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

Current: Joint Fit
Future: Joint Fit
Disappearance,

0.0

DUNE, HK, JUNO, and

neutrino observatories

will enable a bona fide
precision physics program

in the neutrino sector |
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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



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

T —




snowmass Dark Matter report, 2209.07426
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https://arxiv.org/abs/2209.07426

the standard-model particle set
s complete

electron

1 ’ neutrino

muon

V neutrino

tau
neutrino

https://www.symmetrymagazine.org/standard-model/

Gavin Salam APS Global Summit, March 2025



the standard-model particle set
s complete

ndard-model/

rg/sta

but we have been 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

Gavin Salam APS Global Summit, March 2025



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



Higgs physics

Higgs is the last particle of the SM.
So the SM 1s complete, right?

parts of this talk adapted from “The Higgs boson turns ten", GPS, Zanderighi and Wang
Nature 607 (2022) 7917, 41-47

Gavin Salam APS Global Summit, March 2025


https://inspirehep.net/literature/2104782

The Lagrangian and Higgs interactions: two out of three qualitatively new!

‘Higgs potential — |

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

self-interaction
 (“sixth?” force
'between scalars).
'Holds the SM
‘together.

. 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?

https://arxiv.org/abs/2211.11084

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)



Higgs field

0.001

__ SM: larger mass of top comes from
>rd generation  gtronger interaction with Higgs field

Gavin Salam APS Global Summit, March 2025 14



Higgs field
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proton:

2.2 MeV 2.2 MeV 4.7 MeV

APS Global Summit, March 2025

~ 938.3 MeV
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proton:

neutron:

2.2 MeV 2.2 MeV 4.7 MeV

2.2 MeV 4.7 MeV 4.7 MeV

APS Global Summit, March 2025

~ 938.3 MeV

~ 939.6 MeV

15



Gavin Salam

proton:

neutron:

2.2 MeVi2.2 MeVMK.7 MeV

2.2 MeV@.7 MeV 4.7 MeV

APS Global Summit, March 2025
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2.2 MeVi2.2 MeVMK.7 MeV

~ 2.2 MeV/c2 ~ 2.2 MeV/c2 ~ 4.7 MeV/c2
@ +electromagnetic
proton: & strong forces
down

=~ 2.2 MeV/c2 ~ 4.7 MeV/c2 =~ 4.7 MeV/c2
+electromagnetic
neutron: | (U :
& strong forces
up down down

2.2 MeV@.7 MeVHK4.7 MeV

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



2.2 MeVi2.2 MeVMK.7 MeV

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

provon: | () | @ | @

up up down

+electromagnetic
& strong forces

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

neutron: ' @ - @

up down down

2.2 MeV@.7 MeVHK4.7 MeV

+electromagnetic
& strong forces

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 17



currently we have no evidence that up and down quarks
and the 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
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H Interactions

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

‘ ‘ ‘ established (50) at LHC by

observation of direct
up charm top interaction with H —
no obvious path to aoevre | cosmeve  [=4.18 cevse much greater precision at

SM-level . e+e— colliders

measurement
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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
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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
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 first evidence (30)

~(0.511 MeV/c2

electron

no evidence yet

to be conclusively
established at LHC
In next 1-2 years,
or after 2030

tantalisingly close

to reach of circular e+e-
colliders?
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field versus particle mass

(and similar plot from CMS
collaboration)
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https://arxiv.org/abs/2207.00092

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




the Higgs
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. >10 billion times nuclear density

j Mass density of 2.6 X 10*° kg/m3



— —

\
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https://en.wikipedia.org/wiki/Globe#/media/File:World_Globe_Map.jpg
https://en.wikipedia.org/wiki/Old_fashioned_glass#/media/File:Old_Fashioned_Glass.jpg

Earth at neutron star densi
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Earth at Higgs
potential dens

Earth at neutron star densi
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https://en.wikipedia.org/wiki/Old_fashioned_glass#/media/File:Old_Fashioned_Glass.jpg

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]
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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 )\‘_ |
(needs accurate tfZ and Higgs couplings from FCC-ee) | fs=100TeV —K,=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]

000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000

» 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

Studying H—HH probes
specific mathematical property

Standard Model of the potential’s shape:

potential its third derivative (4,),

i.e. how asymmetric it is
at the minimum



Higgs potential

V(¢), today

Studying H—-HH probes
_ specific mathematical property
universe . 17 :
lives here Standard Model of the potential’s shape:
potential its third derivative (4;),
i.e. how asymmetric it is
at the minimum
:’(vl?:vi\:' \;:voe day [reconstruction in plot
=" _0.4<)./SM<63 assumes higher derivatives as

in SM|

Gavin Salam APS Global Summit, March 2025



Higgs potential

V(¢), 2040 (HL-LHC)

Studying H—HH probes
specific mathematical property
Standard Model of the potential’s shape:
potential

its third derivative (4;),

i.e. how asymmetric it is
at the minimum

what we may
know in 2040

/ 0.5 <A3/SM<1.6




Higgs potential

V(g), 2060 (FCC-ee, 4IP) Studying H—HH probes

specific mathematical property

Standard Model of the potential’s shape:

potential its third derivative (4,),

i.e. how asymmetric it is
at the minimum

what we may
know in 2060

/ 0.76 <A3/SM < 1.24




Higgs potential

V(¢), 2080 (FCC-hh)

Studying H—HH probes
specific mathematical property
Standard Model of the potential’s shape:
potential

its third derivative (45),

i.e. how asymmetric it is
at the minimum

J

what we may
know in 2080

As =SM / 0.97 <A3/SM<1.03



Science fiction

V(9), SM an alternative
potential (schematic)

Standard Model
potential

could we make a bubble
with zero Higgs field?

If so, properties of matter 7 \
In that bubble would be

completely different © 1




Science fiction

V(¢)r SM ah alternative
potential (schematic)

there is nothing to suggest that this would be possible

but we know so little about the Higgs field and its interactions with the
particles of which we’re made, that it would be almost reckless not to
investigate them further

If so, properties of matter , \‘
In that bubble would be

completely different © 1

Gavin Salam APS Global Summit, March 2025 33



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

34



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-'

Exclusion limit ~ 1.2 TeV | ﬁ Exclusion limit ~ 6.7 TeV |

| (if they had analysed all their data in ; (electron and muon channels, :
§ electron and muon channels; actual CDF .'* single experiment)
" limit 1.071 TeV, 4.7tb-!, pp only) |

L S

_ g g LLOr 4 el 2 kTl b fap S0 Lo i ama EL AT HA D ey e Ao B¢ Lo _posha - g . 3 sy e ' v SLOr sl ol 2 ol L ab fag S Lo 0 ama B L PRIl Ao B4 Lo _posha BT L SR e gt Bi. Lo Y sha

“,



energy reach through increase In precision

precision reach on effectlve coupllngs from SMEFT global fit

B HL-LHC S2 + LEP/SLD B CEPC Z,00/\WWWg/240GeVs | M ILC SeV Bl CLIC 380GeV; B MuC 3TeV
|(combined in all lepton collider scenarios) | [ll CEPC +360GeV; | ILC +3SOGeVD »+500GeV, | CLIC +1.5TeV ;5 B MuC 1OTeV 10
Free H Width CC Z450/WW, WILC +1TeVy VwiGiga-Z | ICLIC +3TeVs B MuC 125GeV; g,+10TeV 4
" " no H exotic decay B | I FC( » +900L€eV ¢ - subscripts denote luminosity in ab™'. Z & WW denote Z-pole & WW threshold 102
g | |
o s 2
3 102 A
: g
n E (c,,)
S 107
L ]
—3 10-5
107°

Higgs couplings
sbuidnoo sbbiH

10—

bb It py
H H H

695
https://arxiv.org/abs/2206.08326

Gavin Salam APS Global Summit, March 2025



Increase In precision Is like x 4 — 3 increase in energy reach

HL-LHC
ILC250
ILC500

ILC1000

CLIC380

CLIC1500
CLIC3000
CEPC240
FCC-ee240
FCC-ee365

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

| I I I I |

7

.

This work
B ESU

50 100

x b Scale/iupling TeV]

J. de Blas et al, https://arxiv.org/abs/2206.08326

150

N\




step up in energy for direct searches?

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

AT B e E B o ARt o e e g e - = & oo S o . O R Gk e - P Ll =

pp. 13 TeV, 3000 fb-1 ¢ ) 100 TeV, 20 ab-

{ K.
¥ ! 3
', t ,‘

| o { x 6.1
Exclusion limit ~ 6.7 TeV q

(electron and muon channels. ] ' (based on PDF luminosity scaling,
single experiment) : § assuming detectors can handle muons §
| and electrons at these energies) |

Exclusion limit ~ 41 TeV

_ g amg SO i ol 2 okl _ab fag R Lo ocsBa LR e a2 T e o Aee B L b sha T T B 5 Al R MK (TN VHL DR T § ST PSS -y P IOP SLOr S D 2 e Tl g fag R0 Lo Rl - B L el Aep 84 Lo _poa B RCEN S RN Ol X WL VR DS



step up in energy for direct searches?

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

N7 O3 TR DD FIONOV ., DRI e P 7B W TNV Y., DR S PO O 27 « =g 1S DTN B V= PV RO Np-

pp. 13 TeV, 3000 fb-1 ¢ Z 125 ToV. 5 ab-

| X 0.4 |
Exclusion limit ~ 6.7 TeV | ﬁ Exclusion limit ~ 43 TeV |
\@lectran and miian channets, ' (based on PDF luminosity scaling, '

single experiment) I § assuming detectors can handle muons
| and electrons at these energies) |

g admg iy D o il e B Lo osma YR A D o i e g Sop B Lo _posaa 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 AT B D 2 i e e Ree B4 L _bisha D TP 5 DAl - S VL DI



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

40



Collider experiments bring incredible variety of physics
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PEEKING INSIDE THE
PROTON: THE STORY OF
L+Y

19 MAR 2025

CMS discovers associated
production of a Z boson and an
Y meson. At the CMS
experiment, we have observed
for the first time an
exceptionally rare process: the
associated production of a Z
boson with an Y(1S) meson, the
lightest bound state of...

Papers

A TALE OF TWO HIGGS:

THE QUEST FOR

PRODUCTION OF HIGGS

BOSON PAIRS AT CMS
02 DEC 2024

In a recent result, the CMS
experiment has combined a
comprehensive set of searches
for the production of not one
but two Higgs bosons - the
result is a significant step
towards observation of this
elusive process, and constitutes
a legacy of...

THE "LARGE PHOTON
COLLIDER": CMS
OBSERVES SCATTERING
OF LIGHT BY LIGHT AT
THE LHC

13 JAN 2025

CMS scientists discover some
of the rarest collisions that the
LHC can produce - such as the
scattering of light by light - and
learn more about the quantum
nature of electromagnetism,
search for new particles, and

much more. In everyday life...

HIDDEN SIGNALS OF NEW
PHYSICS IN EVENTS WITH
A HIGH ENERGY LEPTON
PAIR

13 SEP 2024

A primary goal of the Large
Hadron Collider (LHC) is to hunt
for evidence of beyond the
Standard Model (BSM) dynamics
through deviations from the
Standard Model (SM)
predictions. If the mass of BSM
particles exceeds the energy
accessible in...

Citeable (?)

1,363

CLOCKING NATURE'S
HEAVIEST ELEMENTARY

CMS experiment.
CMS DELIVERS THE BEST-
PRECISION MEASUREMENT

Display of a candidate event from t

PARTICLE: DO TOP

QUARKS PLAY BY

EINSTEIN'S RULES THE

WHOLE DAY AND NIGHT?
27 NOV 2024

In a first measurement of its
kind at the LHC, the CMS
experiment tests whether top
quarks adhere to Einstein’s
special theory of relativity, and
improves the bounds on
noncompliance by up to a factor
of one hundred with respect to

previous...

OF THE W BOSON MASS AT

THE LHC
17 SEP 2024

In an extraordinary feat of
precision physics, CMS
measures the mass of the W
boson, and finds it to be in good
agreement with the prediction
by the Standard Model of
particle physics. In the most
precise measurement of its kind

ever obtained at the...

A CHARMING LOOK INTO

THE STRUCTURE OF
NUCLEI USING
COLLISIONS WITH PHOTON
CLOUDS

02 OCT 2024

In a recent result, the CMS
experiment measures the
production of charmed DO
mesons in collisions of a photon
with a heavy lead nucleus for the
first time. Atomic nuclei are
made up of protons and
neutrons, which in turn are

made up of more...

Published (?

1,309

JOURNEY THROUGH THE
QUARK GLUGON PLASMA

19 AUG 2024

At the LHC, lead ions are
smashed together at extremely
high speeds to create a unique
state of matter called the quark
gluon plasma. Normally, quarks
and gluons, such as those that
make up lead ions, are confined

within protons and neutrons...



Illustration is for FCC-ee — 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



conclusions

Gavin Salam APS Global Summit, March 2025
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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 discovery in establishing (or disproving) SM origin of
electron mass at circular ete- colliders?

» The same colliders and experiments that probe major Higgs-physics questions also
bring us step up in energy reach ~ X 4 — 5, a step up similar to past colliders

» ete- 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



Gavin Salam

APS Global Summit, March 2025
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What does 2.6x 1028 kg/m? mean?
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Higgs potential
cosmological Q depth
constant air |
interstellar water neutron star
space
10 102 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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Higgs pole mass M;, in GeV

[t’s not inconceivable
that the top mass
could be sufficiently
mis-measured at
hadron colliders that
the SM-universe 1is
stable all the way to
the Planck scale

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

49



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

16007
14007
12007
10007
300
0

S

>
>
=

¥
600!
400
200/

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



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
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My measurements

CMS Preliminary

mw in MeV

LEP combination 80376 + 33
Phys. Rep. 532 (2013) 119

, MV I WAV, WLV W W
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LHCb 80354 + 32 |——L—1

JHEP 01 (2022) 036 |

ATLAS 80366.5 + 15.9 1 I
arxiv:2403.15085, subm. to EPJC |

CMS 80360.2 + 9.9 Lo —— EW fit

This Work |
l | | R | . |
80300 80350 80400 80450
mw (MeV)

Gl = 3 - S o = > Gl = = - > R GRS - - =3 - I G = 3 < \
v R WO - i g-mla Qe o V3 7% By W PR O AP e NS O3 TG B W RO ORI I e O3 8 B B PRI SOR e g

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



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
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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



Results - Combination at 240 GeV
Fitting using CMS tool CombineTF to extract 0.BR in each category

Monte Carlo stats uncertainties

Backgrounds are let fully floating

example of FCC-ee

Higgs precision

Expected sensitivity (%) of o(ZH).BR(H—>jj) at 68% CL L =10.8ab-1

240 GeV H—bb H—cc H—gg H—ss H—ZzZ H—>WW | HoTt
y 2| 0.68 4.02 218 234 13.66 178 4.08
Z—qq 0.32 3.52 3.07 408.55 52.08 8.74 110.73
Z—vv (BNL) 0.33 2.27 0.94 137 19.84 1.89 21.76
Z—>wv (APC) 036 218 110 151 15.29 1.51 11
Combined (BNL) 21 1.66 0.8 104.99 10.07 116 3.97
Combined (APC) « 0.22 1.65 0.93 121 9.56 111 379

8th FCC Physics Workshop - Alexis Maloizel - Higgs hadronic couplings at FCC-ee
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https://indico.cern.ch/event/1439509/contributions/6286663/attachments/2995403/5277192/FCC_8th_physics_week_mlzv2.pdf

