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Colliders are explorers

Collider experiments: why do we do it?

* Discover the elementary building blocks of nature

* Establish the fundamental laws that govern their interactions

* Understand the origin and history of our universe

Exploration is our natural instinct

* Colliders are the tool to explore the smallest scales
* Counterparts to telescopes & space programmes
* Each analysis Is a new experiment

* New discoveries from the LHC every year

2023 highlights: 4 top quark production, evidence [James Webb pae Telescope]
for h — Zy, LHC neutrinos, new exotic hadrons,...
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https://www.flickr.com/photos/nasawebbtelescope/albums/72177720301006030

The LHC's success

“‘Completed” the Standard Model Explored the TeV scale

ATLAS Heavy Particle Searches* - 95% CL Upper Exclusion Limits ATLAS Preliminary

Status: July 2022 [L£dt=(3.6-139) fbo! V5 =8,13 TeV
miss -1 . .
Model 6y Jetst ET™ [rdt[b] Limit i 1 1 i Reference
L] L] i I L] L] L] L]
ADD Gkk +g/q Oe,u,7,y  1-4j  Yes 139 n=2 2102.10874
ADD non-resonant yy 2y - - 36.7 I n=3HLZNLO 1707.04147
ADD QBH - 2j - 139 n==6 1910.08447
ADD BH multijet - >3] - 3.6 n=6, Mp =3 TeV, rot BH 1512.02586
RS1 Gkk — vy 2y - - 139 k/Mp = 0.1 2102.13405
Bulk RS Gkx —» WW/ZZ multi-channel 36.1 k/Mp = 1.0 1808.02380
Bulk RS Gkx — WV — ¢fvqq 1epu 2j/1J  Yes 139 Ik/MP, =10 2004.14636
Bulk RS gkk — tt Teu 21b>1J2] Yes 36.1 r/m=15% 1804.10823
2UED/ RPP leu 22b, 23] Yes 36.1 Tier (1,1), B(AWD - ¢) =1 1803.09678
SSM Z' — ¢ 2e, - - 139 1903.06248
SSM Z" - 1t 27 - - 36.1 i 1709.07242
Leptophobic Z” — bb - 2b - 36.1 1805.09299
Leptophobic Z7 — tt Oe,u >1b,>2J Yes 139 r/m=12% 2005.05138
SSM W’ — ¢v 1eu - Yes 139 | a S1 sé(g'.\?lfeog
SSM W’ — 1v 17 - Yes 139 - -2021-025
SSM W’ — tb - >1b,>1J - 139 ATLAS-CONF-2021-043
HVT W - WZ — fvggmodel B 1 e,pu 2j/1J  Yes 139 gv =3 2004.14636
HVT W’ — WZ — (v £'¢ model C 3 e, u j(VBF) Yes 139 gever - ler=0 ATLAS-CONF-2022-005
HVT W — WH — tvbbmodelB  1e,u 1-2b,1-0) Yes 139 gv =3 2207.00230
HVT Z/ - ZH — ¢¢/vvbbmodel B 0,2 e,u  1-2b,1-0] Yes 139 gv=3 2207.00230
LRSM Wg — uNg 2 1J - 80 B(ve) = 05Tev, g = gr 1904.12679
Cl qqqq - 2] - 37.0 1703.09127
Cl ttqq 2e,pu - - 139 m 2006.12946
8I eebs 2e 1b - 139 I g =1 2105.13847
| pubs 2u 1b - 139 g =1 2105.13847
Cl tttt >teu >1b,>1j Yes  36.1 |Ca| = 4m 1811.02305
Axial-vector med. (Dirac DM) Oe,u, 7,y 1-4j Yes 139 I g4=0.25, g,=1, m(x)=1 GeV 2102.10874
Pseudo-scalar med. (Dirap DM) Oeu 7,y 1-4j Yes 139 I ng=1, g=1, m(x)=1 GeV 2102.10874
Vector med. Z’-2HDM (Dirac DM) O e, u 2b Yes 139 tanpB=1, g7=0.8, m(y)=100 GeV 2108.13391
. Pseudo-scalar med. 2HDM+a  multi-channel 139 tang=1, g,=1, m(x)=10 GeV ATLAS-CONF-2021-036
Higgs boson electron - . i —
Scalar LQ 15t gen 2e >2 | Yes 139 p=1 2006.05872
neutrino Scalar LQ 2" gen 2 >2]  Yes 139 i ol 2006.05872
Scalar LQ 3" gen 17 2b Yes 139 B(LQY — br) =1 2108.07665
Scalar LQ 3" gen Oeu  22j,22b  Yes 139 BLQY — tv) =1 2004.14060
Scalar LQ 3" gen >2e,u,>1721j,21b - 139 | Bs0qd > tr) =1 2101.11582
Scalar LQ 3" gen Oeu, 217 0-2j,2b Yes 139 B(LQ‘?’/—> bv) =1 2101.12527
e Vector LQ 3 gen 17 2b Yes 139 I I.’B(LQ3 — bt) = 0.5, Y-M coupl. 2108.07665
w Z VLQTT = Zt + X 2e/2u/>3eq 21b,>1] - 139 I ISU(2) doublet ATLAS-CONF-2021-024
VLQ BB - Wt/Zb+ X multi-channel 36.1 SU(2) doublet 1808.02343
boson boson VLQ Ts/3Ts3 Ts;3 > Wt + X 2(SS)/>3eu>1b,>1j Yes  36.1 B(Ts3 = Wi)=1, c(Ts;3Wt)=1 1807.11883
VLQ T — Ht/Zt Teu 21b23] Yes 139 | JSU@) singlet, k7= 0.5 ATLAS-CONF-2021-040
muon VLQ Y — Wh Teu 21b21j Yes  36.1 B(Y - Wh)=1, cg(Wh)=1 1812.07343
VLQ B — Hb Oeu =2b,>1j,21J - 139 I SU(2) doublet, kg= 0.3 ATLAS-CONF-2021-018
neutrino VLL* — Z7/Ht multi-channel =1 Yes 139 SU(2) doublet ATLAS-CONF-2022-044
Excited quark ¢* — qg - 2] - 139 fonly v and d*, A = m(q") 1910.08447
Excited quark ¢* — qy 1y 1] - 36.7 only v* and d*, A = m(q*) 1709.10440
Excited quark b* — bg - 1b, 1] - 139 I I 1910.0447
Excited lepton ¢* 3epu - - 20.3 A=3.0TeV 1411.2921
t Excited lepton v* et - - 20.3 I IA =16TeV 1411.2921
au- Type lll Seesaw 234epu >2] Yes 139 2202.02039
neutrino LRSM Majorana v 2u 2j - 36.1 i Jr(We) = 41TeV, g1 = g 1809.11105
electron Higgs triplet H** — W*W=* 23,4 e,u (SS) various Yes 139 DY production 2101.11961
H!ggs tr!plet H** — ¢¢ 2,3,4 e, (SS) - - 139 I I IDY production . ATLAS-CONF-2022-010
Higgs triplet H** — /7 3e T - - 20.3 DY production, B(H* — ¢r) =1 1411.2921
Multi-charged particles - - - 139 DY production, |q| = 5e ATLAS-CONF-2022-034
Magnetic monopoles — — - 34.4 I I lDY production, |g| = 1gp, spin 1/2 1905.10130
L L Ll I L L L L L L Ll i i L i L L Ll b L L L L
-1
10 1 Mass scale [TeV]
*Only a selection of the available mass limits on new states or phenomena is showj§. 1 1 0
+Small-radius (large-radius) jets are denoted by the letter j (J). e

[Symmetry magazine] [AILAS experiment]
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https://www.symmetrymagazine.org/standard-model/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2022-034/

We want more

. Dear Santa Claus, IDUZZ/GS, ,OrOb/emS, nafura/ﬂeSS,. .

We have been good |

these past decades. * |n many different sectors (EW, flavour, dark,...)
Please could you

now bring us The data is pointing us towards

® adark matter candidate
® an explanation for the fermion masses

® an explanation of matter-antimatter * i.e. more collider energy & better precision
asymmetry

® an axion, to solve the strong CP problem

o agolution toﬁne tuning the EWSCale OppOrtun/ty fOr further eXp/Orat/On

® a solution to fine tuning the
cosmological constant * Jesting QFT/SM in the uncharted territory of

Thank you, Particle Physicists energy & precision is groundbreaking in & of itselt

ps: please, no anthropics

* Higher scales & weaker couplings

* Do not know what we will find beyond LHC reach

[Gavin Salam, FCC Physics . ] | - |
Workshop. Krakow, 2023] * Observing known objects with better precision is

reason enough for new experiments in most fields
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https://indico.cern.ch/event/1202105/contributions/5423455/attachments/2659121/4607170/fcc-london.pdf
https://indico.cern.ch/event/1202105/contributions/5423455/attachments/2659121/4607170/fcc-london.pdf

H1gQgs: the Key player

[Snowmass 2021 Higgs report]

Involved in many of natures puzzles

to Hidden Sectors?

* Directly: hierachy/naturalness, tlavour/ Higgs Portal

fermion masses, stability of universe,...

* Potentially: matter anti-matter m
asymmetry, portal to dark sector,...

Fundamental CPV and
Future colliders must target precise
determination of Higgs properties
.

0
C HL-LHC: 2k

2
0.05 = (—)
Eh Apnp —> Testing fine-tuning at few % level

: ANP ~ 1 T@V 5]/}1}% N ____@--_ n ____@--_

* Covered by LHC reach”? (model dependent)

Dynamical origin for the weak scale?
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https://arxiv.org/pdf/2209.07510.pdf

[Craiqg, Petrossian-Byrne]

V(h)

—1gQgs potential

Today

loday, its shape is basically unknown

\ ‘
1
V(h) — 5 }%hz 'I‘ /13]73 + /14h4 + v / Hl - HC

Precise shape has many implications

« Nature of the EW phase transition: 1st/2nd order”? = Baryogenesis

How did the Higgs field evolve in the early universe into the EW broken phase?
[s it responsible for generating the matter-antimatter asymmetry of the universe?

» Potential stochastic gravitational wave background signature at e.g. LISA
[Caprini et al.; JCAP 04 (2016) 001]

* (Meta)stability of the EW vacuum phase

How do we even exist and could our ground state have a finite lifetime?

» Modifications to V(&) imply new states coupled to the Higgs

Measuring /, is the no-lose theorem of the FC programme
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https://indico.fnal.gov/event/56615/contributions/255033/attachments/162423/214683/Craig_Fermilab_MuonColliders.pdf
https://arxiv.org/abs/1512.06239

FCC-ee

Precision programme, lays foundation & targets for FCC-hh
« Like LEP did for the LHC with EWPO = paved way for Higgs discovery

e Tera /: 3 million LEPs worth of Z bosons /Blondel & Janot: Eur.Phys.J.Plus 137 (2022) 1. 92]

Unique, precision Higgs/EW/top factory o hos X

* Semi-direct measurement of Higgs width with mild assumptions

* Connection to dark sector: invisible Higgs decay channels

Clear feasible pathway to FCC-hh

Ch a/ / el g e & OIO IO or t Url /.t [Blondel et al.; Contribution to EPPSU]

e 7 — 0T

* Precision goals require a huge leap in theoretical calculations
* 3/4 loop QCD/EW corrections, beyond current reach

* High priority item to train next generation of theorists (~500 person/years)
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https://epjplus.epj.org/articles/epjplus/abs/2022/01/13360_2021_Article_2154/13360_2021_Article_2154.html
https://arxiv.org/abs/1906.02693

—CC-hh

Explore the deep UV = decaleV mass reach
* Follow up on indirect hints from HL-LHC/FCC-eeg/...

e.qg. flavour anomalies [Azatov et al.;, JHEP 10 (2022) 149]
5
* "“Complete coverage” for 1
. . 0.500
canonical BSM scenarios v |
*0.100
0.050
e.q. WIMP dark matter
o4
[Ellis et al.; Physics briefing book for ESU] 2 > M :,?CV]ZO >0
hoecibecon | | Pure Higgsino - 10
FCCohh — | Extend composite
LE-FCC : , Lo,
— .; HIggs sensitivity 8
HE-LHC :
e ] | 20, Disappearing Tracks 6
CLIC3000 — 1 Kinematic Limit: Vs /2 - 8+
CLIC1500 I 20, Indirect Reach
C — : 4
CLiCas0 l | Probe naturalness ,
FCC-ee ' =
Er— Thermal wlus) | DEIOW per-mille level
o1 02 05 1 2 5 0

M, [TeV]

[Allanach et al.; JHEP 03 (2019) 137]
MDM Model, 95% Sensitivity
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- o -
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Composite Higgs, 20
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>
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m, [TeV]
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https://arxiv.org/pdf/1810.02166
https://arxiv.org/pdf/2205.13552.pdf
https://arxiv.org/pdf/1910.11775.pdf

F C C - h h [Maltoni, Mantani, KM; JHEP 10 (2019) 004]
Discover & test rare processes %W W%M/h %Zw

* High-energy &

g

o | | W/Z/fy/h* ——

* Precision measurements of multi top quark production t
W/Z/v/h n

(d) tEXj ! (e) tEXY t ~F(f) VBT

[Mangano, Selvagqi, Ortona;

Directly/indirectly measure new interactions ERJC 80 (2020) 11, 1030]

FCC-hh Simulation (Delphes)
' I i 1 1

¢
—
t
W/Z/v/h
— ,
q

» High-multiplicity production of Higgs/Top/EW bosons

12 1 I 1 J \ l\l ] | 5 I 1 | 1 I | I 1 J I.'l | {
- : " saseees Combined (stat onl)é

- Prime target: A, from di-Higgs production g of "™

bb
| L =30ab" o

bbrt, 1, +bbT, T, :.
S DD ZZ(4)
s bbbb

8_

* Quartic Higgs coupling from triple-Higgs production
. EW top quark couplings, tthh interaction,...

TR R L LR L T R T a TS e, o W ous e JEEE-Ct SR S e A

Exploring terra incognita

* Cannot know what lies around the corner, our luck mighit cnange...

« Keep an open mind and build the collider!
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https://arxiv.org/pdf/1904.05637.pdf
https://arxiv.org/pdf/2004.03505.pdf
https://arxiv.org/pdf/2004.03505.pdf

\Viuon colliger

Radaically new collider technology

« Combines clean final state with high energy : \/E ~ 10 TeV

' S
Comparable physics case to FCC-ee/hh
“vector boson collider” utuT - h @125 GeV ARSI S

[Delahaye et al.: input to ESU] [de Blas, Gu & Liu.; PRD 106 (2022) 7, 07300/]

o T Widsh Precision See also: “no-lose theorem”
| g 11-step scan | ) )
- . in my+12.5 MeV for new physics scenarios
: s | Dt NHII i associated to muon g-2
5 5 _____ bb ’::\;\% anoma / y
T Nl
| T |fombined ] [Capdevilla et al. PRD 105 (2022) 1. 015028]
0001 0010 0100 1 10 100
Eom [TeV] L (fb™)

Significant R & D required to determine feasibility

« Long timescale < possibly high rewards in offshoot technologies
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https://arxiv.org/pdf/2203.04324.pdf
https://arxiv.org/pdf/1901.06150.pdf
https://arxiv.org/pdf/2101.10334.pdf

" Searchfornewphysicsin  experimental & theoretical

at the decaleV scale precision
Explore uncharted territory Revolutionise accelerator
precision & enerqgy technology

Thanks for your attention

Measure the Higgs boson
self coupling

. Probing naturalness
Origin of mass

Origin of flavour

EW phase transition
Nature of the dark sector


https://rosetta.hepforge.org

References, further reading

Public lecture: Does the world need a future collider and why? (Youlube)

European strateqy for particle physics homepage

European Comittee for Future Accelerators (ECFA) homepage

FCC-ee: your questions answered

FCOC-ee overview

SM theory for FCC-ee: Tera £ stage

FCC-hh conceptual design report

FCC week 2023 conterence webpage

'"Muon colliders” input to the ESU

Muon collider forum report (Snowmass)
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Snowmass FCC study

FCC physics workshop 2023 webpage

"Towards a muon collider”

"The muon smasher's guide”
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https://www.youtube.com/watch?v=TUV5e1OqnGo
https://arxiv.org/abs/1906.02693
https://link.springer.com/article/10.1140/epjc/s10052-019-6904-3
https://e-publishing.cern.ch/index.php/CYRM/issue/view/89
https://arxiv.org/abs/2203.06520
https://europeanstrategy.cern/home
https://arxiv.org/pdf/2106.13885.pdf
https://ecfa.web.cern.ch
https://arxiv.org/pdf/2209.01318.pdf
https://arxiv.org/pdf/1901.06150.pdf
https://arxiv.org/pdf/2303.08533.pdf
https://arxiv.org/pdf/2103.14043
https://indico.cern.ch/event/1202105/
https://indico.cern.ch/event/1176398/

