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The Future Circular Collider (FC
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The situation

 After decades, we have a model
that works, Is robust, thoroughly
tested, and provides very precise

predictions

* |t works great

Standard Model Total Production Cross Section Measurements

o =96.07 +0.18 + 0.91 mb (data)
pp COMPETE HPR1R2 (theory)
o =95.35+0.38 + 1.3 mb (data)
COMPETE HPR1R2 (theory)
o =190.1+0.2 + 6.4 nb (data
DYNNLO + CT14NNLO (theory)

W o =112.69 + 3.1 nb (data)
DYNNLO + CT14NNLO (theory)

o =98.71 + 0.028 + 2.191 nb (data)
DYNNLO + CT14NNLO (theory)
o =58.43+0.03 + 1.66 nb (data)
DYNNLO+CT14 NNLO (theory)
Z o = 34.24 + 0.03 + 0.92 nb (data)
DYNNLO+CT14 NNLO (theory)
o =29.53+0.03 + 0.77 nb (data)
DYNNLO+CT14 NNLO (theory)
o =826.4+ 3.6 +19.6 pb (data)
top++ NNLO+NNL theory
e oc=2429+17+8.6 E §data
tt top++ NNLO+NNLL (theory)
oc=1829+3.1+6.4 E data)
top++ NNLO+NNLL theory
o = 247 + 6 + 46 pb (data)
NLO+NLL (theory)
t oc=289.6+1.74 7.2 - 6.4 pb (data)
t—chan NLO+NLL (theory)
o =68+ 2+ 8pb (data)
NLO+NLL (theory)
o =94+ 10+ 28 — 23 pb (data)
NLO+NNLL (theory)
W o=23+1.3+4 3.4-3.7 pb (data)
t NLO+NLL (theory)
o=16.8+2.9+ 3.9 pb (data)
NLO+NLL (theory)
o =555+3.2+24-2.2pb (data)
LHC-HXSWG YR4 (theory)
H o=27.7+3+2.3-1.9pb (data)
LHC-HXSWG YR4 (theory)
oc=221+6.7-53+3.3-2.7pb (data)
LHC-HXSWG YR4 (theory)
o =130.04 + 1.7 + 10.6 pb (data)
NNLO (theory)
WW o=68.2+1.2+4.6pb (data)
NNLO (theory)
o =51.9+2+4.4pb (data)
NNLO theory?
oc=51+08+23p bﬁdata)
MATRIX (NNLO) (theory)
WZ o =243+0.6+0.9pb (data
MATRIX (NNLO) (theory
oc=19+4+1.4-1.3+1 pb (data)
MATRIX (NNLO) (theory)
o=17.3+0.6 + 0.8 pb (data)
Matrix (NNLO) & Sherpa (NLO) (theory)

ZZ oc=7.3+0.4+ 0.4-0.3 pb (data)
NNLO (theory)
oc=6.7+0.7+ 0.5- 0.4 pb (data)
NNLO (theory)
t oc=48+0.8+ 1.6-1.3 pb (data)
s—chan NLO+NNL (theory)
o =23870+130+ 140 fb (dataz
. Madgraph5 + aMCNLO (theory)
ttW o =369 4 86 — 79 + 44 fb (data)

MCFM (theory)
o =990 + 50 + 80 fb (data)
Madgraph5 + aMCNLO (theory)

ttZ o = 176 + 52 — 48 + 24 b (data)
HELAC-NLO (theory)

WWW o =0.82+0.01 + 0.08 pb (data)
NLO QCD (theory)
WWZ o =0.55+0.14 + 0.15 - 0.13 pb (data)
Sherpa 2.2.2 (theory)

rwws =24+ 4+ 5 fb (dat
tttt 7= 0'GeD s B theory) o
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But we had other
predictive, scientific
models that worked great
while also being inherently
wrong.
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Aristotelian Ptolemaic
system was remarkably
plausible and powerful as
a scientific theory but had
some “imperfections™:
the paths of the Sun,
Moon, and planets as
observed from Earth are
not circular.

Rebeca Gonzalez Suarez (Uppsala University) - Fysikdagarna 2023 3



Our model

Also has some “small imperfections”

* Neutrinos have nonzero masses

 The masses of the other particles are weird

* |t cannot describe a couple of important effects
 Dark matter, dark energy, gravitation

* It has some tuning and hierarchy problems...

MHiggs boson
aOSuUSY

JExtra dimensions
(1Dark matter origins
dDark energy origins
d Compositeness

1 Technicolour
CJNew gauge bosons

JRight-handed
neutrinos

dMini black holes

O

the LHC” (2007)

Rebeca Gonzalez Suarez (Uppsala University) - Fysikdagarna 2023

FUTURE
CIRCULAR
COLLIDER

Leon Lederman’s speculative laundry list for the LHC
Nature Review Article: “Beyond the standard model with
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What do we have?

* A relatively new particle that is quite special, our newest exploration tool
 Decades of collider expertise to build on top of
* The largest community we ever had

* A few options on the table (linear, circular, lepton, hadron)

* Priorities
2020 European Strategy Update Snowmass 2021
“An electron-positron Higgs factory is the highest- “The intermediate future is an e+e- Higgs factory, either based on a
priority next collider. linear (ILC, C3) or circular collider (FCC-ee, CepC).

For the longer term, the European particle physics In the long term EF envision a collider that probes the multi-TeV

community has the ambition to operate a proton-proton scale, up or above 10 TeV parton center-of-mass energy (FCC-hh,
collider at the highest achievable energy.” SppC, Muon Coll.)”
(European Strategy Update brochure) (Energy Frontier Plenary by Alessandro Tricoli)

Rebeca Gonzalez Suarez (Uppsala University) - Fysikdagarna 2023 6


https://indico.fnal.gov/event/22303/contributions/246310/attachments/157981/207001/Tricoli_EF_CSS_ColloqiumIntro_22July2022.pptx.pdf
https://cds.cern.ch/record/2721370/
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“| believe FCC is the best project for CERN'’s future, we need to work together
to make it happen”
- Fabiola Giantti FCC Week London, 5th June 2023



https://indico.cern.ch/event/1202105/timetable/?view=standard#426-introductory-remarks
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What is FCC?

Future Circular Collider at CERN

 Linked to the LHC
accelerator chain

* |Implemented Iin stages,
one e+e- precision
machine, followed by a
high-energy hadron collider

Rebeca Gonzalez Suarez (Uppsala University) - Fysikdagarna 2023 8
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Why'

Accessing two physics frontiers

« INTENSITY FRONTIER Precision (electron-positron)
* {st stage collider, FCC-ee: electron-positron collisions 90-360 GeV
* Construction: 2033-2045 / Physics operation: 2048-2063
o Stress-test the SM limits — Indirect / low mass BSM sensitivity
« ENERGY FRONTIER Discovery (hadron-hadron)
* 2nd stage collider, FCC-hh: proton-proton collisions at = 100 TeV
* Construction: 2058-2070 / Physics operation: ~ 2070-2095

 Maximizing potential for BSM discovery — Direct / high mass BSM sensitivity

Rebeca Gonzalez Suarez (Uppsala University) - Fysikdagarna 2023 9



S FCC Tunnels

LHC e Experimental points
, I Access points
V4 S Service caverns
/ | e Connection tunnels
' : SPS Il Electrical alcoves

Klystron galleries
SR Tunnel widening
e Injection tunnels
‘ ' SPS/LHC

Injection Tunnel
/

Strength

In shared infrastructure

Large Experimental
area

Beam Dump
Collider SRF system

* Making use of the current acceleration chain LI =
J area Q_\
* Using one tunnel (and one set of caverns) for =
both stages c

Technical Access

* Following LEP-LHC model

H

Booster RF system

3
G 560\0

Large Experimental a pe‘ g
area Ncoveﬁ
— - i .
F\r

“\_/ i

——

 90.7 km ring, 8 surface points

[ Not to scale ]

. i * 4 Experimental areas 2 large (> ATLAS) & 2 small
= - (~CMS)

[ * Deepest shaft: 400m

. A s * Average shaft depth: 243m

Rebeca Gonzalez Suarez (Uppsala University) - Fysikdagarna 2023 10



Strength Surprise!

In size and timescale

HL-LHC

CO”COD(UE‘I DOSi,Qn FC‘E]SibI“ty StUdy Froject approvw al by Construction of ends
(gecloqay. RAD on accelerator

Study CERN Council

2045
2048

2014
2018
[} O O a

Operation of FCC-hh

* FCC-ee technology is mature — construction in parallel to HL-LHC operation
* Physics a few years after the HL-LHC (2045-2048)

e Continuity for multiple generations of high energy physicists guaranteed

 Only proposed facility that can accommodate the size of the CERN community
* [wo-stage approach

* Allows to spread the cost of the (more expensive) FCC-hh over more years

» 20 years of R&D work towards affordable magnets

* Optimization of overall investment by reusing civil engineering and large part of the technical infrastructure

Rebeca Gonzalez Suarez (Uppsala University) - Fysikdagarna 2023
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Strength

In physics potential

Introductory Remarks - F. Gianotti

\s L /IP (cm2s') | Int L/IP/y (ab-") | Comments
~ 34
ee N0GevV 2z 182x10 22 2-4 experiments | Could be 20 years
240 H 7.3 0.9 Total ~ 15 years of axtellins Ifehis & llme
~365 top | 1.33 0.16 operation |
pp 100 TeV 5-30 x 1034 2+2 experiments The LHC is targeting
FCC-hh 30 20-30 Total ~ 25 years of |32 years now, SO 25
operation may be pessimistic
PbPb Vs = 39TeV 3 x 102 100 nb-"/run | 1 run =1 month
FCC-hh operation
ep 3.5 TeV 1.5 1034 2 ab1 60 GeV e- from ERL
Fcc-eh Concurrent operation
with pp for ~ 20 years
e-Pb Vsen=22TeV | 0.510% 1 fb 60 GeV e- from ERL
Fce-eh Concurrent operation
with PbPb
Z pole (90) | H pole (125)?| WW (160) ZH (240) tt (3695)
Years 8 5 2 3 5
Events 8T 8k 300M 2 M 2 M

Detector requirements from physics - M. Selvagqi

FUTURE
CIRCULAR
COLLIDER

O

» FCC-ee : highest luminosities at Z,

W, ZH of all proposed Higgs and
EW factories; indirect discovery
potential up to ~70 TeV, options for
direct BSM searches for feebly
iInteracting particles

FCC-hh: direct exploration of next
energy frontier (~ x10 LHC) and
unparalleled measurements of low-

rate and “heavy” Higgs couplings
(ttH, HH)

* heavy-ion collisions and,
possibly, ep/e-ion collisions

Rebeca Gonzalez Suarez (Uppsala University) - Fysikdagarna 2023 12


https://indico.cern.ch/event/1202105/timetable/?view=standard#373-detector-requirements-from
https://indico.cern.ch/event/1202105/timetable/?view=standard#426-introductory-remarks

FCC-ee Physics Programme

'mz, 'z, N, « o s(mz) with per-mil accuracy
‘R, Arg *Quark and gluon fragmentation
‘mw, 'w -Clean non-perturbative QCD studies
EW & QCD
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
¢ long lifetimes - LLPs

e flavour factory
Don't miss next talk b (1012 bb/cc; 1.7x10" 77)
Magdal! S
r physics B physics
*Flavour EWPOs (Rp, ArgP°)
er-pbased EWPOs ¢CKM matrix,

momentum resol.
tracker

Christorhe (7roean

elept. univ. violation tests

¢CP violation in neutral B mesons

eFlavour anomalies in, e.g., b = s7r vertexing, tagging

energy resolution
hadron identification

7

Rebeca Gonzalez Suarez (Uppsala University) - Fysikdagarna 2023

2,

MHiggs, I_Higgs
Higgs couplings
self-coupling

3,

Mitop, rtop
EW top couplings

detector req.

FCC cweeky, May 30, 2022
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https://indico.cern.ch/event/1064327/timetable/#175-fcc-physics-case-the-once
https://indico.fysik.su.se/event/7762/timetable/?view=standard#83-long-lived-particles-from-e
https://indico.fysik.su.se/event/7762/timetable/?view=standard#83-long-lived-particles-from-e

Feasibility study (2021-2025) @F i

What are we doing now?

* There is a set of deliverables and we are working on them:
e Some are related to infrastructure and environment, others to administration
* Others are purely R&D

* There is of course work in cost estimates, as well as investigation of the funding model needed to
enable the project, along with many funding discussion

* But there is much work to do also regarding the consolidation of the physics case, detector concepts
and technologies.

 Sweden is very active in that area, with leading scientific roles and multiple master theses exploring
different BSM scenarios

 The FCC Week in London last week made it clear that FCC is the way to go for CERN member
states, and now is a great time to join in and contribute!

Rebeca Gonzalez Suarez (Uppsala University) - Fysikdagarna 2023
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