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Introduction to me

« Assistant Professor in High Energy
Physics at Cambridge University and
fellow in physics at Murray Edwards
College.

Member of the ATLAS collaboration at
CERN since 2010, with focus on BSM
searches, statistical methods and
(more recently) precision SM tests.

Significant focus on future colliders
(specifically the Future Circular Collider
or FCC) and UK representative on the
European Committee for Future
Accelerators (ECFA).
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Disclaimer: | am not an accelerator physicist-

Overview of these |ectu res so please refer to experts on the

challenges/prospects in accelerator R+D.

1: Introduction 2: ete-colliders 3: 10 TeV pCM colliders
« (selected) History + Circularvslinear <+ Energy frontier physics
of particle colliders. drivers and challenges
colliders.
* Precision « 100 TeV Hadron
« Where we are prospects colliders
now

« BSM prospects Muon colliders

 Possible post-
LHC colliders  Experimental and

theoretical
challenges

Conclusion + outlook

This will be an interactive course- please ask (and answer) questions!
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| have created a slido (this can also be accessed at www.slido.com with

code #2195824) that will remain active until 6pm tomorrow.

* Please submit questions on the content (not answered in lectures) and/or
requests for topics you’d like to learn a little more about.

« I'll try to devote some time in Lectures 2 and 3 to answer and/or address
the most popular requests (within reason).

+ Disclaimer: | will broadly avoid discussing the cost comparisons of future
colliders... but a nice discussion can be found in the Snowmass ‘21
implementation taskforce report.

| will try to get through all of my slides by the end of the final lecture, but if
| don’t and we have great discussion along the way- that’s ok ©
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https://app.sli.do/event/rz15gJkCXLVgoPvUfa2n3z?_gl=1*3xnzta*_gcl_au*NDkzNTkwMDQyLjE3MjA2ODAzNTM.
http://www.slido.com/
https://arxiv.org/pdf/2208.06030

1. Introduction
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Particle colliders

ChatGPT 40 M e

What is the definition of a particle collider?

(&) A particle collider is a type of particle accelerator that propels charged particles, such as protons
or electrons, to very high speeds and causes them to collide with each other or with stationary
targets. These collisions produce other particles and phenomena that can be studied to
investigate the fundamental properties of matter, energy, space, and time. Particle colliders are
essential tools in the field of particle physics and have led to significant discoveries, including the
identification of various subatomic particles and the confirmation of theoretical models like the
Standard Model.
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Warm-up discussion

What
considerations
might you have if
designing/planning

a collider?

Lets brainstorm...
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Particle colliders over time...guess the name + year?
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Particle colliders over time...guess the name + year?
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Particle colliders over time...guess the name + year?
(No clues allowed here)
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The CERN accelerator complex now
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Discoveries of fundamental particles

1962
MON Neulrin 1983
WAZ bosons
1976
tau
1960 1970 1980 1990 2000
1956 k "wes 195 1945 1965 2005
| | | | | | | -e?
I | \ N Y | | | |
A 2 0
1969 1974 1979 A
Quarks {uds) charm guark gluon top quark 2012
electron neutnine tau neutrino

"wn
bottom gquark

How many of these new
particle discoveries were

associated with colliders?

Alternative question: which of them weren’t...?
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Discoveries of fundamental particles

ASG @ BNL UA1+UA2 @ SPS, CERN
=t i
E 1962 E
E MUON NeUlrine E SPEAR @ SLAC + . 3983
fevevereserenanass  SLAC-LBL detector | 1976 W besons

tau

1960 1970 1980 1990 2000

1956
--,
-

I 1
DIS @ SLAC;  '%® 1974 19rs | PETRA ¢ . 2 —
uarks (uds) g Jcharm quark Puon top quark |. H 2012
electron neutnine (1968) I_U S _I : @ DESY E'..!u neutrino H
“Project poltergeist” 1/ discovery‘/ S i Tevatron ~ DONUT @ Wiggs boses
@ SLAC/BNL - @ Fermilab Fermilab
E288 experiment LHC @ CERN
@Fermilab

« Dotted : discovered through neutrino beam produced at colliders
« Dashed: model introduced and later verified at colliders

« Solid: direct discovery at particle collider
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But...

We shouldn’t be so naive as to judge the success of a collider on
whether it achieves a 50 discovery of new particles.
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What collider am | referring to here?
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Legacy of the Large Electron Positron Collider (LEP)

ALEPH & 200 6__’4 3 o 1
DELPHI . a0, -
30+ L3 51 3 % —0.02750+0.00033
OPAL 1 9.02749¢02.ooo1o
150 4 ==+ incl. low Q° data
a = ® Tevatron N, ]
5;20 5] #= SM constraint < 3‘_
b | = 68% CL o
by a factor of 10 100 — .
10 14
JLEP % LHC
direct search lower limit (95% CL) 0 excluded N ; 7~ excluded
ST : : : : 501990 1995 2000 2005 40 199 200
. i E‘,mg(g;eV) i i year My [GeV]
Z line-shape Precision electroweak measurements (O(10%)->
measurements 0(1%))
» strict bound on number <« Fits based on EW radiative corrections enabled
of (light) neutrino predictions of the top-quark mass (discovered at
species. Tevatron) and the Higgs’ boson mass (discovered at

LHC).
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The Large Hadron Collider at CERN

+ MoEDAL-MAPP

g

FASE!

FASE

52 - World’s highest energy particle accelerator.
+ * High-Luminosity upgrade (HL-LHC) planned for later
this decade to provide physics to the late 2030s...
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What should we consider a discovery?

What’s a discovery in particle physics S. Gori
. - Detecting for the first time a new fundamental process '
- Discovering new particles (indirectly or directly)

We have seen examples of both of these during LHC running.... But we
often focus on the second one...
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1984: LHC proposed
Timescales in particle physics 1995: LHC approved

.are long. .. 2012: Higgs discovery

ECFA 84/85

ECFA_84_O85_V_2 Egmrb;’lo]m 11. SUMMARY AND CONCLUSIONS

A theoretical consensus is emerging that new phencmens will be discovered at or below

1 Tev. There is no consensus about the nature of these phenomena but it is interesting
that many of the ideas which have been suggested can be tested in experiments at an LEC.
Although many,if not all, of these ideas will doubtless have been discarded, disproved or

established by the time an LUC is built, this demonstrates the potential virtues of such a

machine.

22 years later in 2006...

The European Stmtegy for particle physics

Particle Physics stands on the threshold of a new and exciting era of discovery.
The next generation of exPeriments will explore new domains and Probe the deep
structure of sPace—time. They will measure the ProPerties of the elementary con-
stituents of matter and their interactions with unprecedented accuracy, and theg
will uncover new Phenomena such as the Higgs boson or new forms of matter. Long-
standing Puzz]es such as the origin of mass, the matter-antimatter asymmetry of
the Universe and the mgsterious dark matter and energy that Permeate the cos-
mos will soon benefit from the insights that new measurements will bring. Together,
the results will have a};/roxcouncl impac’c on the way we see our Universe; Euro/oean

article physics should thoroughly exploit its current exciting and diverse research
gro ram/;cf It should Postﬁon%sej/f t(/)o stand reaa’g to aa’a’regss the challenges that
will emerge From exploration of the new frontier, and it should participate fully in an
LARGE HADRON COLLIDER /ncreas/ng/q g/oba adventure. ' '
IN THE LEP TUNNEL
Vol.I http://council-strategygroup.web.cern.ch/council-strategygroup/
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http://cdsweb.cern.ch/record/154938/files/CERN-84-10-V-1.pdf
http://council-strategygroup.web.cern.ch/council-strategygroup/

To put this in context...?

1984 1995 2012

SW- aged 7 Queuizgior the Higgs s{emina

My parents

| have only been
involved in a small part
of the LHC journey...
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What this means for us...?

If we want to avoid a (long) gap in data-taking- decisions on the next
collider must happen soon...

2020 European strategy update Snowmass 2021

“An electron-positron Higgs factory is  “The EF supports a fast start for the

the highest-priority next collider. For  construction of an e+e Higgs Factory (linear
the longer term, the European particle or circular), and a significant R&D program for
physics community has the ambition  multi-TeV colliders (hadron/muon)"

to operate a proton-proton collider at
the highest achievable energy”

Following the 2020 ESU, the FCC
feasibility study was launched in
2021, aiming to provide input by
2025 to feed into the next ESU...
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Big questions in particle physics today...

Motivations for BSM physics will be discussed in more detail in Tevong’s lectures...

Image credit: Snowmass energy frontier report *
W/Z mass Flavor physics pdf °
W/Z couplings Strong
Interaction

Jets

“ , Properties
s EW Big Questions
Gauge : :
oo Evolution of early Universe Axion-like particles
Higgs couplings atter Antimatter Asymmetry
Nature of Dark Matter g
Higgs mass Nature Origin of Neutrino Mass Mg E/p
) of Higgs Origin of EW Scale
Higgs CP Origin of Flavor ‘ Long lived particles
Rare decays Top Exp|o ring ‘ SUSY )
Physics the Unknown Heavy gauge bosons
Top mass 5
Leptoquarks
Top spin FCNC New scalars Heavy neutrinos
Cosmological QCD electroweak GUT Planck

constant scale scale scale mass

| b bl e

10°2GeV 10” 10’ 10" 10" 10"

Image credit: arXiv:1903.05063
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Outstanding questions
about nature/our universe
could be solved through
uncovering new physics at
particle colliders.

Unlike the Higgs discovery,
we no longer have a clear
idea of the (energy) scale
at which it might appear.

(Maximally) exploring the
unknown is key...



https://arxiv.org/pdf/2211.11084
https://arxiv.org/pdf/1903.05062

Frontiers in particle physics

« Pushing the intensity and energy frontiers
represent two complementary routes for

probing new physics. An oversimplified view:

* Intensity frontier => precision
measurements => indirect searches to
new physics.

« Energy frontier => access high-mass

scales => direct searches for new physics.

ef\ergy Ff'o/”'
‘8

ad

4

Origin of Mass

Asymmetry

Origin of Universe

Unification of Forces

New Physics
Beyond the Standard Mode!

Proton Decay %

They should not be seen as exclusive: the LHC has shown we can do
precision measurements at hadron machines, and (as we’ll see) intensity
frontier e+e- machines can have unique sensitivity to some BSM

scenarios.
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What should come after the HL-LHC?

CLIC (CERN?)
~ Linear collider? — ILC (Japan?)
_~ e*e” machine? Q‘\HALHF (77?)
What should come N\

Circular collider? C3 (??)
after the (HL-)LHC?

\ CepC (China)
W Hadron collider?
\ FCC-ee/hh
Muon collider? (Fermilab?

2) (CERN)

(more) HL-LHC+ ep (CERN)

As mentioned earlier, broad agreement in most recent Update to the
European Strategy for Particle Physics (ESPPU) and US Showmass P5 |
processes for (1) an Intensity-Frontier "Higgs factory” followed by (2)
ambitions to push the Energy frontier into the 10 TeV pCM range...
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Apologies for potential
over-simplifications here!

Comparison of colliders

Hadron (pp) Lepton
Composite V3 < /3 Fundamental v/§ ~ /s => Clean(er) collisions
"Messy” collisions COM energy limited by synchrotron radiation
E 4

s00f ) ) ' P )/4:(_)

o T ete” m utu

é1oo-—---/-/-/:/_/_/./_' aco-enarzea 10 | ~100 km ring for ~240 GeV ~10 km ring for ~10 TeV
= 5 10 15 20 25 30 27 km FCC
sy (Tev) 100 km

100 TeV pp = 10-15 TeV pu

Muon @
(more details in backup) Collider

34 km (CERN siting)

Muon collider (Fermilab Ve
siting) ~ 10 TeV (bigger __ =4 == )
version to come)

50 km
10 km
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Before we go any further...

Any questions?

c
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2. eTe” colliders
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Why study the Higgs’?

Schematic taken from Snowmass topical group on Higgs physics

. BSM
Sl Higgs Mass

Decays Higgs signal Higgs Width : s‘;z:t;ﬁ:s
Self Y strengths NP > Electric

coupling _ o N it
e X T R % p Moments

Multi-Higgs

resonances i 4 Differential

Cross Sections

Origin of Flavor? B T e i Ny T T e Y CPV and
¢ P NN 3 F o W, O T g Baryogenesis

Higgs Portal 19 ‘ ' Las Origin of EWSB?
to Hidden Sectors? :
Thermal History of

Universe Stability of Universe
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https://arxiv.org/pdf/2209.07510

“Higgs factory” physics drivers
Schematic from by M. Selvaggi at 2023 FCC week

Disclaimer: whilst a lot of my schematics/ examples are based on
FCC-ee, physics prospects are similar for most Higgs-factory
concepts and I'll try to highlight key differences.

/ Higgs \ / Flavor \ / fle e lmniLe \ / feebly inteBr:?clyilng parti@

factory “boosted” B/D/t factory: most precise SM test
m,, G, r.H CKM matrix Heavy NF::\;'EI) Leptons
self-coupling CPV measurements m;, I_z ’ rinv
H— bb, cc, ss, gg Charged LFV
H—inv Lepton Universality sin8, ,R? ,R, R
ee—H T properties (lifetime, BRs..) W Dark Photons Z,
H—bs, .. AC, T pol.
S Axion Like Particles (ALPs)
T B.— D_K/m a.,
op s S, S
B.—-K'rr .
B K*v v r Exotic Higgs decays
Mitop, Mop, ttZ, FCNCs EREONa My T w
S

(¥ AN AN A >

Later on I'll discuss some of the experimental/ theoretical challenges
that must be overcome to meet these goals...
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https://indico.cern.ch/event/1202105/contributions/5396850/attachments/2659433/4606491/Detector%20Requirements%20from%20Physics.pdf

ete” colliders: circular or linear?

Linear colliders

« Single pass at IP
Maximum accelerating gradients
No synchrotron radiation
Can exploit (longitudinal) beam
polarization
Staged approach to higher energies
(energy~length)

Circular colliders

* Multi-pass at IP

* Modest accelerating gradients

« Limited by synchrotron radiation
No (longitudinal)beam
polarization
Potential to re-use tunnel for

hadron collisions. T 7 —

B J | ot FCC-ce (CERN)  Right: ILC (Japan)
B Bclow: CEPC (China)  Below: CLIC (CERN)

<
e
o
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Question
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Why would
longitudinal beam
polarization be
useful in e+e-
colliders?
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Beam polarisation

One advantage of linear e*e™ colliders is the opportunity to exploit
beam polarization which can benefit precision SM measurements and
BSM searches. Baseline design of ILC assumes 80% longitudinal
polarization of electron beam and 30% polarization of positron beam.

- +
e e .
 Enhance cross-section for
ORR —_— e 1+P,_ 1+P SM vector-boson production
2 2
s J, =0 OR suppress backgrounds
ILL = — R in search for scalars.
ORL — = PR For t/u-channel exchanges,
OLR P — P 1P 2 h§I|C|t|es of incoming pga}ms
directly coupled to helicities
e* et of outgoing particles.
J=1 «— only from RL, LR: v, Z or Z' b = helicity of ¢~ not coupled
with helicity of e*
J=0 — only from LL, RR o L C

e ‘depends on F,-
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https://www.sciencedirect.com/science/article/pii/S0370157308000136?via%3Dihub
https://www.worldscientific.com/doi/pdf/10.1142/S201019451660003X

: : : Image taken from
International Linear Collider (ILC) on ILC

(Jan 2021)

Long history based on established technology (global design effort
launched in 2005), with design efforts focused on Japan since 2013.

TDR released in 2013 set initial program of e*e™ collisions at 250 GeV (peak
cross-section for ete™ — Zh for 125 GeV Higgs), with the possibility to upgrade to
500 GeV and 1 TeV, and perform dedicated runs at Z-pole ("giga-Z”-5 x10° Z-
bosons) and WW/it production threshold.

o Higgs self-coupling projections
—— HL-LHC (single coupl. analysis)
. t . --@-- cross-section-level extrapolation HL-HLC
ring-to-main- )
approxl 32 km in Cil’CU mference ”nagc transport —o— |LC 500 GeV ZHH (full coupl. anslysis)
/\‘. positron 2~ —e— ILC 1TeV wHH (single coupl. analysis) ++ 4
&7 dampingring_4 source —e— ILC 500 GeV + 1 TeV wHH combined
| \ ‘# electron ‘é% . E
electron un e~ Beam delivery accelerator <§
— beam delivery . SyRlem - + +¥
positron system (Ii'lt)egtnodrssm) 7 0 +‘
' . accelerator L ) i :
ring-to-main- 2 =
linac transport ) +‘
— ~approx. 20km in length - | | | | | |
L= =05 0 0.5 1.0 55 2.0
- M/ M
Initial 250 GeV stage would involve~ 20km length and two For 10-20% precision require combination
detectors in a push/pull configuration (SiD and ILD) of double Higgstrahlung and VBF
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https://linearcollider.org/files/images/pdf/Executive%20Summary.pdf
https://cerncourier.com/a/ilc-beyond-the-higgs/
https://cerncourier.com/a/ilc-beyond-the-higgs/

Table taken from of ILC TDR
Figure from ILC

ILC physics prospects

Energy Reaction Physics Goal Polarization A= use |nf0rmat|on from beam pOIar|Zat|on
91 GeV ete = 7 ultra-precision electroweak A
160 GeV ete > WW ultra-precision W mass H asymmetry measurements
250 GeV ete™ — Zh precision Higgs couplings H . . L .
350-400 GeV e —>Wtiv A GO EES Od G s 1 H= enhance luminosity for annihilation through
ete™ — vvh er:ecision Higgs co':pliigs L CO”'d'ﬂg 0pp0$|te et e- pOIarlsat|onS
500 GeV ete” — rf pr.ecision sea.rch for 7’ A
Sl o e O P H L= enhance rates of SM processes through e e
ete™ — xx search for supersymmetr B . _
ete™ —>AH,XHX+H_ search for extencFi)ed yHiggststyates B B= SearCh for BSM by US|ng eR eL+ to SuppreSS
700-1000 GeV ete™ — vUhh Higgs self-coupling L
ete” = V'V composite Higgs sector L SM baCkg roundS
ete™ = vt composite Higgs and top L 7,
ete™ — it search for supersymmetry B
6 i
“As well as a Higgs’ factory, it could also be a higgsino ...«
5! el HIR
factory” e
. . . . % | :,2-' ',
* |ILC could identify/exclude new particles with EW S4 Py
. . . - L AL
interactions up to beam energy, and measure their T EPRL
masses/quantum numbers. ]
2 i
Plus exciting opportunities to probe hidden sectors/ Il(fjomggsmo - o
LLPs and host additional beam dump experiments... P e
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https://linearcollider.org/files/images/pdf/Physics.pdf
https://arxiv.org/abs/2203.07622

Compact Linear Collider (CLIC)

Staged approach to collision energies at 380 GeV, 1.5 TeV and 3 TeV for site
lengths of 11-50 km. Ambitious goal of 100 MV/m accelerating gradient achieved
by using novel transformer technology: couple high current low energy ‘drive’
beam to high energy, lower current ‘main’ beam

sssssssss o . 3
\ / LHC S TeV Higes coupling
Dmvgo?ﬁt\é\” "‘ ))))) > ou oyt <<<< ((( ." 0.100 LHC 30 ! e //,..
e TR AT ”('5“ ‘,/' T_M'.‘ 1 ab i HL- LI {hl,"il"l('.hf'

. W) ‘w) o ~

( W (>>?? :3? m
(J\ ll))))))))») ))))))»))»,\ )))))))))))))))))))))) >>>)>)>I BBID fm m
= [l

</,<(«««« «««««u I.-F
=
50.1 km = 0010 /
Spin R r
‘.- e »)\ \—) CAPTION 005 15TV, 158! ,-"'
: -
. e s N st ——. CLIC 03451 543 TeN Higgs couplings
MAIN BEAM| DR : Damping ring 7 )
CCCCCCC :«“_ .-(«((“—.: PDR : Predamping ring —r
BC : Bunch compressor T’ P g
BDS : Beam delivery system N I (..' ll -3 t Y 3 1
IP : Interaction point ! . — o
e —— b oz 0.001 ———
r Injector Linac L Y S I e T T W ——— A St deseterd Sendaniand
286 GV & Linac 500 1000 1500 JKn) 2500
3 TeV
¢ mp [GeV)

« Baseline proposal assumes 80% electron + Highest e®e™ COM on the market —
polarisation, no positron polarisation. highest direct reach for BSM.
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https://clic.cern/gallery

Integrated FCC programme

More on FCC-hh
later on..

Comprehensive long-term programme maximises physics
opportunities at the intensity and energy frontier:

1. FCC-ee (Z, W, H, tt) as high-luminosity Higgs, EW + top factory.

2. FCC-hh (~ 100 TeV) to maximise reach at the energy frontier, with pp,
AA and e- h options (FCC-eh).

e
s Schematic of an
g 80-100 km
s long tunnel

-

UNIVERSITY OF

Technical site
PL

Technical site:
PH

O LSS =2160 m

f LSS=2160m

| SSS = 1400 m

LSS =2160 m X
/

FCC-ee

Arc length = 9616." 588“

SSS = 1400 m

N
Lss=2160m SO

PG (Experiment site)

2045 - 2063

Technical site
& Beam dump

Technical site
PF
Betatron &
momentum
collimation
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Azimuth =-10.2°

Injection into collider

V'

transfer lines proposed to be
installed inside FCC-hh ring tunnel

Technical site
Q
Lsg= 2'60"' PB Beam dump

FCC hh .-
s oonsion + AA

eeeeeeee

Technical site "y
PH

I
|
|
|
I
|
| N

=21 Technical site
| LSS =2160m O PF
|

Momentum
collimation

SSS = 1400 m Betatron collimation

PG (Experiment site)

2070 - 2095



Luminosity [10* cm2s]

Ultimate precision @ FCC-ee

z ww ZH tt

Plot + table taken from

by M. Selvaggi at ZPW2024

15 (207?) years of operations

10° = ¥ 4 T ¥ ¥ 3
E ®  FCC-ee (2IPs) (CEPCSOMW) Z pole ? H pole ? ww ZH ttbar
= ° FCC-ee (4 IPs) (Lumi x 1.7) -
[ L] ILC (TDR, upgrades) (~C?)
r 4 CLIC (CDR, 2022) Vs [GeV] 88-91-94 125 157 - 161 240 350 - 365
10% = 5
E 3 Lumi/IP 182 80 19.4 7.3 1.33
r ] [10* cm?s™]
10 =— ete —] .
E 3 Int. lumi / 87 38 9.3 3.5 0.65
E it (Bogev) 41P [ab™ / yr]
] ILC CLIC ( N 4 5 2 3 5
= | | | (250 GeV) I 3 years
100 150 200 250 300 350 400
s [GeV] Nevents 8 Tera 8 K 300 M 2M 2M

» Unprecedented luminosity at multiple centre of mass energies enable
ultra-precise measurements of Higgs (and EW and top) sectors of the

SM...

Rather than listing them... | thought we would play a game...

UNIVERSITY OF
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https://indico.cern.ch/event/1341618/contributions/5702317/attachments/2777241/4840466/higgs_hllhc_fcc_zpw.pdf

e*e- numbers game

Put these numbers in ascending order (and guess if you can?)
1. # Z bosons/hour at FCC-ee (Z-pole)

# Higgs bosons/day at FCC-ee (Zh pole)

# Z bosons produced at LEP

B W D

# Créme eggs produced by Birmingham Cadbury's factory per
day
5. # Higgs bosons produced by the LHC in 2017.

In the interest of time- try guessing the highest and lowest...
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e*e- numbers game

Put these numbers in ascending order (and guess if you can/ want
to...?)

1. # Z bosons/hour at FCC-ee (Z-pole) => 360 million (5)
# Higgs bosons/day at FCC-ee (Zh pole) => 2000 (1)
# Z bosons produced at LEP => 18 million (4)

s W D

# Créme eggs produced by Birmingham Cadbury's factory per day
=> 1.5 million (2)

5. # Higgs bosons produced by the LHC in 2017 => 3 million (3)
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Luminosities and precision.

. The gains in precision qt_e+e- ngg§ factories
arise from high luminosities which give much .
higher statistics which drive down the (statistical)
uncertainties. e
as(m2) [from EW]
* For linear colliders, polarization can provide an
effective boost in statistics that can (partially) make =
up for lower luminosities (more later). e e
* Increased precision (sub-percent) gives indirect oam) trom EA1
sensitivity to mass scales up to 50-70 TeV. o

 Disclaimer: to fully reap the benefits of higher 1o 100 1000
statistics the systematic uncertainties must be
correspondingly brought down, and the theoretical

precision must be comparable (more later) httos://fcc-cdr.web.cern.ch/
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Lets check the maths

1. Lets remind
ourselves of the
relationship between
the cross-section for
a process and the

number of events
expected at a collider




Relationship between cross-section and luminosity

Nevents = Oxx—yy | Ldt

« L is the instantaneous luminosity.

* The cross-section relates to the quantum-mechanical probability of
the event occurring (and has units of area).

* Ngpents IS the total number predicted. The experimental observables
we can use to measure o are the number of (detector-level) events
we reconstruct that satisfy a set of event-selection criteria,
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Lets check the maths

2. How do we use
colliders to measure
cross-sections?

Dr Sarah Williams: NExT PhD workshop 2024 42




Measuring a (fiducial) cross-section

This would be its own

/ e \

4000) 4000
3500 3500
i o lecture course!
2500F- _ ® 2500
2000F- b 2000)
1500f- 1500
1000~ E L P e e 0 1000F- 3
500F E W e ek S s00F- 3
) S N R o L e o e Do T N T T fld Ndata Nbg
Raconstructed distribution X, Physics disiioution y O' f—
Reconstructed distribution x; Detector response Physics distribution y; XX-YY C f L d t
(detector-level) (particle-level)

\ Unfolding /

* Ngara — Npg is our best estimate of the number of reconstructed events that

satisfy the selection (at detector-level) for that process.
« ( is a correction factor that accounts for detector inefficiencies and
mismeasurement effects (and can be estimated using Monte-Carlo).
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Quick calculation

Assume Np, = 0 (questionable assumption). Then undergraduate error
propagation tell us:

2 2 2 2
() = () (&) + (e

Now assume Poisson errors and that the second and third term on the
RHS are negligible.

2
(Aa)z <1 / Ndam> 1 (Aa) 1
_ — = —_ | — =
o Naata Naata JVNagta

o
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Lets check the maths

3. Now compare
expected statistical
errors for Z-pole

observables between
LEP and (say) FCC-
ee
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Lets compare Z bosons at FCC-ee and LEP

FCC 8x10'? . Aogpcc 1 1
= c =4.44...x10° = ~ ~
LEP 18x10 Ao gp /444444 666.66

i.e. reduction by a factor O(500)- consistent with statements like...

” The improvement in statistical uncertainties at the Z is typically a
factor 500 “

Taken from FCC snowmass submission arXiv:2203.06520
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https://arxiv.org/pdf/2203.06520

Does this match up?

Observable Present FCC-ee FCC-ee  Comment and dominant exp. error

ALEPH Y 0-1451:0.0060 value + error Stat. Syst.

DELPHI ok 0.1359:0.0096 myz (keV) 91,186,700 £ 2200 4 100 From Z lineshape scan; beam energy calibration

3 01476:0.0108 I'z (keV) 2,495,200 £ 2300 4 25 From Z lineshape scan; beam energy calibration
Rez (x10%) 20,767 £ 25 0.06 0.2 — 1.0 Ratio of hadrons to leptons; acceptance for leptons

OPAL 0.14560.0095 as(mz) (x10%) 1,196 + 30 0.1 0.4—1.6 From R% above

A_ (LEP) . 0.1439:0.0043 Ry, (x10%) 216,290 + 660 0.3 < 60 Ratio of bb to hadrons; stat. extrapol. from SLD

K op.q (x10%) (nb) 41,541 + 37 0.1 4 Peak hadronic cross section; luminosity measurement

N, (x10%) 2,996 + 7 0.005 1 7 peak cross sections; luminosity measurement

ALEPH o 0.1504+0.0068 sin? 05T (x10°) 231,480 + 160 1.4 1.4 From A% at Z peak; beam energy calibration

DELPEHL o 01382200116 1/aqep(mg) (x10%) 128,952 + 14 3.8 1.2 From A off peak

3 1675200130 A% (x10%) 992 + 16 0.02 1.3 b-quark asymmetry at Z pole; from jet charge

I A (x10%) 1,498 + 49 0.07 0.2 from AII;%LT; systematics from non-7 backgrounds
OPAL 0.1454<0.0114 mw (MeV) 30, 300 = 1D 0.25 0.3 From WW threshold scan; beam energy calibration
A_(LEP) gt 0.149820.0049 I'w (MeV) 2,085 £42 1.2 0.3 From WW threshold scan; beam energy calibration
= ‘e“ - N, (x10%) 2,920 £ 50 0.8 Small Ratio of invis. to leptonic in radiative Z returns
006 008 01 012 014 o016 o8 02 o022 o024 S (m%V) (x 104) 1,170 + 420 3 Small From R}/V
A, (LEP)=0.1465+0.0033 Aer
¥*/DoF=4.1/7

Choosing a measurement from LEP that has significant contributions from statistical
uncertainties...

present error 49
FCC — ee stat  0.07

= 700!
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Discussion

4. Now let’s discuss
the (many)
oversimplifications in
this logic and other

factors that must be
considered...
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Prospects at future e*e™ machines- Higgs’

Key point: care should be taken when comparing prospects for future
facilities due to differences in staging options (i.e. first phase vs integrated
programme, upgrades in energy/luminosity), assumptions on systematic

uncertainties, etc. collider Indirect-h  hh  combined
HL-LHC [40] 100-200%  50% 50%
Enerfy Frtier Hliggs Factny Firkt Stgges ILCas0/C3-250 [31, 33] 49% - 49%
Gauge Couplings ILC500/C3-550 [31, 33] 38% 20% 20%
Loop Higgs ’
Erbonchmarks 2 Y4 Vs e Vo Vi Ve W Vo Tee induced wiam M5 A4 ILC1000/C%-1000 [31, 33]  36% 10% 10%
tem-tie A9 o0 ¢ ¢ ¢ ¢ ¢ ¢ O CLICss0 [35] 50% - 50%
‘El’ ILC/CAS 250 D D D ‘ ‘ ‘ D ‘ ‘ & ‘ ’ ’ D CLIC1500 [35] 49% 36% 29%
T cucaso OQO: 6600 6 ¢ ¢ ¢ ¢ ¢ O CLIC3000 [35] 49% 9% 9%
Circem OO 660 66 x & & & 0 FCC-ee [36] 33% - 33%
2s FCC-ce (4 IPs) [36] 24% — 24%
ziooweze [0 2 666066 x ¢ ¢ ¢ [ FCC-hh [41] - 3.4-7.8%  3.4-7.8%
Order of Magnitude for Fractional Uncertainty *S @(10-3)‘ 0(.01) ‘ 0(.1) ’ o(1) D>@(1) ?Bey;‘:ds:-ll‘lli‘-{Hc N(B TeV) [39] _ 15-30% 15-30%
(10 TeV) [39] - 4% 4%

=> All Higgs’ factory scenarios operating around the Zh threshold (~240 GeV) can
achieve sub-percent precision in many Higgs’ couplings but will not be able to
directly access the Higgs’ self coupling.
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Prospects at future e*e~ machines- EWPO

» For the different options the

Quantity current | ILC250 | ILC-GigaZ FCC-ee CEPC CLIC380
Aa(mz)~' (x10%) | 17.8° | 17.8° 3.8 (1.2) 17.8* first number is the statistical
Amy (MeV) 12 | 0.5 (24) 0.25 (0.3) 0.35 (0.3) )
Amz (MeV) 2.1 | 0.7 (0.2) 0.2 0.004 (0.1) | 0.005 (0.1) 2.1% error, the second is the
Amy (MeV) 170* 14 2.5 (2) 5.9 78 :
ATy (MeV) 42 2 1.2 (0.3) 1.8 (0.9) expected experlmental
AT, (MeV) 2.3* | 1.5 (0.2) 0.12 0.004 (0.025) | 0.005 (0.025) |  2.3* Systematic_
AA, (x10°) 190 | 14 (4.5) | 1.5 (8) 0.7 (2) 1.5 (2) 60 (15)
AA, (x10°) 1500* | 82 (4.5) 3 (8) 2.3 (2.2) 3.0 (1.8) | 390 (14
AA; (x10%) 400% | 86 (4.5) 3 (8) 0.5 (20 1.2 (20) 550 (14) | ® For some EWPO |inear

)
)

AA, (x10°) 2000* | 53 (35) 9 (50) 2.4 (21 3(21) 360 (92 .

A4 (x109) | 2700 | 140(25) | 0(sm) | 20(15) s | woen | colliders can reach

Adhag (PD) i 0.035 (4) 0.05 (2) i comparable precision due to
6R, (x10%) 2.4* | 0.5 (1.0) | 0.2(0.5) 0.004 (0.3) 0.003 (0.2) | 2.5 (1.0) )

SR, (x10%) 1.6° |05 (10) | 0.2(02) | 0.003(0.05 | 0.003(0.1) | 2.5(L0) effective enhancement of

OR, (x10?) 2.2* | 0.6 (1.0) | 0.2 (0.4) 0.003 (0.1) 0.003 (0.1) | 3.3 (5.0) T .

sk aoh | 31+ |04 (0) | 00a0n) | oo (<08 | oos 02 | 100 | Statistics through exploiting
IR.(x10%) 17* 0.6 (5.0) 0.2 (3.0) 0.015 (1.5) 0.02 (1) 2.4 (5.0) polarization .
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ete” machines: benchmark scenarios

Benchmark Higgs factory scenarios
considered in Snowmass '21 studies

Linear colliders reaching higher energy —
sensitivity to BSM @ higher mass scales

: . Snowmass 2021: Energy Frontier Collider Sensitivities
Collider Type NG P%)] Lint 3 | ‘ : ; ‘ ‘ : ATL-PHYS-PUB-2018-021
e~ /€+ ab_ 1 /IP % _strong produ_ctionr 1 V] CERN-AC\/%—/2201 8-0056
= high mass splitting CERN-ESU-004
5 stop 2-body[ee e b erererarerererarey Vsi2
|| HL—LHC PP | 14 TeV | | 3 || N 0 o 05005 000050900000009500000000000003 Vs/2
€n :? » ATL-PHYS-PUB-2018-021
7 CERN-ACC-2019-0036
ILC & C* ee | 250 GeV | 480/ + 30 2 song prcton o e
low mass splitting i CERN-ESU-004
stop 4-body B ~Vs/2
350 GeV | 480/ +30 0.2 I AR AR AR AR Ve
1707.03399
500 GeV | £80/ £ 30 stop from 1707.03399
precision Higgs 1;8;83233
1 TeV :lZSO/ :IZ 20 8 CMS-PAS-FTR-22-001
Run-2 Extrapolation
CLIC ee 380 GeV Zl:80/0 weak production Run-2 Extrapolation
high mass.splitting ~\/\/§g 12828;35285
CEPC ee My 50 a8 R
~Vs/2
2My 3 V52
Run-2 Extrapolation
240 GeV 10 Run-2 Extrapolation
weak productionlf /| Run-2 Extrapolation
small mass splitting ~V's/2, 1504.03402
360 GeV 0.5 Higgsino ~Vsl2, 150;;.03402
AM=5 GeV ~vs
oooooooooooooo ....\/E/z
FCC-ee ee My 75 | T T T o = e
0 2 4 6 8 10 12 14 16
2MW 5 Mass Reach [TeV]
—— LHC Limits E= IlC05TeV,4ab ' XX CEPC0.24TeV,10ab '
240 GeV 2.5 , .
777, Range of estimates E= IC1Tev,4ab ' [ff] FCC-ee 0.35TeV, 126ab "
2 Mtop 0.8 [] HL-LHC 14 TeV, 3ab ' Il LC Indirect Limits Muon 10 TeV, 10 ab”"
- [\Y HELHC27TeV,15ab" [l CLIC3TeV,5ab" [ Muon30TeV, 10ab "
|| p-collider — pup | 125 GeV | | 0.02 || [/] FCC-hh 100 TeV,30ab '

Will now look in more detail at the prospects associated with running at the Z-pole, Zh
WW and tt threshold that are the default for circular colliders...
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CEPC vs FCC: similarities

CEPC: 100km Higgs/EW factory in China
(could be followed by SppC pp collider)

Lots of similarities between CEPC

and FCC-ee:
1. Similar circumference. & 2 =
= = ~ - =t -
2. Separate beams for e+ and e- ||-. L
B e “‘-- s
3. Superconducting RF i
technology for partlcle ~90 km Higgs/EW factory at CERN
acceleration, with energy (...to be followed b.y

FCC th
booster and top-up injection. Egy,

Similar luminosity and energy
for Higgs/ Z-pole/ WW and
top* threshold runs...

*tt run currently optional for CEPC based on TDR.
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https://home.cern/science/accelerators/future-circular-collider
https://home.cern/science/accelerators/future-circular-collider

Physics opportunities at circular e+e- colliders

Whilst | have tried to document some of the differences between CEPC
and FCC in the backup for reference, the physics cases and
opportunities are VERY similar...

1. Push the intensity frontier at multiple energies enabling ultra-precise
measurements of EW/Higgs/top parameters of SM.

2. Unique BSM sensitivity to low-mass feebly interacting particles.
3. Exciting flavour opportunities associated with tera-Z datasets.

4. Opportunity to reuse tunnel to push energy frontier through ~100 TeV pp
collisions and benefit from synergies between ee/ep and pp collisions
(next lecture).

| will now expand on these points using FCC as a case study...
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Plots taken from vol. 1 of FCC
Case study- Higgs physics  CDR:

e+ Higgsstrahlung 7 e C T T T T T T I T N

aTF D § 250~ — eve > HZ =

> 1 million ZH 5 r —ww o H ]
events § 2F N E
e” 150:_ -\—:

~ 100,000 WW of -
fusion - ———

e . Ve 800 220 240‘ I |260I l I280I I 300 I320I I I34OI ‘ I360 I3SO‘ 400
WW Fusion (HWW)

» Large rates, clean experimental environment (no UE, Pileup,
triggerless) with no QCD background will open up a new era of Higgs
precision physics.

» Opportunities to remove model-dependence from measurements and
reach sub-percent level for post couplings.
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https://fcc-cdr.web.cern.ch/

e+ Higgsstrahlung 7
(ZH)

Higgs recoil mass method

* Precise C.0.M knowledge* enables:

FCC-ee Simuiation
T 11T TT T T T T

\.’s|=240 GeIV,5lab‘1
T 17T ||\TT|T|||||—

» Z to be tagged (through leptons). > e Miaiaans
(O 1400 — e ZtoH —
: : : S Cww ]
- Construct recoil mass associated with 3 rz00- T ]
. 2 _ 2 qc_, |:| Z/*{' - phun, T —
nggs Myecoil = S — 2\/§Ell + my @ 1000 [ Rare (e(e)Z, vy — piu-, 1) _:
« Event counting gives precise Zh sor E
production cross-section 600/ ]
measurement. wol 1

* Absolute + model independent 200 iy

measurement of g, coupling. I, AT P _—

920 122 124 126 128 130 132 134 136 138 140
Mo (GeV)

*Achieved through resonant depolarization (unique to circular I+I- colliders)
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Why do we need tera-Z?

. L . L. Quantity current | ILC250 | ILC-GigaZ FCC-ee
 Significantly higher statistics at Z-pole (~ Aa(mz) " (x10°) | 178 | 178 38 (12)
5x1012 Z-bosons) generates ultimate precision o e | 21 loroal ez | onceon
for EWPO, and best sensitivity for BSM Amg (MeV) | 170° | 14 25 (2)
. ATy (MeV) 42+ 2 1.2 (0.3)
searches (|.e. HNLS) ATz (MeV) 2.3 | 15(02) 0.12 0.004 (0.025)
AA, (x10%) 190* | 14 (4.5) 1.5 (8) 0.7 (2)
. AA, (x10%) 1500* | 82 (4.5) 3(8) 2.3 (2.2)
» Unprecedented flavour opportunities- 10x AA, (x10% | 400 | 86(45) | 3(8) 0.5 (20)
more bb/cc pairs than final Belle-I| statistics. ata | o |1oom | i | s
OE 7o oday (201
Particle production (10°) B° /EO Bt /B~ B? /Eg Ay /Ay ce¢ 7 /7t g .
Belle 11 27.5 27.5 n/a nja__ 65 45 L
FCC-ee 300 300 80 80 600 150 @ 8o
« Exciting physics potential with boosted b/z, 1775 -
and opportunities to probe LFV/LFU in t .
decays. 276 86 o3 MV
17.65 — ‘
289 290 291

T lifetime [fs]

fm DGR Dr Sarah Williams: NEXT PhD workshop 2024



https://indico.cern.ch/event/1202105/contributions/5402639/attachments/2660472/4608865/Kamenik_FCC-Week_Flavours_2023.pdf

Direct and indirect BSM searches

Taken from FCC Snowmass

Image credit: FCC CDR

1. Indirectly discover new particles '
coupling to the Higgs or EW bosons up Current limitI
to scales of A = 7 and 50 TeV. Current exp.

sensitivity

2. Perform tests of SUSY at the loop level

LHC Run 3
in regions not accessible at the LHC.
LHC Run 4
3. Study heavy flavour/tau physics in rare
decays inaccessible at the LHC. FCC-ce/hh
4. Perform searches with best collider 200 [1802/] 1500
sensitivity to dark matter, sterile SO
neutrinos and ALPs up to masses = 90 Projected 20 indirect
GeV. reach from Higgs

couplings on stops.
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https://arxiv.org/pdf/2203.06520.pdf

Long-lived particles

----- neutral displaced EBSM
= charged HSCP dilepton M lepton
~= any charge M quark
photon
b 4 W anything
disappearing displaced
track lepton
> A
. A7 :Qy
Lot . ’ : . ’\ Y
N » Y -
A ¥ .
4 o.
X -.\_\ 0.’ ‘
displaced L & ’o,. displaced
dijet <%, photon
1 X! &

displaced

vertex

v

not pictured:
displaced out-of-time decays

conversion

LLPs that are semi-stable or
decay in the sub-detectors are
predicted in a variety of BSM
models:

« Heavy Neutral Leptons
(HNLs)

« RPV SUSY
« ALPs
 Dark sector models

The range of unconventional signatures and rich phenomenology
means that understanding the impact of detector design/performance
on the sensitivity of future experiments is key!
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LLPs in e+e- colliders

- Targeting precision measurements of
EWK/Higgs/top sector of SM.

| g eoncoupting =

d . W \ FWPD
10-3 ==
104 U .

10°°

Up?

DELPHI

[l

- Unique sensitivity to LLPs coupling to Z g0 o
or Higgs. BA LS, -
« No trigger requirements. e :
. Excellent vertex reconstruction and v

impact parameter resolution can
target low LLP lifetimes (this can
drive hardware choices).

- Projections often assume
background-free searches
(should check these assumptions).
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" See snowmass energy
FCC-ee top opportunities frontier

1 T . . : : I : : : : INovember 2017
E tf threshold - QQbar_Threshold NNNLO
L ISR + FCCee Luminosity Spectrum

e tt threshold scan will enable most precise

oaf — a1z o
measurements of top-quark mass and width. 07E — Trvatons =015 v

cross section [pb]

* Precise measurements of top quark EW couplings .t

provide essential input to precise extraction of top o2
yukawa at FCC-hh. o-z§

x simulated data points
20 fb™'/ point

preliminary
based on EPJ C73, 2530 (2013)

e
340 345 350

s [GeV]
Parameter HL-LHC | ILC 500 | FCC-ee | FCC-hh
/5 [TeV] 14 0.5 0.36 100
°
Yukawa coupling y; (%) 34 2.8 3.1 1.0 SearCheS for
Top mass my (%) 0.10 0.031 | 0.025 - FCNC interactions
Left-handed top-W coupling CgQ (TeV~2) 0.08 0.02 0.006 -
Right-handed top-W coupling Ciy (TeV~2) 0.3 0.003 0.007 - above th reShOId
Right-handed top-Z coupling C;z (TeV~2) 1 0.004 0.008 - can a|SO pI’OVIde
Top-Hi i TeV—2 1 :
op-Higgs couI? ing Cyt ( e\2/ ) 3 0 0.6 Strong pI’Obe Of
Four-top coupling ci: (TeV™7) 0.6 0.06 - 0.024

BSM.
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https://arxiv.org/pdf/2211.11084.pdf

Challenges for future e*e™ colliders

Accelerator R+D:

e
o
=]

 |[LC and FCC-ee/CEPC accelerator
technologies technologically
advanced.

—7
N

» CLIC accelerator technologies e
demonstrated; steps towards cavity

industrialisation ongoing.

_.
S
N

——FCC ee —vCCC
——CEPC —+MC
——~CERC -*FCC hh
ERLC —+SPPC
—+—ReLiC PWFA
—+—ILC SWFA
—+CLIC —LWFA |10

Luminosity/Power [10%* cm™? s™' Mw™]
Integrate Luminosity per Energy [ab'1 TWh'1]

1073

- Strong drive to improve energy oW
efficiency of RF systems (particularly

at higher-energy runs). Continual disclaimer: | am not an

accelerator expert, so apologies if | have

. 3 -dri
Newer concepts (C*, plasma-driven missed/oversimplified here...

acceleration, ERLSs) carry higher
technological risks.
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Challenges for future e*e™ colliders

Detector R+D: {2

I/,
Schematic taken from 2 Ff?;f_ b ;’f / ?f ffe p
R+D roadmap Gl li8e8 38 dsedés
« There exist mature e lyeeer vl 2213 IB°S =%
dotmctor conoeptofor - Emew § INGE S LNRES RS
the established Higgs’ s Ry BT
factory concepts. L) i { °dsd
:I.: '.-?‘.‘.‘T:“;.";l_l. ;’::W""' :' : kY : : - : =
« The red, orange and ey 1 = YR
[ w— Low power 1
dots show . Swswrepmgg L eee ooe
there is still significant T ] eee ii:
R+D required to reach ——— oo ¢
the performance B e e Ay i
goals.
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See by Christoph
Paus at ZPW2024

Challenges for future e*e™ colliders

Theory: substantial work on the theory side to reduce uncertainties and
challenge the target experimental precision.

Observables Present value FCC-ee stat. fiGye .FCC-ee Theory input (not exhaustive)
current syst. ultimate syst.
Lineshape QED unfolding
?
Mz (keV) GELJRcei e & 200 20 Relation to measured quantities
Lineshape QED unfolding
* ?
I'7 (keV) 2495500 £ 2300 [*] 4 &> 5 Relation to measured quantities
Bhabha cross section t0 0.01%
0 *
G’hag (Pb) 41480.2 £ 32.5[] D05 4 0.8 e'e” = yy cross section to 0.002%
N, (x10°) from oig T 0.007 i 15 Lineshape QED unfolding
(Cw/Ter)sm
Lepton angular distribution
3 ?
Ry 7o 0l = Oids (QED ISR/FSR/IFI, EW corrections)
as(mz) (x104) from R, 1196 + 30 0.1 1.5 0.47? Higher order QCD corrections for Ty
QCD (gluon radiation, gluon splitting
6 ? ? ] ]
Al 226250080 0.3 ’ s6C: fragmentation, decays, ...)
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https://indico.cern.ch/event/1341618/contributions/5702307/attachments/2777205/4840392/fccee-ew-precision.pdf

Challenges for future e*e™ colliders

... and the list continues (though | don't
have time to discuss these in detail):

« Software + computing: need accurate
simulations for future colliders (key
interplay with theory), how to develop
infrastructure whilst exploiting current
machines. How can we use Machine
Learning/Al?

”Sociological”: how to reach a
consensus on the route forwards?

”Political”: if we do reach consensus,
how to we get it funded/realized?

c
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Quick plug- the 2026 European strategy update...

Save the date: 23-26 September ECFA-UK Workshop at IPPP, Durham

T =
Rl < TR %
h 2

- 1AFEA I r~r
=1 €20

—— - .

; _§:00 P

¢

Y Friday
e

-~

>
3

< . Em -
Interested to learn more”? Check out
the slides here:

= =S .

BE PREPARED, STOCK UP ON DRAGONGLASS. 29¢
‘ PLENTY OF WHITE WALKERS ARE ON THE WAY. 6:25

}
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https://indico.stfc.ac.uk/event/1012/

Before we continue/finish...

Any questions?
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3.10 TeV pCM colliders

UNIVERSITY OF
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Question

Why do you think
we could/should

explore the “tens
of-TeV" energy

range?

Dr Sarah Williams: NExT PhD workshop 2024 68



Why explore the “tens of-TeV” energy range?

«  Whilst high-luminosity e*e™
colliders could provide indirect
access to new physics up to
the 10s of TeV mass range,
directly accessing these mass
scales requires colliders with a

A Direct Searches

Depends on
collider
environment

Future
multi-TeV
colliders

E parton centre of mass energy
2 (pCM) in that range.

[~ 2]

_,E’ - Higgs

§. \ Factory { Energy . « Same arguments apply to

3 .

higher mass SM processes (i.e.

F
o8 Higgs pair production).
=E
S - Ultra-high luminosities (=>
> statistics) can also enable rare
Mass Scale

processes to be studied.

7@ UNIVERSITY OF
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Accessing ~ 10 TeV pCM collisions

-~ e’e” machine?

What particles
could/should we

collide? \

Hadron collider?

Muon collider?

Which of these options
could be feasible for that
energy range?

% CANMBRIDGE  Dr Sarah Williams: NEXT PhD workshop 2024

70



Details on Higgs-factory prospects

Energy frontier physics drivers of muon collider in backup!

More info in the Snowmass energy frontier report

collider Indirect-h hh combined
. . . 0 HL-LHC [40] 100-200%  50% 50%
» Higgs self-coupling (targeting ~ 5%). o o% - %
ILCs00/C3-550 [31] 3] 38% 20% 20%
. . . . vy ILC1000/C*-1000 [31} 33] 36% 10% 10%
» Rare Higgs decays (with high luminosities). CLiCmo (3 o - s
CLIC1s00 [35] 49% 36% 29%
o CLIC3000 [35] 49% 9% 9%
» Unprecedented BSM sensitivity. FOC-ce (36 Bh - 8%
FCC-ee (4 IPs) [36] 24% - 24%
FCC-hh [41] - 3.4-78% 3.4-7.8%
- - 0 -
« WIMP dark matter coverage. 443 2200 R e
1£(10 TeV) [39] - 4% 4%
Higgsino 2 o Reach
indirect T
SPPC 125 TeV
SPPC 75 TeV
FCChh 100 TeV P
FCCeh B X+MET inclusive L
HL-LHC G [EEEEEREEOR g eeliia i
o Disappearing track SR e
M C 3 TeV
ugfc ; Tee‘.’ Kinematic limit, 0.5 X E,
CUC 15 TeV
cuc 038 T:V ] Precision measurement
ILC 1TeV
ILC 05 TeV
ch::g Snowmass 2021
L e—r— R 4 -301 0.10 1 10 100 1000 1‘04

01 02 05 1 2
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https://arxiv.org/pdf/2211.11084

Timelines = long

HL- LHC

Project approval by Construction of —

;)A i
' 4 3
‘f\'.'
J
".
P
— \"f
y
Y/
s

2045 "“7;'3

2048

Operation of FCC-ee Operation of FCC-hh

CERN Council {15 years physics explostation) (~ 20 years of physics exploftation)

tunnel and FCC-ee
starts

2025

HL-LHC ||
; Construction

2035
. >

Operation

LBNF/DUNE ' > —

MuColl
Pre-CDR Stage

US/Eur

>§{ »

Demo/TDR Stage I Construction

ope FCC
engage feasibility
inILC

ILCin

US/Europe,
c3,

HELEN,...

Future Collider Decision Tree |

FCC proceeds at CERN|

US pursues MuColl |

OR Linear Collider at CERN/MuColl in US ~

Linear Collider in US/ MuColl at CERN

Important to differentiate technical vs financial risk

(and their error bars)

UNIVERSITY OF
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Above= “realistic”
schedule for FCC

Left= “optimistic”
technology-limited
R+D timeline for
muon collider from
Snowmass.




Detector R+D challenges

Taken from the

0 Murnhappen o i physics guaki cawat bt vt D bwportant Lo weet severdt physics guali Degiratde e enbanwe phpscs resh
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. ¥ e B
R+D in these FEERFETE #4 , | 5.2
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RED= Essential
=> \We do not
have the
technology to
build detectors to
meet the physics
needs of 10 TeV
pCM EF
exploration...



https://cds.cern.ch/record/2784893/files/ECFA%20Detector%20R&D%20Roadmap.pdf

Question

What are the

challenges
associated with a
muon collider?
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Muon collider challenges => muon decay (7,~2.2x107°s)!

For more information see "Towards a muon collider”

Muon Collider
Proton Driver Front End Cooling Acceleration Collider Ring

Compressor O

- —— h == ]

O V=@ = 5 ? S

- = o0

5 £3 € 2 s|5 S = -
o2 € 0| 0o 3 3 o

E 250 2 2[C & 8 5 8 38

8 2a 22 2o 582 o ®

< 98§ = | E g ® @2 o £ Accelerators:
S o a|= 2 % | Linac, RLA or FFAG, RCS
= o

« After production (as tertiary beam) must be (6D) cooled into a single
collimated bunch and (rapidly) accelerated (need fast ramp-up of magnets)
before being collided.

« Additional challenges from beam induced background (BIB) and significant
neutrino radiation (careful positioning and simulation studies).

UNIVERSITY OF
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https://arxiv.org/abs/2303.08533

The road towards a muon collider...

See slides by Karol Krizka

The panel recommends dedicated R&D to explore a suite of promising future proj-
ects. One of the most ambitious is a future collider concept: a 10 TeV parton center-of-
momentum (pCM) collider to search for direct evidence and quantum imprints of new
physics at unprecedented energies. Turning this concept into a cost-effective, realistic
collider design demands that we aggressively develop multiple innovative accelerator and
detector technologies. This process will establish whether a proton, electron, or muon
accelerator is the optimal path to our goal.

As part of this initiative, we recommend targeted collider R&D to establish the
feasibility of a 10 TeV pCM muon collider. A key milestone on this path is to design a
muon collider demonstrator facility. If favorably reviewed by the collider panel, such a
facility would open the door to building facilities at Fermilab that test muon collider design
elements while producing exceptionally bright muon and neutrino beams. By taking up
this challenge, the US blazes a trail toward a new future by advancing critical R&D that
can benefit multiple science drivers and ultimately bring an unparalleled global facility
to US sail.

The next steps towards a muon collider would be a demonstrator of these
technologies and further simulation studies on detector challenges and
physics potential. Interesting synergies with other areas:

 NuSTORM (intense neutrino beam).
« Radiation tolerant and high-field Solenoids.
» High-field dipoles (would also benefit FCC-hh).

=@z UNIVERSITY OF
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https://indico.stfc.ac.uk/event/1012/contributions/6173/attachments/2131/3793/ukecfa-uc-20240501.pdf

Direct BSM at muon colliders

For more information see "Towards a muon collider”

A high-energy muon collider would also be a vector-boson collider=> direct BSM and

providing "Higgs factory” (see next slide)

107!
1y I
‘/ '
g — -2
g - 10
- : R
\/ S —— £l B
- n
10t "_/' - p—
V 10—3 |
1 7 o —
1
10 15 2 30
E,p [TV 1074}
Higgsino 157
ring tr — 10}
o kinematic limit +/s/2 %
0261 20, indirect limit B
Wino ]
=
5t
DT
0

T i X5 7

could be due to a non-optimal analysis

m(¢y) [TeV]

q

! The low FCC-hh mass reach on Top Partners

Dr Sarah Williams: NExT PhD workshop 2024

MuC 10 TeV
HL-LHC

MuC 3 TeV

MuC 3 TeV

FCC—ee/hh
e e e st

uC 10 TeV

FCC-hh

6 8

ms [TeV]

10 12

Above: exclusion for scalar
singlet mixing with Higgs
Left: comparison of HL-LHC
(solid), FCC (shaded) and
tentative muon collider reach
at 10, 14, 30 TeV (lines)



https://arxiv.org/abs/2303.08533

Higgs precision at EF colliders

E/L:/Z// Bonticr Benchnarks /,zyrmlfzy

Loop Higgs

Yu Ya Ys Ye Yo Y+ Ve Yu Yo Tee dueed width B

&

EF benchmarks

LHOMHLAHG dOdCd e ¢ ¢ ¢

¢ ¢ ¢ ¢ ¢ [
% wees QOO ¢ 60 ¢ ¢ * ¢ ¢ ¢ O
oo OO0r 666066 ¢ ¢ ¢ ¢
§§ FcceeicErC (1] ? ¢ & ¢ ¢ ¢ & X ¢ ¢ ¢ O
EL poer QOO Xk S0 6 x ¢ & o O
E%Fcc-hh/sppc 22 O 67 6 6 X * : ¢ 4

Order of Magnitude for Fractional Uncertainty Js 0(10°) 4 o01) 4 o) 4 o) [ >0w ? Bey'::ds:-‘l‘:-{ "o

Figure 1-9. A snapshot of future Higgs precision measurements of SM quantities based on the order of
magnitude for the fractional uncertainties with the range defined through the geometric mean. In this figure
the ultimate reach of the final stages of all Higgs factories and multi-TeV colliders are shown in combination
with the HL-LHC results, as well as the HL-LHC separately. All benchmarks and stages are defined in
Section 1.3 of the Energy Frontier Report. The specific precision associated to each coupling can be found
in the Higgs-physics Topical Group report [14] and references therein. A * is put on the ILC measurements
for the strange-quark Yukawa coupling to single it out as a new measurement proposed during Snowmass
2021, and shown in Fig 1-13. The ? symbol is used in the case where an official study has not yet been
performed. It does not connotate that a given collider should be worse than similar ones, but simply that
whether it is better or worse based on detector design has not been demonstrated.
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Question

What are the
challenges
associated with a
100 TeV hadron
collider?

#1318 Note: in my subsequent discussion I'll use FCC-
37 ~% hh as an example, however similar arguments
% could be made about a 100 TeV pp collider
& following CEPC.




Reminder: Integrated FCC programme

Comprehensive long-term programme maximises physics
opportunities at the intensity and energy frontier:

1. FCC-ee (Z, W, H, tt) as high-luminosity Higgs, EW + top factory.

2. FCC-hh (~ 100 TeV) to maximise reach at the energy frontier, with pp,

AA and e- h options (FCC-eh).

LB ‘~N‘, =N

s Schematic of an
g 80-100 km
s long tunnel

-

% CANMBRIDGE  Dr Sarah Williams: NEXT PhD workshop 2024

Injection transfer lines proposed to be
Azimuth =-10.2° installed inside FCC-hh ring tunnel

| SSS = 1400 m
|

Injectionintocollider ~pjection

\/ Technical si \ /

Technical site
&8 Beam dump RF ,,L of LSS=2160m

Technical site
PL !

f LSS=2160m
Technical site

LSS =2160 m X
Vv LSS = 2|60m Q PB Beam dump

FCC-ee

Arc length = 9616." 588“

Arc length = 9616586\1\ + ﬂ n

L PD |
PG - - - - -- Q8 QD - - - - PD
(Optional $88=1400m ¥ (gptional (Secondary eA ep SSS=1400m 1 (Secondary
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\
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|

|

|

I
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RS LSS =2160m JJ PFC Noal o Technical spnl: ® |

N
LSS =2160 m IJJ ;BFChmcal site
Betatron &

Momentum
collimation
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Integrated FCC programme

Taken from
s L /IP (cm2s) | Int L/IP/y (ab-') | Comments
e'e ~90Gev  z| 182x10* 22 2-4 experiments
FCC-ee 160 ww 194 2.3 P
240 H 7.3 0.9 Total ~ 15 years of
~365 top 1.33 0.16 operation
pp 100 TeV 5-30 x 1034 2+2 experiments
FCC-hh 30 20-30 Total ~ 25 years of
operation
PbPb Vs = 39TeV 3 x 1029 100 nb-"/run | 1 run =1 month
FCC-hh operation
ep 3.5 TeV 1.5 1034 2 ab-! 60 GeV e- from ERL
Fcc-eh Concurrent operation
with pp for ~ 20 years
e-Pb \Vsey=2.2TeV | 0.5 10% 1 fo-t 60 GeV e- from ERL
Fcc-eh Concurrent operation
o with PbPb
FCC-eh:

by F. Gianotti at FCC week.

FCC-ee:

Ultra-precise measurements
of EW/ Higgs + top sectors
of SM -> indirect sensitivity
to BSM.

Unique flavour opportunities
Direct sensitivity to feebly
interacting particles (LLPs)

FCC-hh:

« Energy-frontier ep collisions provide ultimate super-
microscope to fully resolve hadron structure

and empower physics potential of hadron colliders.
* Very precise measurements of Higgs/top and EW

parameters in synergy with ee and hh

Dr Sarah Williams: NExT PhD workshop 2024

High-statistics for rare Higgs
decays and 5%
measurement of Higgs self
interaction.

Unprecedented direct
sensitivity to BSM.



https://indico.cern.ch/event/1202105/contributions/5423451/attachments/2659293/4606138/FCCweek-2023-London.pptx

FCC-hh parameters and challenges

Parameter

FCC-hh

Taken from

by F. Gianotti at FCC week.

collision energy cms [TeV] 80-116 14 14
dipole field [T] 14 (NbsSn) - 20 (HTS/Hybrid) 8.33 8.33
circumference [km] 90.7 26.7 26.7
| beam current [A] 0.8 14 0.58 If FCC-hh after FCC-ee: significantly
bunch intensity [10"] 1 1 22 1.15 more time for high-field magnet R&D
|buneh spacing [ns] 25 25 25 25 aiming at highest possible energies
- synchr. rad. power / ring [kW] 1020-4250 7.3 3.6
, SR power / length [W/m/ap.] 13-54 0.33 0.17
long. emit. damping time [h] 0.77-0.26 129 12.9
beta* [m] 1.4 X 0.15 (min.) 0.55
normalized emittance [um] 2.2 25 3.75
peak luminosity [10% cm?s-1] 5 30 5 (lev.) 1
' events/bunch crossing 170 1000 132 27
stored energy/beam [GJ] 6.1-8.9 0.7 0.36
. integrated luminosity [fb'] 20000 3000 300

Formidable challenges:

U high-field superconducting magnets: 14-20 T
U power load in arcs from synchrotron radiation: 4 MW - cryogenics, vacuum
U stored beam energy: ~ 9 GJ - machine protection
U pile-up in the detectors: ~1000 events/xing
U energy consumption: 4 TWh/year - R&D on cryo, HTS, beam current, ...

UNIVERSITY OF

Formidable physics reach, including:

O Direct discovery potential up to ~ 40 TeV

U0 Measurement of Higgs self to ~ 5% and ttH to ~ 1%

U High-precision and model-indep (with FCC-ee input)
measurements of rare Higgs decays (yy, Zy, UM)

U Final word about WIMP dark matter

CAMBRIDGE Dr Sarah Williams: NEXT PhD workshop 2024



https://indico.cern.ch/event/1202105/contributions/5423451/attachments/2659293/4606138/FCCweek-2023-London.pptx

Challenges for future hadron colliders: magnets

Large scale production of 16 T
magnets for accelerator (CF ~8 T
for HL-LHC) using Nbs;Sn
technology.

Possible alternative would be
High-Temperature
Superconductors (HTS) which
could reach~20 T.

Recent milestone was attaining

14.6 T at 1.9 K using FRESCA2 _
(right), but still substantial Note: when preparing the LHC, there was also

R+D required to attain the required magnet
strength. In the integrated programme, this R+D
proceeds whilst FCC-ee is built and operated.

roadmap ahead.

7@ UNIVERSITY OF
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Synergies in FCC programme- Higgs physics

® HLLHC -+:;:;:ee b- +FCCeh _m +FCChh . ° Integrated FCC programme W|I|

% prob. uncertainties i i Wi and K.= . .
ok (6) oo O] o T [ HLLHC: SMwidh and 1 | provide order of magnitude
improvement in Higgs couplings.

T RCIICTR IS | | [ESRERER SR .

» e*e" colliders can provide a model
independent measurement of gz
=> provides standard candle to
normalize other Higgs couplings.

- — o s e s s s R

N A | 2

« Can also measure ttZ couplings through ee — tt. This gives a second standard
candle used to extract gy and gynn at subsequent hadron machines.

0.10} -

S

0.01
Ky OTHIEM

« High-energy pp collisions provide the statistics to access rarer Higgs decays (H —
uu, H - Zy) and HH events to give precise ultimate tests of the EWPT (~ 20
million at FCC-hh).

=@z UNIVERSITY OF
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https://fcc-cdr.web.cern.ch/

Synergies between e+e- and pp collisions -BSM

More details in FCC TDR and ESU submissions

FCC-hh sensitivity to direct NP

FCC-hh Simulation (Delphes), (s = 100 TeV

I
© 20 fCIC-hIh, \{§=' 100 TeV, 30I ab:‘ — 20 fclc-r'm, \/E - 100 TeV, 3c} ab“1 —————— o
e c 3 = Default layout, <u> = 200 = Q" i
S 18 = = 18 r Alternative layout, <u> = 200 ] 5 o Discovery
= — 1 [ Default layout, <u> = 500 1
E‘) 16 = = 1 65 Alternativi Iaymi, <u> =500 ] A - 2.5ab”
2 14F ER E 30 ab”
% 12;_ _; 12? Higgsino L'y — - 100 ab"
@ 10F — 10 = =
a s ] r ]
8F- 4 8F = W
F Wino . E ] Crs 7 WW -
6F 4 e- =
4 = th:zarlrjl:tli?;ol:;’o<lrt,><=p§0: 200 E 4 ;_ _; Loy =T -
2 C Default layout, <u> = 500 ] 2 — —
C Alternative layout, <u> = 500 ] F ]
o b b by by T I I S S (T ST S AT S S R SR 0 o
02500 3000 3500 4000 0 800 1000 1200 1400 Zo o [
0 10 20 30 40 50
Chargino mass [GeV] Chargino mass [GeV] Mass scale [TeV
Cover full mass range for discovery of WIMP dark Substantial discovery reach for
matter candidates heavy resonances

In summary- exciting possibilities to discover/characterize NP that could
be indirectly predicted through precision measurements at FCC-ee

UNIVERSITY OF
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https://fcc-cdr.web.cern.ch/

For a nice review of electron-hadron colliders

(including EIC) see

Novel use of Energy Recovery Linac (ERL) technology that will be demonstrated
with the PERLE ERL demonstrator (see slides by M. Klein here ) SEESS

distance |fm]

't Finite p Radius

FCC-eh (60 GeV electron beams) . Stanford
E.ms = 3.5 TeV, described in CDR of the FCC . Use of ERL technologies = g, Qurke

run ep/pp together: FCC-hh + FCC-eh a key Step towards 1“"‘Quar:(NtL
Gtgyggfgﬁ?rt:&Eg&IDER (FCC) - 3D Schematic imprOVing Su.St.ainab.iIity J_g)lft:lc;r:nics Y
A whilst maintaining high § B
=i luminosities. e |
R e Higgs o

BSM

—— Tunnel widening
FCC-oh ring FCC-hS_

e LMC

10°F
....... .

1960 1980 2000 2020 204
year

FCC-eh
8 point FCC: point D

Image credit:
PERLE

dJ. Osborne, W. Bromiley, A. Navascues

Taken from slides by J. D’"Hondt at FCC week
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https://cds.cern.ch/record/2811194
https://indico.ijclab.in2p3.fr/event/8623/contributions/27078/attachments/19800/27213/projectMK.pdf
https://indico.cern.ch/event/1202105/contributions/5435643/attachments/2662467/4612844/FCC-JDH-8June2023.pdf

Synergies between ep and ee/pp collisions

Taken from

by J. D"Hondt at FCC week

~5-7% uncertainty
on the o(W,Z,H)

Taken from updated

pp @ 100 TeV
0-5 L, ] T T T T L |
E 4 #PDFA4LHC15 knoicc‘eh\
S : NFCC-eh
o
(%)
c
=)
o
2
5
(]
10° 10° 10
M, [GeV] ~1% uncertainty
on the o(W,Z,H)
o T 0% 100 1t 107 102 100
« Empower 100 TeV pp programme with precision input on hadron structure and :

strong coupling (to permille accuracy) during parallel running.
« Complementary measurements of Higgs couplings (CC+NC DIS x-sections, no

pile-up, clean)
* Plus...
scale bosons)

g% UNIVERSITY OF
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complementary BSM prospects (LLPs, LFV, not-too-heavy scalars, GeV-



https://indico.cern.ch/event/1202105/contributions/5435643/attachments/2662467/4612844/FCC-JDH-8June2023.pdf
https://cds.cern.ch/record/2706220/files/Agostini_2021_J._Phys._G__Nucl._Part._Phys._48_110501.pdf

Significance of Higgs self coupling

Higgs

potential

voatéruum Stable

J KAetastable

Hose L
04 g =g ug, =y, =] | © ONn EWSB A gives 3-higgs and 4-
081 " . = higgs (self-) interaction vertices -
e L accessed through di-Higgs

3 “Feo.lfteryea|  production at the LHC and future

0,4—......llll- l-..

colliders.

0.2

. """ eseessasassse=| ¢ Direct measurement could provide

JLLL L LD L AL LU L L UL L L UL AL L R LD LG LG B :
0 100 100 100 100 10¢ 100 100 100 Key understanding of EWPT and
p(GeV) possible portal to new physics.
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https://www.nature.com/articles/s42254-021-00341-2

Probing EWPT at the FCC

New physics required for a strong first order phase transition (needed
for EWK baryogenesis) could be accessed either by directly
discovering new states (which can’t be too much heavier than the
Higgs) or through O(1) deviations in the Higgs self-coupling (which will

be measured to ~ 10%).

8 : : . : -
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https://arxiv.org/abs/1511.06495

Before we finish...

Any questions?

ol ‘éﬁ%‘%‘ﬁ%@ﬁ Dr Sarah Williams: NEXT PhD workshop 2024 9




Slido questions

» Could future colliders be built now in principle or does part of the
planning process assume future innovations which do not currently
exist?

« What impact does geopolitics have on the planning process?

» Have local governments become more reluctant to fund future colliders
as a result of increased political pressure to consider environmental
issues?

UNIVERSITY OF
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Conclusion

| hope this course has provided you a very brief overview to the
prospects and challenges associated with future colliders.

« This course is timely! Key decisions will be made in the coming years
(please take part in the conversations) and your expertise (across the
experimental and theoretical communities) will be essential to deliver
these challenging programmes.

» | will leave the course slido open until 6pm today (and will circulate a
document with responses questions | didn’t answer today).

 Feel free to email me on sarah.louise.Williams@cern.ch !
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Schematics taken from
CEPC vs FCC: timelines SlEEs e 2028 Fee

weeks.

and

2014 " 2045
2018 L .o
| 2048 o
L ] @ ® .

B @
! . HL-LHC
Conceptual Design Feasibility Study Project approval by Construction of ends Operation of FCC-ee Operation of FCC-hh
eclogy, R&D on accelerator, ~ ) (~ 20 years of physics exploftation)

Study CERN Council : (15 yoars physics exploftation)
tunnel and FCC-ee
(Concepiual Design Report

starts
pr

CEPC Project Timeline 2022 2023 2024 2025 2026 2027 2028 2029 2030 2031 2032 2033 2034 2035 2036 2037

Technical Design Report (TDR)

Engineering Design Report (EDR)
R&D of a series of key technologies
Prepare for mass production of devices though CIPC

Accelerator

Civil engineering, campus construction

Construction and installation of accelerator

New detector system design &
Technical Design Report (TDR)

Detector construction, installation &
joint commissioning with accelerator

Detector

Experiments operation
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Based on current
hopes/plans- FCCee
would commence
operation in mid/late
2040s compared to mid
2030s for CEPC.

This is mainly driven by
constraints on FCC from
LHC operations => the
times from construction
to operation are similar.



https://indico.ihep.ac.cn/event/19316/timetable/?view=standard

CEPC vs FCC: location and costs

(...which are linked on some level...

. . . . m‘v\,,f ( w/»;fé i «.. V. Mertens
« FCC location is (exactly) fixed (one - . /f, \ 1 Gutibe

highlight of the feasibility study) whilst of
6 considered sites for CEPC, 3 have
been selected for further study.

PB technlcal

= = B > Jaen- | » PD: experiment
POtentlaI CEPC Sltres / o Number of surface S|tes 8 \\& p
‘/ LSS@IP (PA, PD, PG, P)) 1400 m )
i LSS@TECH (PB, PF, PH, PL) 2032 m
PJ experim?mv Arc length 9.6 km .

Sum of arc lengths 769 m
Total length 90.7 km “* :
! ity PF: technical &

ccccccc

A e /
/
\ 4 -
PH: technical

! PG: experiment

- o ZRs

Mésigny,

S - Quoted expected construction cost of
CEPC ~ half that of FCC (variations
in purchasing/labour costs)
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CEPC vs FCC: other differences

#IPs: CEPC has 2, whilst
FCC (as of the mid-term

review of the feasibility
study) has 4.

Different baseline operating

plan.

Luminosity/Power [1 0*em?s™ MW'1]

10'
CM Energy [TeV]

UNIVERSITY OF

—+FCC ee -+~ CCC
—-CEPC -+MC
~+-CERC -+-FCC hh
ERLC —+-SPPC
—+—RelLiC PWFA
—ILC SWFA

—CLIC —+LWFA {10!

10%

10°

Integrate Luminosity per Energy [ab‘1 TWh'1]

Table 3.2: CEPC operation plan (@ 50 MW)

Integrated L Total
Particle (é‘zg) a (f;“p;;}zi ) pegrryear Years | Integrated L To’:;le?lz o
(ab’!, 2 IPs) (ab’!, 2 IPs)
H 240 8.3 2.2 10 21.6 4.3 x10°
Z 91 192* 50 2 100 4.1 x 10'2
\\ 160 26.7 6.9 1 6.9 2.1 x 108
(4 Rkl 360 0.8 0.2 5 1.0 0.6 x 10°

* Detector solenoid field is 2 Tesla during Z operation.
** tt operation is optional.

FCC with 4 IPs (not fixed, additional opportunities e.g. 125 GeV)

Working point 7, years 1-2 7, later WW, years 1-2 ~WW, later ZH tt

Vs (GeV) 88, 91, 94 157, 163 240 340-350 365

Lumi/IP (10%* cm™2s~1) 70 140 10 20 5.0 075 1.20

Lumi/year (ab™1) 34 68 4.8 9.6 2.4 0.36 0.58

Run time (year) p 2 2 - 3 1 4
1.45 x 105 ZH 1.9 x 10° ¢t

Number of events 6 x 102 7 2.4 x 108 WW + +330k ZH

45k WW — H  +80kWW — H

« Power consumption ~ similar but carbon
footprint currently higher for CEPC due
to China’s (current) prevalent use of
coal as an energy source.
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Status of FCC feasibility study: mid-term review

For more details see
« Mid-term review just completed
(approval by council soon).
Key updates:

« Choice of ring placement and 4
IPs (higher statistics).

« Adaptation of accelerator RF/
optics for new placement
(details in backup).

Significant R+D ongoing to
improve energy efficiency
(including HTS).

s UNIVERSITY OF

by S. Williams at CEPC workshop.
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https://indico.ph.ed.ac.uk/event/259/contributions/2461/attachments/1312/1967/CEPCworkshop-FCCoverview-030723.pdf

