I/r

G7H M. Peskin

2.0% F

FCC-ee

1.0% F

0.0% |

a  Estimate with present run plan and 2 IPs: 2 26 from k;, =0

-1.0% L

¢ Analyses will improve, but no hope with 5 times less luminosity

(Discovery) 5
o With 4 IPs and optimization of run plan: target = 5o, 0k, ~20% _.

¢ Increase duration at 240 and 365 GeV (to 4 and 7 years)
e Reduce Z and WW run duration @ constant statistics

¢ Orbetter: increase specific luminosity and/or overall running time

1,

e Ifitisworth doing, it is worth doing well L/5
O \ ; \ ]
HL-LHC alone cannot do much 9

5 10 15 20
in a global EFT fit ... Losocey (@D 22
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Testing SM V() by measuring HH production at FCC:~3-3/ accuracy

: : : . : FCC-hh Simulation

» kinematic shape of HH pair clearly distinguishes LB
0.12f- -

. . (olke

independent HH production from correlated HH _ >t gg—HH Kk, =0 :
L — —K; =1 -
» FCC-hh — few % determination 0.1 Powheg:V2 (NLO) e -
- . . B )\_ i
(needs accurate tfZ and Higgs couplings from FCC-ee) L Is=100TeV — %, =3 -
0.08} -
FCC-hh 68%cl precision (%) on double-Higgs production i ]
@68% CL | scenario I schnario T scenario T1I o __
s stat only | 2.2 { 2.8 3.7 I ]
" stat + syst 2.4 3.5 5.1 0.04 -
5 stat only § 3.0 4.1 5.6 I ]
K\ : u _
stat + systy 3.4 5.1 (.8 0,00 -
t (optimistic~ }  (30fb'l @ 100 TeV,| _ _
LHC Run 2 per Mangano’ Ortona & | || | [ | [ I | || I_ I | [ I -

Selvaggi, 2004.03505) 200 300 400 500 600 700 80O
m,. [GeV/c]



when would we claim diSCOVEI‘Y? [90 In each of two Independent experiments is our gold standard]

» equivalent for an interaction is a bit ambiguous — but better than +20%
determination is probably a reasonable target

» for something of this importance, we may be wary of relying on 20% only from a
combination of N experiments — a result’s robustness comes from confirmation by
independent experiments

» indirect v. direct:
» all measurements are indirect (we measure hadrons and leptons...)
» single H is good to have

» but HH & kinematic structure brings assurance that what we are seeing is indeed
HHH coupling

» NB there exist different points of view on this



when would we claim diSCOVEI‘y? [90 In each of two independent experiments Is our gold standard]
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» equivalent for an interaction is a bit ambiguous — but better than +20%
determination is probably a reasonable target

» for something of this importance, we may be
combination of N experiment
independent experias

r
0os®

» indirec
> all mé adrons and leptons...)
> single

» but HH'& kinematic structure brings assurance that what we are seeing is indeed
HHH coupling

» NB there exist different points of view on this



Higgs potential

V(p), SM > this is a cartoon

» caution needed: e.g. realistic
BSM models do not just
modify the potential, but
may bring extra scalars

(often modify other couplings, but not
always, e.g. 2209.00666)

Standard Model
potential

» even if we take the picture
seriously we may want to
consider impact of limited

constraints on A,

(figures show either SM or FCC-hh
0 1 constraint; how many coincidences are

needed for a BSM model to leave 4,
¢ untouched while modifying 4,?)


https://arxiv.org/abs/2209.00666

Higgs potential
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V(g), today > this is a cartoon

» caution needed: e.g. realistic
BSM models do not just
modify the potential, but

may bring extra scalars

(often modify other couplings, but not
always, e.g. 2209.00666)

Standard Model
potential

» even if we take the picture
seriously we may want to

what we consider impact of limited
know today

L 0. < 1o/SM < 6.3 constraints on Ay

(figures show either SM or FCC-hh
0 1 constraint; how many coincidences are

needed for a BSM model to leave 4,
¢ untouched while modifying 4,?)


https://arxiv.org/abs/2209.00666

Higgs potential

V(g), 2040 (HL-LHC) > this is a cartoon

» caution needed: e.g. realistic
BSM models do not just
modify the potential, but
may bring extra scalars

(often modify other couplings, but not
always, e.g. 2209.00666)

Standard Model
potential

> even if we take the picture

seriously we may want to

what we may consider impact of limited
know in 2040

As = SM (== | ASM<16 constraints on Ay

(figures show either SM or FCC-hh
0 1 constraint; how many coincidences are

needed for a BSM model to leave 4,
¢ untouched while modifying 4,?)


https://arxiv.org/abs/2209.00666

Higgs potential

V(p), 2060 (FCC-ee, 4IP) > this is a cartoon

» caution needed: e.g. realistic
BSM models do not just
modify the potential, but
may bring extra scalars

(often modify other couplings, but not
always, e.g. 2209.00666)

Standard Model
potential

> even if we take the picture

seriously we may want to

what we may consider impact of limited
know in 2060

A= SM (=" ¢ AL /SM 124 constraints on Ay
(figures show either SM or FCC-hh

0 1 constraint; how many coincidences are
needed for a BSM model to leave 4,
¢ untouched while modifying 4,?)


https://arxiv.org/abs/2209.00666

Higgs potential

V(g), 2080 (FCC-hh) > this is a cartoon

» caution needed: e.g. realistic
BSM models do not just
modify the potential, but
may bring extra scalars

(often modify other couplings, but not
always, e.g. 2209.00666)

Standard Model
potential

> even if we take the picture

seriously we may want to

what we may consider impact of limited
know in 2080

Ay =SM (=" 0.97 < 7./SM <1.03 constraints on Ay
(figures show either SM or FCC-hh

0 1 constraint; how many coincidences are
needed for a BSM model to leave 4,
¢ untouched while modifying 4,?)


https://arxiv.org/abs/2209.00666

Higgs potential

V(gp), 2080 (FCC-hh)+k,4 (direct) > this is a cartoon

» caution needed: e.g. realistic
BSM models do not just

Standard Model modify the potential, but

potential .
may bring extra scalars
(often modify other couplings, but not
always, e.g. 2209.00666)
> even if we take the picture
seriously we may want to
what we may consider impact of limited
know in 2080 straints on A
A4 @S measured / 0.97 <A3/SM<1.03 coOnstraimmts o 4
—1 < A4/SM < 6.5 (figures show either SM or FCC-hh
0 1 constraint; how many coincidences are

needed for a BSM model to leave 4,
¢ untouched while modifying 4,?)


https://arxiv.org/abs/2209.00666

desirable features of the next major HEP project(s)?

an important target to be reached ~ guaranteed discovery
exploration into the unknown by a significant factor in energy
ma]or progress on a broad array of partrcle physrcs toprcs
hkllhod f cesbutnes (e g ulple eeets)

N0

COSt- ePfectrve construction & operation,
low carbon footprint, novel technologies

39



______________________ My measurements

I LEP Comoinaton | AT| AS Preliminary = ® =
s=7TeV, 46" ' ’

——————————————————————————————————————————————————————————————————————

DO (Run 2) - ¢ mm

arXiv:1203.0293

C_DF (Run 2) ; | : 1@
FERMILAB-FUB-22-254-PPD : | :

LHCb 2022
arXiv:i2109.01113

ATLAS 2017 , |
arXiv:1701.07240 ® Measurement § I @ ==

L~ ,_‘,

S “» - - - P - - b - LT - - P - L -
N3 3 T8 By W] TR R N AN T P B PR, TR S ORI - O A O B 1 =2 R O3 B B PRI S WOR PRI O3 TR B W TR O, ORI P2 B &

A.TLAS 2023 .Total Unc.
e ~ 'SM Prediction

my, [MeV]

do you believe the measurement when it disagrees
with your expectations?

S



we don't know the precision imit of hadron colliders — but we may be close to reaching it

00000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000

gg partonic luminosity (Vs = 13TeV) gg-lumi, ratio to PDF4LHC15 @ my
1.10 ————— —
P o | PDFALHCIS  1.0000 + 0.0184
3 1.08F ___ MmsHT20 '- \
F o |  PDF4LHC21 09930 = 0.0155
g 1.06 — NNPDF40 : CT18 0.9914 = 0.0180 X3
= | : NNPDF40 0.9986 =+ 0.0058
s 1.02 -
> 1.00 : — - : Parton Distribution Functions are one of several
I= > elements that may limit LHC/FCC-hh precision:
= 0.98F -
g as(mz)=0.118 » essential for hadron-collider interpretation
0-96  NB: PDF4LHG21 uses CTI8/MSHT20/NNPDF31 , - » PDF fits are complex, e.g. involve (sometimes
10 10° inconsistent) data, some of it close to non-

Mgg [GeV] perturbative scale

» only partial understanding of their limits



gg-lumi / gg-lumi(NNPDF40)

we don't know the precision imit of hadron colliders — but we may be close to reaching it

00000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000

O
©
0o

gg-lumi, ratio to PDFALHLLS @ my

gg partonic luminosity (Vs = 13TeV)

- —— (CT18

- —— MSHT20 \

- —— NNPDF40 % 3

i Pistribution Functions are one of several
elements that may limit LHC/FCC-hh precision:
» essential for hadron-collider interpretation

 NB: PDF4LE PPIS/MSHT20/NNPDF31 , - » PDF fits are complex, e.g. involve (sometimes

2 3 . . .
10 10 inconsistent) data, some of it close to non-

Mgg [GeV] perturbative scale

» only partial understanding of their limits



various arguments favour a circular e+e- collider

» historical track record of delivering luminosity [LEP]
» unlike linear colliders, they naturally accommodate multiple experiments
» energy efficiency/unit luminosity from Z-pole to ZH

» electrons are a lot easier than muons

But some people ask if we need a lepton collider at all; should we not just go for the
next hadron collider?

[practical arguments against: we don’t really know how to build the magnets for a 100
TeV collider; cost of 91km collider is high even with LHC-type magnets]



desirable features of a worldwide HEP project?

an important target that is guaranteed to be reached
(no—lose theorem)

exploratron Into the unknown by a srgnlﬁcant fac:tor in energy ‘

major progress on a broad array of partrcle phy51c:s toprcs
likelihood of success, robustness (incl. multiple experiments)

cost-effective construction & operation, low carbon footprint

43



what should we expect as a step up in energy?

I like the Zggp s as a simple measure of progress
(simple and most experiments look for it)

= G = .- vl o= - S P P = =
— - TN S oz 0 Sk o Pl o L= IS SRS O = e s (pZr 9 o g N T 3 B - ST VY SRz e B R B I YN T, Sy - Sl =

" Tevatron ' LHC
pp. 1.96TeV, 10 fb-1 | . pp. 14 TeV, 3000 fb-'

}‘ X 9.6
Exclusion limit ~ 1.2 TeV | q Exclusion limit ~ 6.7 TeV |

t  replicated across |} t
(electron and muon channels,
single experiment)

| (if they had analysed all their data in 8
§ electron and muon channels; actual CDF §
“ limit 1.071 TeV, 4.7fb-1, pp only) ‘

L S

_ g amg LLOr 4 el 2 kTl b fap S0 Lo i ama LA AT B e D A T e Azg 8. Lo _puca - g . 3 = RS S ' WX W \ ‘) PP SLOr sl ol 2 ol L ab fag S Lo 0 ama YT EO D T e Aep 84 Lo _poha B ECEAN S AU TS X WL VR DR

myriad search
channels

“,



step up in energy for direct searches?

I like the Zggp s as a simple measure of progress
(simple and most experiments look for it)

pp. 13 TeV, 3000 fo-' | . 100TeV, 20 ab-

$ g
j 13 Y

o | x6!

Exclusion limit ~ 6.7 TeV | q
‘ replicated across Z - |
{ (based on PDF luminosity scaling, §

¥ assuming detectors can handle muons
channels i and electrons at these energies) |

Exclusion limit ~ 41 TeV

(electron and muon channels,

single experiment) myriad search

_ g L ior g s 1 e  Qag B Lo o L A D o i e Azt B Lo b B CER 5 RO s R VEL BEE Y A= S e se o Vg Co - <me LT g D 1 kel ol fop R0 Lo o ABa AN B D e e e fee 8. Lo b S SR I CEA 5 AU LT . T Vo BT



step up in energy for direct searches?

I like the Zggp s as a simple measure of progress
(simple and most experiments look for it)

NP B R PIND VY w- N T  a gl e B e L O ek ey - P Ll L~ S AN BT =2 T e \ —Z e

LHC ; | 'Sbbé'-'mwﬂf
pp, 13 TeV, 3000 fb-! | ; 125 TeV. 5 ab-

x 6.4
Exclusion limit ~ 6.7 TeV | ﬁ Exclusion limit ~ 43 TeV |

replicated across 3 L . '
: (based on PDF luminosity scaling, g
§ assuming detectors can handle muons §
channels 1  andelectrons at these energies) |

(electron and muon channels,

single experiment) myriad search

g amg oy ed o g e g fee & Lo s YR A D o i e g Sop B Lo _posaa B CER 5 RO s L VEL BT A= S e se o -y P IOP LLOr 42 el 1 kTl b fap R0 Lo o csma Eo T FA D e e g foe B4 Lo _poa I CEA 5 cAERU T T MK (WG Vi DS



Direct search at lepton colliders: e.g. axion and heavy-neutral lepton searches

107!

(GeV)
®F =[UJ”

ayy
3

benefits from huge Z-pole luminosity
(some models in these regions have potential to connect with dark matter, baryon asymmetry, neutrino masses, etc.)

Gavin Salam National Seminar Theoretical High Energy Physics, NIKHEF, March 2024 47



Increase In precision at lepton colliders [ere: Higos couplings!

precision reach on effective coupllngs from SMEFT global fit

B HL-LHC S2 + LEP/SLD B CEPC Z;00/WW;/240GeVs, | M ILC 25 seVs Bl CLIC 380GeV, B MuC 3TeV,
(combined in all lepton collider scenarios) | [l CEPC +360GeV; ] ILC +3SOGeV0 »+500GeV, | CLIC +1.5TeV ;5 B MVuC 1OTeV10
Free H Width CC Z450/WW, BILC +1TeVy VwiGiga-Z | lICLIC +3TeVs B MuC 125GeV; g,+10TeV 4

" " no H exotic decay - | MFCC +365GeV; | subscripts denote luminosity in ab™', Z & WW denote Z-pole & WW threshold 102
= - - Q
3 10" 107 -
®) ; : @
O j 3
N I 1 »
o 10-2. 1n-4
> 107 10
I E =

1073 10-°

1074 108
, 107 107"
O F | L
= | Q
_g- w
3 1072 1072 8

- = -

24 | =i
3 3
L n

10— 107

leyi 69y

https://arxiv.org/abs/2206.08326
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Interpret higher precision as increase In indirect reach

09;/gi[%]



Interpret higher precision as increase In indirect reach

10 Interpret as mass-coupling sensitivity
10 =
: =
S S
E IS
S S =
o o @} -
ffffffffffff -
eeeeee o 014 w
"
@) _
10 | 0.01 -
10-3 | schematic: details depend on BSM model
****** | 102 103 104
gﬁféz A\ = scale of new physics [GeV]



Interpret higher precision as increase In indirect reach

Interpret as mass-coupling sensitivity

10 .. L. A /- N . . . .

-

09;lgi[%]

coupling

N

| schematic: details depencj on BSM model
102 103 104
A\ = scale of new physics [GeV]

Gavin Salam National Seminar Theoretical High Energy Physics, NIKHEF, March 2024



Interpret higher precision as increase In indirect reach

10 Interpret as mass-coupling sensitivity
10 =

09;/gi[%]

EFT not valid

|
|
|
Y
coupling
-
=

—

10 L] 0.01 \ X 3.8 in energy reach

CI=

ffffff f 1073 —
++++++ ~ 10? 103 10*

eff A\ = scale of new physics [GeV]

| schematic: details depend on BSM model




Interpret higher precision as increase In indirect reach

09;lgi[%]

Gavin Salam

X 3.8 in energy reach

10-3 | schematic: details dependf on BSM model |
102 103 10*
eff A\ = scale of new physics [GeV]

National Seminar Theoretical High Energy Physics, NIKHEF, March 2024
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Increase In precision Is equivalentto x 4 — J increase In energy reach

Two messages

FCC-ee precision gain

» with a rough estimate for systematics,
FCC brings a big step forward

sinZeg
1/aqep(M32)
Rf

as(m2) [from EW]

— 1

eom.avg: . —y
_ 2 18x 2 » still huge scope for thinking about how to
, better improve systematics (gain of up to further
e lfetime than X 100 in some cases)

T Mass
T leptonic (uv,v<) B.R.

This is the fun part for us as physicists!
and will call for joint efforts by

as(my,) [from EW]

ﬁ

9 .
o experiment/theory/accelerator
rtop ° °
Atop/Aiop ; FCC-ee stat thSlClStS
ttZ couplings Bl FCC-ee stat+syst
1 10 100 1000

current uncertainty / FCC-ee uncertainty



similarly for other colliders

000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000

95% CL scale limits on 4-fermion contact interactions from O, 5

l I I I I l

HL-LHC
ILC250 |
ILC500 |
ILC1000 |
CLIC380 |
CLIC1500 ]
CLIC3000

.

This work
B ESU

\

CEPC240 1
FCC-ee240 1
FCC-ee365 1

0 50 100

x b Scale/iupling [TeV]

https://arxiv.org/abs/2206.08326
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exploring many operators = many observables (incl. high-pr @ FCC-hh/SppC)

000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000

20 | | I I | | I

— 20 T T T T T T T
. °\° 4
| p— | - _— - N
© | pMSSM | = 1 2HDM-Y :
>, o 1 € o - £ deviat
— Pattern of deviations
2 Operrcusnsnncnnnns Asmas STEE TS ang s s eeueedTTTm g (1] T -
B . «ﬁ . t” f W
(f) —10 | ILC 250 GeV,2ab™ + 500 GeV, 4 ab™: pMSSM example i -g, -10 u ILC 250 GeV, 2 ab™' + 500 GeV, 4 ab™": 2HDM-Y example 1 S n g e r p r 1 n O n e
i [ ] ncoprecisions from full EFT fit i %_ i [ ] ncCoprecisions from ful EFT fi
E i model predictions 8 i model predictions h .
_20 1 1 1 1 1 1 1 O _20 1 1 1 1 1 1 1
O bb cc g9 wWw T ZZ Y ML bb cc g9 WwW 1T 77 Y p ys 1 C S
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desirable features of the next major HEP project(s)?

an important target to be reached ~ guaranteed discovery

exploratron into the unknown by a s1gn1ﬁcant factor in energy

;5 ma]or progress on a broad array of partrcle physrcs toprcs f

likelihood of success, robustness (e.g. multiple experiments)

cost-eftfective construction & operation,
low carbon footprint, novel technologies
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Illustration Is for FCC — but message is comparable for other colliders

‘mz, 'z, N, « 0. s(mz) with per-mil accuracy
‘R, Ars *Quark and gluon fragmentation
‘mw, l'w *Clean non-perturbative QCD studies
MHiggs, [ Higgs
EW & QCD Higgs couplings
self-coupling

detector hermeticity particle flow
tracking, calorimetry energy resol.
particle ID

direct searches
of light new physics

{—

e Axion-like particles, dark photons,
Heavy Neutral Leptons
e long lifetimes - LLPs

Rare/forbidden decays

3

flavour factory
(102bb/cc; 1.7x10" 77)

7 physics B physics e [
, 0P, op
*Flavour EWPOs (Rp, AFgP:°) EW top couplings
er-based EWPOs eCKM matrix,
elept. univ. violation tests eCP violation in neutral B mesons

vertexing, tagging
energy resolution
hadron identification

momentum resol.

eFlavour anomalies in, e.g., b = s77
tracker

detector req.

(5avir Slide from C. Grojean @ FCC Week’22



Status of closure test after Z, W+ W ™and #7 runs

80.36 e
80.35 ——— FCC-ee (Z pole)

—— FCC-ee (Direct)

80.34 -~

Z pole (now)EPS + m,
- Standard Model

470 172 174 176 178
.......... my,, (GeV)
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FCC-ee & QCD: strong coupling, etc.

Fits including T", and RIO, theory uncertainties for FCC-ee scaled by 1/4.
T ¥ 3

» strong coupling from EW

N 5 = T I | T T 4 o 7 I T ] T =
&2 e ' 5 . . .
& 45 F []FcCee prospect fitter fou): precision to per-mil accuracy
- ===~ No theo. unc. —
4 - — 1Y/atoday's theo.unc. |\ = | E 20 » studies of colour
3.5F Present precisi = : : :
- [ Prosent precison - reconnection in W-pair
3 -@- World average [PDG 2017] —
= E events
2.5 B
2F = > jet rates, substructure,
1.5 ~ flavour, fragmentation
1 E— ------------------------------------- 16
: - > etc.
0.5 =
0 = : e
0.116 0.118 0.12 0.122



Flavour physics: 19x more b-pairs at FCC-ee than at Belle ||

2106.01259

Attribute T (45)
All hadron species

High boost

Enormous production cross-section
Negligible trigger losses

Low backgrounds

Initial energy constraint

NN N



http://arxiv.org/abs/2106.01259

FCC-hh PbPb collisions: top & W decays probe g/g-plasma across yoctosecond time-scales

Top quarks in heavy-ion collisions (CMS) Reconstructed W-mass v. top-quark pr at
FCC-PbPb, showing sensitivity to
medium lifetime ¢

b-tagged jet

Electron i
il (T) (unquenched) [fm/c]

0.6 0.7 0.9 11 1.4 1.9 2.3

. . | .
90 | 9 unquenched I t= 25fmic -
- I quenched t= 5.0 fm/c

g5 F AN R S R
- FCC Vs, =39 TeV 5 5 -

L 21b 1 pp, 30 nb™! PbPDb: | i
80 _‘ """"" pp """"""""" P —— = e

miec [GeV/c?]
»

| ST A g

arXi1v:2006.11110

0 200 400 600 800
p'C5op (bin average) [GeV/c]

Apolindrio, Milhano, Salgado, GPS, 1711.03105



conclusions

Gavin Salam National Seminar Theoretical High Energy Physics, NIKHEF, March 2024
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Conclusions

000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000

» There is a guaranteed discovery: directly establishing Higgs self-interaction, which
holds the SM together, via robust precision of Higgs factory and direct measurement
at higher-energy colliders

» is there a chance of a second no-lose theorem in establishing (or disproving) SM
origin of electron mass at circular ete- colliders?

» The step up in energy reach that we expectis ~ X 4 -5

» et+e- colliders deliver that mostly in “indirect” sensitivity, through precision
Increase ~ X 18

» FCC-hh/SppS deliver that in direct search sensitivity (muon collider does for
some scenarios)

» Diversity and robustness of the programme = essential part of their strength



via Nathaniel Craig @ CERN-TH naturalness workshop

PHYSICS WITH A MULTI-TeV HADRON COLLIDER

e’ C.H., Llewellyn Smith,
2 N\~

LARGE HADRON COLLIDER
IN THE LEP TUNNEL

PROCEEDINGS OF THE ECFA-CERN WORKSHOP

Looking at the wide variety of alternatives which have been proposed, it might appear

that theorists are in disarray but it seems to me that the present situation is an

inevitable consequence of the successes of the 1970's. The problems of the 1960's - the
nature of hadrons, the nature of the strong force, the nature of the weak force - have
been solved. We now confront deeper problems - the origin of mass, the choice of

fundamental building blocks (the problem of flavour), the question of further unification

of forces including gravity, the origin of charge and of gauge symmetry. It is only to be
expected that many of the first attempts to grapple with these problems will be misguided.

As ever, we must reply on experiment to reveal the truth.
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Gavin Salam

Chris Quigg @ Oxford seminar, February 2024

How to progress?

Explore the regions of the unknown,
the unanswered questions

Try to divine where the secrets are hidden

Seek out soft spots in our current understanding,
especilally where the stories we tell are
unprincipled = not founded on sound principles

Supersymmetry: + R-parity + pu problem + tame FCNC + . ..
Big-Bang Cosmology: + inflation + dark matter + dark energy + ...

Particle content, even gauge groups, of the Standard Model

Perspectives and Questions . ..

National Seminar Theoretical High Energy Physics, NIKHEF, March 2024
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What does 2.6x 1028 kg/m? mean?
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fit the mass of the sun into a standard 401t shipping container



Higgs potential
cosmological Q depth
constant air '
interstellar water neutron star
space
10-30 10-20 10-10 1 1010 1020 10

densities in kg/m3


https://upload.wikimedia.org/wikipedia/commons/4/44/Mecanismo_de_Higgs_PH.png
https://en.wikipedia.org/wiki/Neutron_star#/media/File:Neutron_Star_X-ray_beaming_with_accretion_disk.jpg

Electroweak fits (1210.11775), e.g. S & T parameters

Table 3.3: Values for 10 sensitivity on the § and T parameters. In all cases the value shown
1s after combination with HL-LHC. For ILC and CLIC the projections are shown with and
without dedicated running at the Z-pole. All other oblique parameters are set to zero. The
intrinsic theory uncertainty 1s also set to zero.

Current "‘,‘ ILCZ 50 CEPC | FCC-ee CLIC3 20

0053 10012 0009 |0.0068 ] 0.0038 ] 0.032 _ 0.011
| 004110014 0013 | 00072 | 00022 | 0.023  0.012

| improvements of up to |

X 14—-18

0.13
0.08

N W



https://arxiv.org/abs/1910.11775
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condition in terms of the pole top mass. We can express the stability condition of eq. (64) as

M, < (171.53 -

- 0.15

- 0.23,, £ 0.15,, ) GeV = (171.53 + 0.42) GeV. (66)

arX1v:1307.3536
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Searches at muon collider

Plots being shown suggest:
4 TeV muon collider beats a

100 TeV pp collider
in searches for new physics.

Useful to nuance the statement:

» 100 TeV pp, 20 ab-! can discover
Z'up to m, ~ 38 TeV

» For uu collider to discover Z’ at

Fig. 3 of Snowmass Muon Collider Forum Report

-----

fine-print: this is for 2—2 processes
| | | | | |

0 10 20 30 40 50 60 70 80 90 100

m, ~ 38 TeV, it needs \/s ~ 38 TeV (with lower \/E you \@ [TeV]
would see deviation from SM, but not know what it is)

» However a 38 TeV muon collider would be much better at studying the Z’ than the 100

TeV pp machine



