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Outline and Disclaimer

Goals of this talk

- Give a broad overview and challenges of the LHC physics program (with a focus on Higgs physics),
emphasise its breadth and illustrate how it has now evolved to add precision to its already formidable physics
and discovery potential!

- Discuss the possible scenarios for the next projects and how very important decisions that will decide the
future of the field soon have to be made.



Fundamental Puzzles, Problems and Mysteries*

What is the origin of the electroweak scale? What is the nature (elementary or composite) of the Higgs Boson! The Gauge
Hierarchy and Naturalness problem

What is the nature of Dark Energy*? The cosmological constant problem
Why are fermions masses so different? What is the nature of the neutrino (Dirac or Majorana)? Flavour Hierarchy problem
What is the origin of the asymmetry between matter and anti-matter in the universe? CP Violation and EW transition

Why do electrons have precisely the same charge as the protons? Grand Unification

Why is the electric dipole moment of the neutron so small? The Strong CP problem

What are the properties of Quark Confinement ?

What is the nature of Dark Matter?

All these fundamental questions (and many more) addressed by the LHC physics program (and to Higgs physics)!

Spoiler alert: None entirely answered but much progress has been made!


https://arxiv.org/pdf/1604.04299.pdf

What have we learned?

Two main outcomes of the LHC: The discovery of the Higgs boson and nothing else (so far)

...and knowing the Higgs boson mass of 125 GeV

Vacuum (meta) stability The role of Precision
Running of the Higgs self coupling, assuming SM only at high scale Electroweak Measurements consistent at quantum
corrections level (assuming SM)
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The SM is valid up to exponentially large scales!



The Large Hadron Collider (LHC)

Unrivalled at Energy Frontier Outstanding at Intensity Frontier
13.6 TeV (COM energy) Record Luminosity* 2.26 X 10°* cm?s~!

*Close to SuperKEKB at 4.71 X 103* cm?s™!

CNGS

So far the LHC has delivered:

- 10 Million Higgs bosons produced
- 400 Million top quarks produced '
- 10 Billion Z bosons with 300 Million per lepton flavour Alice™
- 40 Billion W bosons (3 billion per lepton flavour)
- 200 Trillion b quarks

Still 15 times more statistics expected at HL-LHC!

protons

In comparison Future ee up to ~1-4 M Higgs, much cleaner and « usable » events

Focus on pp collisions, superb heavy lons program, not
covered In this talk!

LINAC4



The LHC a 70 Years Vision

15 years bringing concepts together (since 1977 first discussions by CERN DG J. Adams)

Project
20 years of design, construction, integration and commissioning of the machine and detectors

Still 15 times luminosity to

15 years of operations (since 2009): Phase 0 and Phase | be collected!

Operations

in 3 phases 15 years of future High Luminosity operations: Phase ||

So far reached 60 fb™' per
year, would need +40 years

‘H LumMII ,
LARGE HADRON COLLIDER

We are here! {Qg

Phase | Major machine (operating

Run1-7.,8TeV

HL-LHC
! | already for 15 years) and
m detector upgrades required,
st ___isa :
Lot . 2 13.6 TeV LS3 136-14TeV and reconstruction challenge
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ATLAS - CMS ' — .
experiment upgrade phase 1 ATLAS - CMS |/ COmpletlon Of Run 3!
Deam|pipes nominal Lumi 2 x nominal Lumi, ALICE - LHCb : 2 x nominal Lumi : HL upgrade
% nominal Lumi I upgrade ' -
}}o;' — LS4 major upgrade(s) of LHCb
i 3000 fb™ I I
EXd 190 fb" | ntegrated (and ALICE) under consideration

HL-LHC TECHNICAL EQUIPMENT:

CONSTRUCTION

DESIGN STUDY g PROTOTYPES _—

Run 2 - 13 TeV
L ~160 fb™1 (LHCb 6 fb™1)

‘ INSTALLATION & COMM. HH PHYSICS

Run 3 - 13.6 TeV HL-LHC

L~30 fb~1 (LHCb 3.2 b7 1) L ~60 fb™1 (LHCb ~1 fb™1)

(see CERN-LHCC-2018-027 and
talk by V. Vagnoni here).

14 TeV 3000 fb~1 PU ~140-200


http://cdsweb.cern.ch/record/2636441?ln=en
https://cernbox.cern.ch/s/PlzHDseCcHhrZ3P

Very Large Number of SUSY Searches

In large variety of topologies and models

““... and nothing else!” Not at all a trivial statement!!
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simplified models, c.f. refs. for the assumptions made. .

2 TeV 3 TeV
Example from ATLAS (similar for CMS) 1HE';1' '2'238\;'?



Very Large Number of SUSY Searches

In large variety of topologies and models

““... and nothing else!” Not at all a trivial statement!!
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Example from ATLAS (similar for CMS)

HL-LHC YR
1812.07831



Very Large Number of Exotic NP Searches

(in large variety of topologies and models)

““... and nothing else!” Not at all a trivial statement!!
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Axigluon, Coloron, cotd =1 M. |1806.00843 (2j) | 1 6.1 HVT_’ VV 1 umuuuml:ummuu, E l. 5 : : 6.4.4 6.4.4
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e string resonance Ms |1806.00843 (2j) | | 1 7.7 :
L L M | L L L L L L M | | 1 M |
0.1 1.0 ' 10.0 '
mass scale [TeV] .
] January 2019

Selection of observed exclusion limits at 95% C.L. (theory uncertainties are not included).

4 TeV 8 TeV

HL-LHC YR

1812.07831

Example from CMS (similar for ATLAS) - latest plot in the backup!



Very Large Number of Exotic NP Searches

in large variety of topologies and models

““... and nothing else!” Not at all a trivial statement!!
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Selection of observed exclusion limits at 95% C.L. (theory uncertainties are not included). 4 T January 2019 8 Tev

Example from CMS (similar for ATLAS) 1812.07831



Leaving No Stone Unturned !

Image from H. Russel

““... and nothing else!” Not at all a trivial statement!!

disappearing or
displaced kinked tracks
multitrack vertices \ \
’ ; non-pointing
.--==" (converted) photons

displaced leptons,
lepton-jets, or
lepton pairs

emerging jets

trackless,
low-EMF jets

multitrack vertices in the
muon spectrometer

|

T EEEE———————————————wwwwwme

ATLAS Long-lived Particle Searches* - 95% CL Exclusion

Status: March 2019

ATLAS Preliminary
[Ldt=(34-36.1)fb! ys5=8,13TeV

Model Signature  [Ldt [fb™'] Lifetime limit Reference
RPV x — eev/euv/uuv  displaced lepton pair ~ 20.3 | x? Iife;ime' ) SR—_— | ) o 'm(lé)'=' 1'-'3'TeV '"()'(?)='1 -O'TG'V' 1504.05162
GGMy® - Z& displaced vtx +jets 203 [ 9 lifetime m(g)=1.1TeV. m(x})=1.0TeV 1504.05162
GGM ) - ZG displaced dimuon 32.9 x‘l’ lifetime 0.029-18.0 m m(g)=11TeV, m(y})= 1.0 TeV 1808.03057
GMSB non-pointing or delayed y 20.3 | x? lifetime _ SPS8 with A= 200 TeV 1409.5542
AMSB pp - xixd.xix;  disappearing track  20.3 | xj lifetime  o02230m m(x)= 450 GeV 1310.3675
AMSB pp — xix9. x{x;  disappearing track  36.1 | x7 lifetime 0.057-1.53 m m(x;)= 450 GeV 1712.02118
AMSB pp - x50 xjx;  largepixeldE/dx  18.4 | x7 lifetime . 131:90m mlx})= 450 Gev 1506.05332
Stealth SUSY 2 ID/MS vertices 19.5 § lifetime _ m(g)= 500 GeV 1504.03634
Split SUSY large pixel dE/dx 36.1 g lifetime >09m m(g)= 1.8 TeV, m(x?)= 100 GeV 1808.04095
Split SUSY displaced vtx + E"'s  32.8 [ g lifetime 0.03-13.2m m(g)= 1.8 TeV, m(x?)= 100 GeV 1710.04901
Split SUSY 0¢6,2-6jets +EM= 361 |glifetime 0.0-21m m(&)= 1.8 TeV, m(x})= 100 GeV | ATLAS-CONF-2018-003
H-ss low-EMF trk-less jets, MS vtx 36.1 s lifetime 0.18-120.0 m m(s)= 25 GeV 1902.03094
FRVZ H — 2yq4 + X 2 e-, u-jets 203  |[JAGHRE 0-3 mm m(yq)= 400 MeV 1511.05542
FRVZ H = 2y4 + X 2 e—, p—, m—jets 3.4 | yaq lifetime 0.022-1.113 m m(ya)= 400 MeV ATLAS-CONF-2016-042
FRVZH — 4yq + X 2 e—, u—, n—jets 3.4 vd lifetime 0.038-1.63 m m(yy)= 400 MeV ATLAS-CONF-2016-042
H— Z42Zy displaced dimuon 32.9 Z, lifetime 0.009-24.0 m m(Zy)= 40 GeV 1808.03057
H— ZZ4 2 e, pu + low-EMF trackless jet36.1 | Z4 lifetime 0.22-5.3m m(Zy)= 10 GeV 1811.02542
VH with H — ss — bbbb 1 —2(+ multi-b-jets  36.1 |slifetime 0-3 mm B(H — ss)=1, m(s)= 60 GeV 1806.07355
$(200 GeV) — ss low-EMF trk-less jets, MS vtx 36.1 s lifetime 0.41-51.5m o xB=1pb, m(s)= 50 GeV 1902.03094
$(600 GeV) — ss low-EMF trk-less jets, MS vtx 36.1 s lifetime 0.04-21.5 m o xB=1pb, m(s)= 50 GeV 1902.03094
d(1TeV) - ss low-EMF trk-less jets, MS vtx 36.1 s lifetime 0.06-52.4 m o xB=1pb, m(s)= 150 GeV 1902.03094
HV Z'(1 TeV) - quqv 2 |D/MS vertices 20.3 s lifetime o x B=1pb, m(s)= 50 GeV 1504.03634
I HV Z'(2TeV) — q,q, 2 |D/MS vertices 20.3 s lifetime o x B=1pb, m(s)= 50 GeV 1504.03634
I | T P T P
0.01 0.1 1 10 100 cT [m]
Vs =13 TeV
*Only a selection of the available lifetime limits is shown. 0.01 0.1 1 10 100 T [nS]

Sample for ATLAS (same for CMS)

Difficult signatures requiring specific complex reconstruction and trigger or specific detectors
(MoEDAL - Monopole and Exotic Detector at the LHC, searches for Stable Highly lonizing Particles) !



Still Room for Discoveries?

Evolution of exclusion search sensitivity for generic

strongly interacting particle (e.g. gluino) At HL-LHC still a factor of 15 (effectively 20) in
luminosity:
2000030 100 150 200 250 300 1000 3000
This plot does not take into account the improvement of reconstruction
We are here! ‘ and analysis techniques and ancillary measurements!
n
14 TeV 3
| > - Still room for discoveries! (~10 can become 50)
______ =
———— ' S‘DI- .
- S - Performance can be improved!
o 3 _ |
O, S - With new ideas and developments at all levels
2 | 3 - - -
£ 5000 | { @ reconstruction and analysis (e.g. ML techniques).
S E | S
E g - Improving precision and ancillary measurement!
5 i3 ICHEP 2016 | N
% H | < - Still nearly 1 TeV of Exploration!!
' N -,
: O | )
15008 i3 | {3
. ? l ] ] ] ] ]
> | | N - Discoveries will however take longer: doubling time of the
|} l . ] -
; 8 TeV | luminosity of several years
0
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Line [f571]



Very Broad Physics Program!

| e |
_Q AQ total (x2) ' '
o 10U nelastic ATLAS Preliminary .
— incl Theory
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- pp elastic scattering (down to the CNI
regime), exclusive production, diffractive
scattering

- Inclusive inelastic cross sections
measurements

- QCD Jets, multi jets, photons and
photons-jets

- DY (W,2) and with (HF) jets, photons
and Z Off mass shell, multi parton
interactions

- Top pair production with (HF) jets or
photons

- Diboson inclusive
- Single top Wt, t-channel and s-channel

- Tri-bosons

- Higgs production ggF-jets, VBF, HV, ttH

- Four tops, EWK dibosons...



Breadth of the Physics Program

Broad program of different proton-lon and lon-lon collisions configurations (not discussed in this talk), but used as diphoton
collider for a measurement of the tau g-2!

Detailed measurement of the total, inelastic and elastic cross sections in the Coulomb-Nuclear int. region, independent meas. of
the luminosity and the pomeron exchange (possible discovery of the odderon exchange), with TOTEM (CMS) and ALFA (ATLAS).

Measurement neutral pion production in the forward region (with LHCf)!

Measurement of Central Exclusive Production processes with forward proton tagging with AFP and CT-PPS.
First observation of collider neutrinos (with FASER and SND)!

Study of fragmentation and hadronisation models through multi particle production kinematics and multiplicity.

Study of QCD through jet production cross sections (measurements of a).

Spectroscopy of new states 72 New Hadrons discovered (among which 64 at LHCb) with 23 exotic hadrons (tetra quarks or
pentaquark) - further understand models of quark confinement!

Studies of CP violation in heavy flavour b and ¢ hadrons (in particular at LHCb): with leading measurements better

than B-factories (ff and y), measurements not possible at B factories.

Stringent probes of lepton universality in B decays and (on-mass shell) in W decays.



Breadth of the Physics Program

- DY precision measurements (precision dominated by PDF uncertainties):
- sin? 60y measured at 0.15% only a factor of 2 larger than current LEP and SLC average

- a¢ from Sudakov Z peak at low transverse momentum, best measurement so far and precision at 0.9% on par with LQCD

- W Mass precision at 16 MeV (experimental puzzle with the CDF measurement)

- Precise measurements of di-boson production and polarisation, improvements in analysis techniques led to possibility of
observing longitudinally polarised EW vector boson scattering at the HL-LHC!

- Observation and measurements of tri-boson production in several channels!

- Detailed measurements of the production of single top and top pairs (inclusive, exclusive associated with jet, HF jets, vector

bosons).

- Observation of four top quark production! Providing another way to probe top Yukawa coupling!

- Precision measurements of top production and properties: in particular precision on top mass with statistical precision of 0.02%
(overall precision dominated by systematics of 0.2%).

- Recent observation of quantum entanglement in top pair production!

Huge breadth of results well beyond what was thought possible at the start of the LHC!



Very Broad Physics Program! Focus on Higgs Physics

- pp elastic scattering (down to the CNI
regime), exclusive production, diffractive
scattering

- Inclusive inelastic cross sections
measurements

- QCD Jets, multi jets, photons and
photons-jets

- DY (W,2) and with (HF) jets, photons
and Z Off mass shell, multi parton
interactions

- Top pair production with (HF) jets or
photons

- Diboson inclusive and VBS

w ey - Single top Wt, t-channel and s-channel
o - Tri-bosons
H Hjj VH Vy tiV tiH - Higgs production ggF-jets, VBF, HV, ttH

tot. - Four tops, EWK dibosons...



Pillars of Higgs Physics at Colliders

All the couplings of the Higgs boson to Standard Model particles (except itself) were known before the discovery of the Higgs
boson! A very predictive model!

V sun
H Zm%/ » |This term could
- - - - #)( not exist
U i without a vev
V
< I

Four lepton events can have s/b of up to ~30!

f
H f .
S S Y., 4+ L

v L}/l a l‘( %/Vé -
I;
H H H
;7 S 7 Unambiguous proof of the existence of
H D / Sm%{ \ » / Sm%{ \/ (/ % ) the Higgs condensate!
2 -7/
N ¢ PN : Current HL-LHC
N\ / N\

H H H Kwzl 6% | 15%,1.7%




Pillars of Higgs Physics at Colliders

All the couplings of the Higgs boson to Standard Model particles (except itself) were known before the discovery of the Higgs
boson! A very predictive model!

This term could
not exist
without a vev

—f -_‘.
v e 3 '
H H
AN /
3m2 A N/ :
£ X
U / \
/ AN
/ AN
H H

Most precisely known
Higgs coupling tells us
how elementary the
Higgs boson is!

5mh

$

| ...or what its
~ 0.32 am effective size is!

~ 1.6 am

Comparing the Compton radius of the Higgs 1/my; to its
effective radius 1/ through the higher order operator:

cy 1 2 2cHV? 1 9
p'g(au\HF) >( A2 )'5(3uh)

(as comparing the mass of the pion to that of the p meson)
Current precision A > 1 TeV

The Higgs could well be a pNGB as the pion!
“A case for future lepton colliders” N. Craig (See paper)


https://arxiv.org/pdf/1703.06079.pdf

Pillars of Higgs Physics at Colliders

All the couplings of the Higgs boson to Standard Model particles (except itself) were known before the discovery of the Higgs
boson! A very predictive model!
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Nature)
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v J o
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H : My S My (
- - - - X 2 V(g) K 1% | 3.7%
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https://www.nature.com/articles/s41586-022-04899-4

Pillars of Higgs Physics at Colliders

All the couplings of the Higgs boson to Standard Model particles (except itself) were known before the discovery of the Higgs
boson! A very predictive model!

m - Probing new particles through loops
— ) I - !
W, g f t{/?b—-t - in production and decays

f g,yorZ

14 {:D #)[2 not exist 87
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Pillars of Higgs Physics at Colliders

All the couplings of the Higgs boson to Standard Model particles (except itself) were known before the discovery of the Higgs
boson! A very predictive model!
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In the SM EW transition is a cross over does
not fulfil requirements for baryogengesis,
studying the Higgs potential is an outstanding
goal of the Higgs physics program



Exploring further with STXS and SMEFT Interpretations
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Simplified Template Cross Sections (STXS): Combined Interpretation in Standard Model (only SM fields) Effective
measurements of Higgs boson production and decay in Field Theory (SMEFT): Electroweak precision data on the Z
exclusive kinematic regions of the production phase space resonance from LEP and SLC.

(and different production processes).

SMEFT is a coherent tools to interpret our data, it is key given
ATLAS Run 2 . T that the no new physics has been directly found at the LHC.
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The Importance of Theory and Modelling

Predictions at hadron colliders are complex and
require several levels of modelling and calculations
(higher order hard processes, parton fragmentation,
hadronization, parton distribution functions, etc...)

The interpretability of our results relies on our
ability to compute accurate and precise predictions!

Half a century of progress in Higgs production predictions

Precision at the LHC has become would not be possible
without the efforts of precise TH and modelling.

Vs=13 TeV * From iHixs
* F. Wilcek I
LO | J. Ellis, M.K. Gaillard, D.V. Nanopoulos, C.T . Sachrajda : 1977 - 1980
H. Georgi, S. Glashow, M. Machacek, D.V. Nanopoulos .
T. Rizzo :
NLO - QCD* :
S. Dawson | : 1 991 - 1 995
M. Spira, A. Djouadi, D. Graudenz, P.M. Zerwas :
NNLO+NNLL QCD - NLO EW | : 2002 - 2012
S.Catani, D. de Florian, M. Grazzini and P. Nason :
S. Actis, G. Passarino, C. Sturm, S. Uccirati I
Harlander,Kilgore; Anastasiou, Melnikov :
Ravindran, Smith, van Neerven I
N°LO - NLO EW | 2016
C. Anastasiou et al. .
ATLAS Collaboration Run2 ., 5
Nature 607, 52-59 (2022) : 2022
CMS Collaboration Run2 ——
Predictions for m =125 GeV Nature 607, 60-68 (2022) '
| | | | | | | | | | | | | | | | | | | | | | : | | | | | | | |
10 20 30 40 50 6



Achieving the Impossible in Higgs Physics!

First evidence of the Higgs off shell contribution (as a propagator) and constraints on the Higgs boson total width
with precision already at the 50-60% level, should reach better than 20% at HL-LHC!

Boosted and flavour tagging techniques (using Graph NN techniques) enabled unforeseen sensitivity:

Inclusive Higgs production and H — bb in the high transverse momentum regime (above 250 GeV)

- Sensitivity to [ — cc with new flavour tagging techniques should reach ~40% precision at HL-LHC!!

Reconstruction of tau polarisation sensitive variables, allowed for the first measurement of CP odd couplings in

H — 777" (unlike other constraints on Higgs CP odd couplings, these constraints are competitive with indirect

constraints from EDM measurements, in particular of the electron). Precision on CP mixing angle of ~15° already
better than what was foreseen in the 2020 European Strategy for HL-LHC!

Already first evidence at Run 2 of the coupling to second generation fermions in the H — u*u~ decay!

- Already first evidence at Run 2 of the tensor coupling of the Higgs boson \H\z W/ny“”” in the decay H — Zy and

first evidence of the H — yy* (in the low y * — £7¢£~ regime with novel reconstruction techniques).

Well beyond what was thought possible at the start of the LHC!



HH Production and Higgs Self coupling

Measuring the di-Higgs production provides
a unique and direct probe of the Higgs boson ATLAS
Se|f-coup|ing EXPERIMENT

Very similar analysis as the Off-shell Higgs
couplings!

Very small cross section ~1000 times smaller
than Higgs production!

Huge challenge! but still more than 100k
event will be produced at HL-LHC!

9 m»-.- ---- H | 4b Candidate event

Reached a sensitivity to exclude at 95% CL di-Higgs production
2-3 times higher than expected in the SM!

Multiple channels investigated: depending on
the both Higgs decays considering (bb, yy, tautau,

WW) - All complex topologies!! Analyses performance improved by ~50% w.r.t. earlier the Run 2!



HH Production and Higgs Self coupling
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Partial combination in ATLAS From E. Huang. A. Long and |.-T. Wang

o [ ATL)\SI 'Pr'el'm']ir']a'ry' L Cneerved imit (95% GL) Probing 1st order phase transition and GW signals

— i ) Expected limit (95% CL) L o _ .

% . Iﬁ = 1Z5Tfy} 1_2i—b1539 ﬂi ;35b5 == (E;15H=o :xl/_po_thesis) The sensitivity of HL-LHC to the trilinear coupling could constrain

T 10 ] " E§EZZIZd ﬂ: ;QE _ models which would predict strongly first order EW phase transition!

> i BE== Theory prediction ]

LCL; % SM prediction In these cases, signals of stochastic background (e.g. collisions of

o 103 bubbles) in the phase transition could potentially be detected by next

""" generation interferometers like eLISA*)

Real Scalar Singlet Modeil

102:_ - - =
; — zg}lit'l‘_ é 1 3 -
i —— bbbb . — 5
" —— Combined | T - current
R T R a— 5 90 15 |
) - =N
K\ "’% | e e L S O SRR R . 4
Observed —0.4<k;<6.3 N
S :
Expected —-1.9 < K, < 7.5 I "' GEPC / ILC-500
"N 0.001 : e
HL-LHC observation of an HH signal at 5o S’c = =
50% level constraints on the Higgs boson self coupling! — 104 '§ o c'gn dashed = SppC | Fé:c-hh ILC-1000
At HL-LHC 0.5 1.0 -1.5 20 2.5
K/I ~50% hhh coupling: A3/A3’SME

*eLISA: evolved LISA


https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2021-016/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2022-035/
http://inspirehep.net/record/1482923

Challenges for HL-LHC

- Critical period for the LHC machine and experiments due to the convergence:
- Installation, commissioning and operations of LS2 upgrades.
-  Production of upgrades and preparation of LS3
- Operation of Run 3 to gather the LHC dataset for the next decade and produce new exciting results!

-  The LHC has already achieved landmark results with profound implications on our understanding of nature

- The ingenuity of the entire community has expanded the range of possibilities well beyond what was initially
though possible! The LHC has an exciting, broad and diverse physics program ahead (hopefully illustrated
by selected highlights).

- The LHC has entered a precision era, this is a joint TH and EXP effort, which is key for both direct and indirect
searches for new phenomena beyond the Standard Model. Opening a vast range of exciting opportunities!



Future Collider Projects




Opportunities at Future Colliders at the Energy Frontier

ﬂ’/ﬂé .i - M?Af@ / Energy Frontier Vision in which the Higgs boson plays a very

« \/\/e_ /\/Q e Ve Seen ?j’(ﬁﬂfj ihe T important role

* ﬂ“”Ljer 75 J/D é/w Kﬁ/j - Short term: immediate priority is the success of the HL-LHC
+ ok o Yilas Gl (construction, operations, computing and software, and

V] MugT Lo&/( H’)‘ IT QLDSEQ/ physics program)

B - Medium term: e e~ Higgs factory, either based on a linear
O@WOU& FOTURE (ILC, C3, CLIC) or circular collider (FCC-ee, CepC) to enable
an unprecedented precision investigation of the EW sector.

RT G MACHINES

BLG T HYSIES TBES - Long term: a 100-TeV or more proton-proton collider (FCC-

D OF hh, SppC), a 10-TeV muon collider to directly probe the order
| TFEBLO

- Tl PRYSICS
FUNDAENTR

10 TeV energy scale or high energy e e~ collider

N. Arkani Hamed



Strategies and Guidelines : Feasibility is key!

European Strategy for Particle Physics in 2020

- “An electron-positron Higgs factory is the highest-priority next collider. For the longer term, the European particle
physics community has the ambition to operate a proton-proton collider at the highest achievable energy.”

“Europe, together with its international partners, should investigate the technical and financial feasibility of a future

hadron collider at CERN with a centre-of-mass energy of at least 100 TeV and with an electron-positron Higgs and
electroweak factory as a possible first stage.”

- “Such a feasibility study of the colliders and related infrastructure should be established as a global endeavour and be
completed on the timescale of the next Strategy update.

- “The timely realisation of the electron-positron International Linear Collider (ILC) in Japan would be compatible with
this strategy and, in that case, the European particle physics community would wish to collaborate.”

Récommendations of the P5 Pannel 2024

- “In the area of colliders, the panel endorses an off-shore Higgs factory, located in either Europe or Japan, to advance
studies of the Higgs boson following the HL-LHC

- “The panel recommends dedicated R&D to explore a suite of promising future projects. One of the most ambitious is a
future collider concept: a 10 TeV parton center-of-mo- mentum (pCM) collider to search for direct evidence and
quantum imprints of new physics at unprecedented energies.”

- “This process will establish whether a proton, electron, or muon accelerator is the optimal path to our goal.”

Huge challenges: technical, cost effective and minimising environmental impact!



A Scientific Mission for the 21st Century

HL-LHC (Runs 4-6)

LHC Run 2 2029-2041 13.6 - 14 TeV and 2x
2014-2018 13 TeV Nominal Luminosity, PU 140 - 200
100% to 2x Nom. Lumi, PU 40 Int. Lumi. 3000 fb-1

Int. Lumi. 190 fb-1
di-Higgs boson production

Higgs couplings to and Higgs self coupling and

Fermions of the third precision Higgs physics!

generation (top, bottom

and taus)!
LS2 CLIC 380 GeV- 3 TeV
2018-2022

Experiments Phase-| ILC 250 GeV - 1 TeV

and accelerator

Jogieces Cool Copper Collider 250 - 550 GeV

2010 2020 2030 2040 2030 2060 2070

> > o > > > > > > > > > 4

LS3

FCC-ee 90 - 265 GeV

Consolidation of LHC E‘St?!?jt'e? and major exp.
interconnections Pd CepC 90 - 240 GeV —

LS1

FCC-hh 100 TeV

LHC Run 1

2009-2012 7-8 TeV LHC Run 3

75% Nom. Lumi, PU 30-40 2022-2026 13.6 TeV
Int. Lumi. 30 fb-1 2x Nom. Lumi., PU 60
Discovery of the Higgs Higgs couplings to
Boson, measurements of Fermions of the second
Higgs Boson couplings to generation (Muons) and
bosons (gluons, photons, more rare decays

W and 2)

LHC  Ultimate Precision ete™ Ultimate Energy (pp, # " 17)



ete- Collider Projects - Linear

Project ILC CLIC FCC-ee CepC c3 CLIC
Compact Linear Collider
Location Kitakami - JP CERN CERN ChinaTBD | Japan - US? b CF}F power generated by
ecelerating drive beam
Length 20.5 km 11-50 km 90-100 km 100 km 8 km oRIvE sEAwS
0.38, 1.5, 3 ,/ D
COM energy 250 GeV TeV 90-365 GeV 90 -250 GeV | 250-550 GeV »a) i’@ :ﬁ) ? }, ‘Wﬁ«) !{ﬁ(ﬁ«) ‘%‘ﬁ@ ﬁ‘.s( <<
([\4 nm»my»»»)« MMM >;\V LR P LLTLLLLLLLLLL m-/
Lumi (1 034 Cm_2$_1) 1 35 1_2 7 4 1 3_24 electrons main/accelerator e:?ons\ o / ;E;s positrons Qin accelerator
i 0.5,1.5,3 3 TeV
Int. Lumi 2 ab- -1 2x 5 ab-1 2x 3 ab-1 ~2 ab
_ C3 High-gradient with cryogenic
ILC International Cool Copper Collider normal conducting cavities!
Linear Collider ot bunch
Damping Rings IR & detectors compressor 10GeV ; dn "
W R=0.1km
/ZiSGGV

RTML
e- bunch e+ source | )
compressor po_sn(on 2 km
main linac
11 km
4 So'm H
: | /‘-""'A'""“ circumference (900 m)
central region Polarized _ _
5 km olarize Damping Ring
Electron Source *~_ = . Pre-D inq Ri
electron ) 3?y/ re-bamping Ring

main linac - o N

11 km - J
3 GeV

2km -~

|
Positron Source sea—

300 m ——=

Different options available: GigaZ, ILC 500, and ILC 1000



ete- Collider Projects - Circular

Project ILC CLIC FCC-ee CepC c3
Location Kitakami - JP CERN CERN China TBD Japan - US?
Length 20.5 km 11-50 km 90-100 km 100 km 8 km
0.38, 1.5, 3
COM energy 250 GeV TV 90-365 GeV 90 -250 GeV | 250-550 GeV
Lumi (1034 cm2s1) 1.35 1-2 7 4 1.3-2.4
_ 0.5,1.5,3
Int. Lumi 2 ab™1 -1 2x 5 ab" 2x 3 ab" ~2 ab™1
FCC-ee

Modern two-ring design (to reach amper currents): benchmark
at KEK-B and Super KEK-B with double-ring e+e— collider

with multi-ampere stored currents with over than 1000

bunches, small 3+ of down to 0.8mm, top-up injection as well

as a 22 mrad crossing angle at the IP with crab crossing!

FCC-ee Future Circular Collider are CERN

~91 km Design with 4 interaction points

Injection

into booster RA(Experiment site) _—» Azimuth = -10.2°

Injection into collider

ISSS = 1400 m

N Beam dum
Technical site Lss=2160m B TeBchnical site P
400 MHz RF \
booster
- N — — — — — — — — — 50 Sl RD
(Optional ! 7 N\ SSS =1400m ¥ (gptional
Experiment , 7N N Experiment
/ | \
/ | \
/ \
/ | \
/ I N
o / | o Betatron &
Technical '.Is;tﬁ Y LSS = 2160 m LSS = 2160 m ¥~ Technical site
| PF momentum
800 MHz RF SSS = 1400 m ' collimation

PG (Experiment site)

CepC similar design (in China) see 1DR


https://inspirehep.net/literature/2740505

ete- Collider Projects - Circular

Project ILC CLIC FCC-ce CepC 3 FCC-ee Future Circular Collider are CERN
Location Kitakami - JP CERN CERN ChinaTBD | Japan - US? ~91 km Design with 4 interaction points
Length 20.5 km 11-50 km 90-100 km 100 km 8 km
038, 15, 3 !njection
COM energy 250 GeV TeV 90-365 GeV 90 -250 GeV 250-550 GeV into booster PALExperiment site) > Azimuth = -10.2°

Injection into collider

Lumi (1034 cm2s71) 1.35 1-2 7 4 1.3-2.4 Technical site Technical ste | D€2M dump
PL/C PB ste
400 MHz RF
_ 0.5,1.5,3
Int. Lumi 2 ab™1 -1 2x 5 ab" 2x 3 ab" ~2 ab™1

booster

- 100 000 Z / second

Lar mount of extremel ful
arge amount of extremely usefu . 10000 W / hour |,

data in a very clean environment!

————————— PD

-1 500 Higgs bosons / day (Ebp:i:;a;nt (Ecib:i:i::znt
-1 500 top quarks / day sitZ) sitZ)
Event statistics
(41P) E.\ errors
— t,— 5
Z peak Eom = 91 GeV dyrs  6.1012  ee = 2 <100keV' LEPx3.10 Technical sitéNoy | 55 = 2160 m Lss = 2160 m Jof/Technical site Betatron &
WW threshold E__ > 157-161 2yrs 2,108 eTe” > WW <300keV LEPx2.103 o 7 PF momentum
. + — 800 MHz RF SSS = 1400 m collimation
ZH maximum  E__ =240 GeV 3yrs 15106 eYe” —» ZH 1MeV  Never done
s-channel H E. 6 =m, (Byrs?) O(5000) ,pte— — H << 1 MeV Never done PG Experiment site)
Top production E__ =340-365GeV 5yrs 2.106 e'e” —1f 2MeV  Never done
“From A. Blondel One LEP produced every 3 minutes!!

Precision on mi of ~3 MeV
H CepC similar design (in China) see DR


https://inspirehep.net/literature/2740505

ete- Collider Projects

Future e+e- projects are complementary

- Circular colliders provide massive amount of data to address the Higgs and EW scale precision needs (1)

- Linear colliders could address specific questions more the need to explore higher energies (2)

2

= = T l I l T T =

K7 = Z (88-94 GeV) e FCCee(4IPs) =

-E - e FCC-ee(2IPs) _

5 - -

x-r% B —

= 102 E_ .................................... 'W(157-163GeV) ............................................................................ _E

> - -

- — — —_

7)) — —

®) = —
=

g 10 :_ ........................................................................................................................................ _:',

- 3 it (350 GeV) -

C =L > tt (365 GeV)

: ) et - '\'\:

l.’ P— — Linear HIGg Factories (380 GEV)
1 e 2 R N(“OQOV)_..-—"" ......... —
- | | | e ecmem= 1=~ | | -
100 150 200 250 300 350 400
Vs [GeV]

Clear advantage of circular and 4 IP in terms of
luminosity (but also on experimental diversity)!

Central to the precision program is the
precision on the centre-of-mass energy

reaches 100 keV (2.107%) using resonant
depolarisation!

In comparison at ILC at the level of 10~



ete- Collider Projects

Outstanding issues

- Timescales:
- Projects outside CERN: ILC (2038) and CepC (2035) 1,000
-@- FCC-ee (2 collisi int
- Projects at CERN: FCC-ee and CLIC (2048) 00 o1 Gov ° CLICee( collision peints)
A |LC

- Sustainability, Energy and Power consumption are key 240 Gev ~E- MAP-MC

2
S
parameters ‘o 107 o =
§ | ssombmMwh' —t o A
> tt A
Challenging ideas to the FCC-ee = 350-365 GeV '
= 0.1-
2
- An upgrade of e+e— collisions to higher energies, %
~600 GeV or beyond, has been proposed through 0.01 -
converting the FCC-ee into a few-pass ERL (Physics N
Letters B 804 (2020) 135394). P00 ) ; n!

\/s (TeV)
- Monochromatisation could give access to the s-

channel Higgs production and thus the electron Large uncertainties see Snowmass white paper
Yukawa! Understudy.



https://doi.org/https://doi.org/10.1016/j.physletb.2020.135394
https://doi.org/https://doi.org/10.1016/j.physletb.2020.135394
https://arxiv.org/pdf/2208.06030.pdf

Feasibility Studies

ACCELERATORS | NEWS

FCC-ee designers turn up the heat

7 November 2022

Innovative The magnetic flux density of a nested main sextupole—quadrupole system for FCC-ee,
looking along the direction of the electron beam. Credit: M Koratzinos/RAT GUI

individual meeting

individual meeting
scheduled CC Fier

> 4 et Usses
collective meeting

Power consumption

- 240 GeV the instantaneous power is 291 MW
(compared to 140 MW for ILC and 110 MW for CLIC
for less luminosity)

- Choice of baseline layout (90.7 km) - discussions with local
authorities, environmental investigations and civil engineering designs
well under way. - Replace 5800 quadrupole and 4672 sextuple normal

- In particular studies of possible injection schemes article conducting magnets by HTS CCT magnets! article



https://cerncourier.com/a/fcc-ee-designers-turn-up-the-heat/
https://pos.sissa.it/449/001/pdf

ete- Ultimate Precision Machine!!

Observable present FCC-ee |FCC-ee Comment and Observable present FCC-ee |FCC-ee Comment and

value + error Stat. Syst. leading exp. error value + error Stat. Syst. leading exp. error

my (keV) 91186700 + 2200 4 100 From Z line shape scan| |AR%'" (x10%) 1498 + 49 0.15 <2 7 polarization asymmetry

Beam energy calibration T decay physics

I'; (keV) 2495200 + 2300 4 25 From Z line shape scan| |7 lifetime (fs) 290.3 + 0.5 0.001 0.04 radial alignment

Beam energy calibration| |7 mass (MeV) 1776.86 £+ 0.12 0.004 0.04 momentum scale

sin“@%y (x10°) 231480 + 160 2 2.4 from AL at Z peak| |7 leptonic (uv,v,) B.R. (%)| 17.38 £0.04 | 0.0001 | 0.003 e/p/hadron separation

Beam energy calibration| |my (MeV) 80350 = 15 0.25 0.3 From WW threshold scan

1/aqep(mz)(x107) 128952 + 14 3 small from ALR off peak Beam energy calibration

QED&EW errors dominate| |I'w (MeV) 2085 + 42 12 0.3 From WW threshold scan

R (X 103) 20767 = 25 0.06 0.2-1 ratio of hadrons to leptons . . Beam energy callbratlcgl
acceptance for leptons o (myy ) (x107) 1170 + 420 3 small from R,

a,(myz) (x10%) 1196 + 30 0.1 0.4-1.6 from Ry above| |Nu(X 10°) 2920 = 50 0.8 small ratio of invis. to leptonic

Ohaq (X107) (nb) 41541 + 37 0.1 4 peak hadronic cross section n rad_latlve Z returns

luminosity measurement| |Mop (MeV /c?) 172740 = 500 17 small From tt threshold scan

N, (x10%) 2996 + 7 0.005 1 Z peak cross sections QCD errors dominate

Luminosity measurement| |Iop (MeV /c”) 1410 + 190 45 small From tt threshold scan

Ry, (x106) 216290 + 660 0.3 < 60 ratio of bb to hadrons QCD errors dominate

stat. extrapol. from SLD| |Aop/ Atsx, 1.2 + 0.3 0.10 small From tt threshold scan

Apg,0 (x10%) 992 + 16 0.02 1-3  |b-quark asymmetry at Z pole QCD errors dominate

from jet charge ttZ couplings + 30% 10.5 — 1.5 %| small From \/§ = 365 GeV run

EW Precision - x10-50 Improvement on all EW observables

Key measurements: FCC-ee is much, much more

- Up to x10 improvement on Higgs observables

—6 -5 than a Higgs factory!
- my ~ 10 ’4mW ~ 1077, 99 v - Indirect discovery potential up to 70 TeV
m, .~ 107 Superb precision achieved and
top - - Perb prt . - x10 improvement on Belle Il stats for b, c and 7
i smez ~ 3.10 6,aQED(m§) ~ 107>,  uncertainties are dominated by
o y 10~4 systematic uncertainties! - Huge direct discovery potential for feebly
S I

interacting particles in the 5-100 GeV range



Model Dependent Measurements through Loops

Top pair cross section at threshold and above
(.04

5ab™! at 240 GeV

t t +0.2 ab i at 350 GeV
0.02= (- +1.5ab™" at 350 GeV
9 | N A (O T S L —,n
. H g Precision on alphaS S| S T
| at FCC-ee will be = B SR\ N N T
important B i i e
t t ~0.02 ~ )

Top Yukawa coupling precision from top pair cross section —0.04 ! 1 | . .
measurements <10% 8k,

Higgs self coupling precision ~30% - reduced

Higgs cross section at 240, 350, at 365 GeV to ~20% with kappaZ = 1 from SM
e’ Z et Z
\ \ Similar precisions are obtained with double Higgs
“S ) production at CLIC (Js = 1.4 and 3 TeV)
€ ‘h e "~ h
v, v,
et~ " e~ e
W= h W= RN h
Do - - b----
W- W '~
e =T — e =T — Y



https://arxiv.org/pdf/1711.03978.pdf
https://arxiv.org/pdf/1711.03978.pdf

Precision Higgs Couplings Measurements

ATLAS - CMSRun1  Current ) .
N, orecision  HL-LHC  FCC-ee (only) Of course not competitive on rare decays.
K}, 13% 6% 1.8% 3.9%" Far more stringent constraint on the
KW 119% 6% 1.7% 0.4% size of the Higgs boson!
K7 11% 6% 1.5% 0.2% "
Kg 14% 7% 2.5% 1%
Kt 30% 11% 3.4% -
1 1
K ) . .
L 26% 11%  37%  0.7% . (H) [ %
K - i 0 0
- 40% 1.3% 006
K, 15% 8% 1.9%  0.7% |
K - 20% 4.3% 8.9%" ~ 1.6am
KZ}/ - 30% 9.8% - V2
cy— < 0.002
B. 11% 25%  0.2% A2
iny

Taking c; = 1 leads to A > 5.5 TeV



Hadron Collider Projects - Exploring the Multi-TeV scale

transfer lines proposed to be

FCC-hh the second phase of the FCC program installed inside FOC-hh ring tunnel

PA (Experiment site) —» Azimuth = -10.2°

Injection Injection

Project HL-LHC FCC-hh SppC Te"“"‘ﬁa:'sé'f L55=2160m A P5  Boam dump
Location CERN CERN China TBD
Circ. 27 km 90 km 55 - 100 km
COM energy 14 (157) TeV 100 TeV 70 -140 TeV , .
Lum. (ab-") 3 20-30 TBD Seme L
PU 200 1000 TBS
Field 8T 18T 20T

Technical site LSS =2160m [ ;%Chﬂi@' site

Betatron collimation

PG (Experiment site)

Key technological challenges

- High field magnets, need 16T to reach 50 TeV/beam - Nb3Sn (FCC-hh) or Nb3Sn
with HTS inserts (SppC) - exploration of HTS magnets

SppC similar design

- Machine protection 30 W/m synchrotron radiation and 8GJ per beam (equivalent to
Boing 747 at cruising speed)



Hadron Collider Projects - Exploring the Multi-TeV scale

FCC-hh program Essential complementarity with FCC-ee
- Primary goal is to explore the Multi-TeV scale with direct - FCGC-hh is a very intricate environment (up to 1000 PU events),
searches for new phenomena up to ~40 TeV!! event reconstruction at its limits and large TH uncertainites
- Guaranteed deliverables: - Precision foreseen to be reached through ratios of cross
sections.

- completion of the missing key pieces in Higgs precision ky, - Key precision deliverables: top Yukawa coupling and Higgs
and ; (model independence using complementarity from trilinear coupling! FCC-ee and FCC-hh together are 2-3 times
FCC-eel) better than FCC-hh alone.

- Measurements of rare processes and in particular Higgs
decays

- Should give the final word on WIMP dark matte

68% and 95% prob. regions
o "l'FCCM Tty

"""""" "."',.;""""""""H[oFCtee"léﬁohh""""
g HLLHC (50%)

Ingredients

- FCC-ee measurement of the ttZ coupling
(eTe™ — tfyields g,

-02 -0.1 0.0 0.1 02 -0.10 -0.05 0.00 0.05 0.10

- Measure the ratio ttH to ttZ at percent level! SO S/
FCC HL-LHC FCC HL-LHC

- Then measure ratio HH to ttH Kt ~19% ~3.5%, K/1 ~59 ~50%



Muon Collider Project - Exploring the Multi-TeV scale

Initial targets for the integrated luminosities have been defined,

Best of all worlds? _
namely 1, 10 and 20 ab-1 for 3, 10 and 14 TeV, respectively.
High energies, high luminosities with excellent lumi per U
MW ratio, (relatively) clean lepton collision events! x
Mostly aimed at new physics searches in the Multi-TeV
scale reach! /"\U‘s‘;f%iﬁi.?d”:: i
- - - | coliberetion f Muon collider ” Accelerator ring
... Incredibly challenging! R |l T ke sy |
ml Target, ndec:yg  cooling ”Lon-energy \‘ _ s -
and p bunchi channel acceleration N8 . i
MAP (Muon Accelerator Program) - Sy e
Proton driven scheme
Reduction of the proton driver front end cooling acceleration
longitudinal and @
transverse emittance I G =i
with a sequence of . 5 852 E B[S R w Q w o
absorbers and RF £ CMOERERSl 8 2 5 ~ S 8
. : : = g 2222 gl o 8§ G w 8 O
cavities in a high 3 S IS88 =l 9 52 o ® _
. S = 20 sle 5§ © =© © £ accelerators:
magnetic field. = 5 linacs, RLA or FFAG, RCS




Muon Collider Project - Exploring the Multi-TeV scale

Muon collider as a Higgs Factory? Muon Collider at 3 TeV
In principle could do everything as an e e~ collider with a much Notable result reach on trilinear
smaller ring! However the luminosity is estimated to be 2 orders coupling from di-Higgs production
of magnitude smaller at 240 GeV. Ay ~ 20 %

However at 125 GeV the s-channel production is 40,000 times

larger (and a beam spread ~width). Muon Collider at 14 TeV

Quartic couplings studies show (see paper)

Collider ,LL0011125 FCC-66240_>365
Lumi (ab~") | 0.005 | 5+ 02+ 1.5
Years 6 to 10 3+1+4
guzz (%) SM 0.17
JHWW (%) 3.9 0.43
gubb (70) 3.8 0.61

gtice () SM 1.21
GHgeg () SM 1.01
gurr (%) 6.2 0.74
gy (%) 3.6 9.0

gu~~ (%) SM 3.9

'y (%) 6.1 1.3

my (MeV) 0.1 10.
BRinv M 1
BREXO( 7(0%)) gM 01.09 Assuming 4; = 1 and 33 ab~! could reach 50%

precision of the Higgs boson quartic coupling.


https://arxiv.org/pdf/2003.13628.pdf

Muon Collider Project - Exploring the Multi-TeV scale

Muon collider as a Higgs Factory? Muon Collider at 3 TeV
In principle could do everything as an e e~ collider with a much Notable result reach on trilinear
smaller ring! However the luminosity is estimated to be 2 orders coupling from di-Higgs production
of magnitude smaller at 240 GeV. Ay ~ 20 %

However at 125 GeV the s-channel production is 40,000 times

larger (and a beam spread ~width). Conceptual and design challenges

- High neutrino flux (requires mitigation above 3 TeV)

Collider uColli2s FCC-66240_>365 .
Lumi (ab™1) | 0.005 5+ 02+ 1.5 - Beam backgrounds challenge to detector design.
Years 6 to 10 3+1+4 - Production, cooling and preservation of the muons!
guzz (70) SM 0.17 Constant muon decays bring beam backgrounds,

gaww (%) 3.9 0.43 and radiation levels similar to LHC!

gubb (Y0) 3.8 0.61

guce () SM 1.21 E—
gugg () SM 1.01 = o
gurr (%) 6.2 0.74 - o
JHpup (%) 3.6 9.0

g~ (%) SM 3.9 e T -2 AN SR
BRiny (%) SM 0.19

BRexo (%) SM 1.0




Other Projects

- Linear electron-positron colliders using plasma wake field acceleration, two proposals have been made (using beam driven PWFA)

- Higgs factory proposal based on proton driven PWFA - see paper

- Asymmetric (lower energy positron as their energy is a limiting
factor) proposal based on electron bunch driven PWFA - see paper

Main Accelerator

< — >
Facility length: ~3.3 km Tur-around loops
Positron Damping rings _ (31 GeV e*/drivers)
source (3 GeV) Driver source, RE | P P
Interacti int B - RF linac (5 GeV) inac Electron
n erec\ac '\7" poin (5-31 GeV e*/drivers) source P P
(250 GeV c.o.m.) $333333>1 i i
------ > > [S55 55555555555 5555 555555555555 55555555555 e- Delivery Ring
2o-So-toopcod Sl T e
_—
Beam-delivery system AE nac
Beam-delivery system Positron transfer line (500 GeV &) (16:1282:-332955\1;0:?;: 0 (5 GeVe)
with turn-around loop (31 GeV &%) g ~ P g | P source P source
(31 GeV e’) Scale:500m
Energy Energy
Recovery ’ Recovery
IP

3000 m

- Photon collider - e.g. could be an option as an extension of linear e*e™ colliders

- Electron-proton collider at the FCC (or the LHC) at 3.5 TeV with 60 GeV electron ERL - Part of the broad framework of the FCC project!
(Side note the FCC could also be a formidable HI and electron-ion collider with up to 39 TeV and 2 TeV NN and eN COM energy!)


https://inspirehep.net/literature/2643815
https://arxiv.org/pdf/2401.14765.pdf

Outlook

The LHC has been already extremely successful and has a very broad and ambitious physics program, going well

beyond what was initial foreseen through detector, computational, and theoretical breakthroughs. The physics
reach of LHC pushes the challenges of future projects!

The community has been incredibly creative with proposals of future projects, that push the limits of what is
feasible, and provide answers to any possible scenario of new physics appearing at the LHC.

With the LHC entering its HL phase and the LHC Run 2 results now established, a timely decision for the next large scale
project is needed! In order to start as early as possible in the 2040’s a decision is needed now.

Following the 2020 European Strategy, the community has made huge progress on the feasibility study of the FCC project which
Is foreseen to be completed by March 2025.

CERN has The council of March 2024 has decided to start immediately the European Strategy process and set the input
submission at the date of the completion of the FCC feasibility study (essential element of the strategy).

The physics possibilities are formidable! So are also the technical, economic, geopolitical and environmental
challenges of these project.

It is now time to decide what the next large scale project beyond the LHC!






The LHC, where do we stand?

Similar numbers for CMS!
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Typical data taking and
data quality efficiency 90%
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Mean Number of Interactions per Crossing Day in 2023
Huge number of lessons learned on how to mitigate PU - 2023 operations: Excellent availability but unfortunate incident
Object reconstruction and trigger so far PU resilient! (in IT.L8) due to electric power glitch which provoked a vacuum

leak (impact of 50 days) Delivered 31.9 fb™, target of 75 fb™

ATLAS delivers most precise luminosity measurement at
Tag§: . LHC
e 24 January 2023 | By ATLAS Collaboration

Precision of LHC experiments on the measurement of Luminosity now
better than 1% (see briefing here)!




ete- Ultimate Precision Machine!!

Ultimate precision machine requires ultimate precision detectors!

Analysis work is now strongly oriented towards detector
requirements to achieve the design precision

Drift chamber

Several detector
concepts: CLD, IDEA

and ALLEGRO (Nobel
Liquid concept)

Key aspects are very small amount of material in the inner
detector region for precision track measurements and
precise and highly granular calorimeter (nhumerous concepts)

The FCC-ee interaction region and final
focus!

- Critical to reach highest possible luminosities

- Quadrupole magnets and final focus almost
entirely inside the detector (at 8.4 m) - very
strong requirements to reach nano beams!

B(detector)=2T

Screening solenoid

Cryostat shell

Compensation \

solenoid

QC1L3

LumiCal

N
Cooling QciLl |
Central \

chamber Bellow 1

\ \Trapezoidal y

1P chamber l




Hadron Collider Projects - Exploring the Multi-TeV scale

Dimensions commensurate (slightly larger) with current LHC experiments FCC-hh key detector design challenges

- High luminosity - Extremely large PU, high occupancy and
data rates, high trigger rates

- At FCC-hh Higgs produced up to rapidity of ~6.5 (up to
2.5 at LHO)

- Very high rates for triggering Granularity will be very
important: decay product of a Z at 10 TeV separated by

AR ~ 0.01!

Explore to improve on the resolution at high rapidity

Forward dipole magnet for high pseudo rapidity particles
Drawback: breaks the rotationally symmetric system...
Would be similar to a central CMS and two LHCDbs in the
forward directions!
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Performance Achievements: Trigger

- Run 1 and Run 2: So far excellent trigger and object reconstruction performance in
increasing levels of PU. Trigger Thresholds kept relatively stable throughout.

- The gain in acceptance and in performance with new detectors (to improve PU
mitigation), new algorithms and new computing capabilities is expected to at least match
current experimental performance.

- Keeping Trigger thresholds at similar levels
- Object reconstruction performance (efficiency vs rejection and energy scale and resolution) at stable levels.

- Challenge to come: improve calibrations not only with more data to come but also improved strategies.

Menus at LHC and for HL-LHC

Signature Run 1 Run 2 HL-LHG - Increase readout rate 750-1000 kHz (currently 100 kHz).
Smgle e (isolated) 25 2/ 22/ 27 - Increased latency and higher granularity.
Single photon 120 140 120"
HT 700 700 375 / 350 - Enhanced data processing capabilities, storage rate up
MET 150 200 200 to 10 kHz (currently 1-2 kHz).

From A. Sfyrla LHCP 2018



Performance Achievements: Object Reconstruction

1fb! (13 TeV)

> 1,2 1 | T T 1 l 1 T 1 | L | | I I T ]
Electrons, photons and muons % - CMS pr>22 GeV 1 % F T amas Froimimary  eZollyDatal7 -
. . . . o . . — > - 1 =
- Multivariate methods used for identification (at many levels) S I 2";:?3\:0?)2(58;\? SZ-lyMC
and calibration L £ ' Wl<187,152< In'l<237 E
- In-situ calibration using Z, W, J/Psi and Upsilons S 09 E
J P I = S S S, O S S
2 0.8 o
C — _
Q 0.7— —
Jets/MET = = Unconverted v, FixedCutLoose =
0.6 ) . ]
- JES in situ uncertainty reach ~1% level already (central and - Withoutbkg subtraction =~ 1
intermediate pT range) — using Z, y and multi-jets. Q = S e ol
s " . . . . = mg 1 —— G e gy e @ — R
- PU mitigation using associated tracks (jets and soft term in g 5 0098;’__
M ET) 0 w 10 15 20 25 30 35 40 45 50 55 ” SO
Number of vertices
Taus A~~~ 70 —f 1 1 T [ 1 T 11 LA B B L L L I B A |4C|)C|)3| Rbl-1 |(1|3 |T|e\1/—) 3. 1 .4 rrryrrrrrrrrr T T T T T T T T
. . : . > B ] = imi i
- 0 ~ O - CMS ¢ data, AKB PFCHS A o - ATLAS Preliminary C_)S ey events -
BDT and RNN based identification (/0% eff. and ~50 rej.) 8 oL Prolminary o AKS PF BUBPI S 12 's=13TeV, 431" ti-enriched sample
- In-situ calibration based on Z events A [ eTeioocevhi<is MG AKSPECHS S :
\ B ¢ MC, AK8 PF CHS - = i i
[ MC, AK8 PF PUPPI _— — - ]
% 505 : MC. AK8 PF SK . o 1r Jet %>25 GeV | -~
| 40 e S o8l B
B- and C-jets S . N g )
S . . B0 == R e i R Y 3 -
- In-situ calibration of b-tag efficiency (using top events and/ e — c [ = wm—w .
or diet events) 20 1 2 o4 p>60 GeV -
- DL techniques from low level variables bring significant of Vith PUPP, jet mass and MET & 0ok A N
improvements B become more stable VS. plleup' . “L Jet p 100 GeV ]
O_l — I — l l I — I — l — I — l_ i 1 1 1 l 1 1 1 1 I 1 1 1 1 l 1 1 1 | I 1 1 1 | l | l i

number of reconstructed vertices
Pileup ()



Performance Achievements: Object Reconstruction

Electrons, photons and muons

- Multivariate methods used for identification (at many levels)
and calibration

- In-situ calibration using Z, W, J/Psi and Upsilons

Jets/MET

- JES in situ uncertainty reach ~1% level already (central and
intermediate pT range) — using Z, y and multi-jets.

- PU mitigation using associated tracks (jets and soft term in
MET)

Taus

- BDT and RNN based identification (70% eff. and ~50 rej.)
- In-situ calibration based on Z events

B- and C-jets

- In-situ calibration of b-tag efficiency (using top events and/
or diet events)

- DL techniques from low level variables bring significant
Improvements

Light jet rejection - b tagging efficiency ¢ = 70%

Initial tagger based on track impact parameter
ATLAS-CONF-2011-102

H JetProb 2010

Impact Parameter (IP) and Secondary Vertex (SV) tagger
ATLAS, JINST 11 (2016) P04008

H IP3D-JetFitter/SV1 2011-2012

Tagger combination based on MultiVariate method (MV)
ATLAS, JINST 11 (2016) P04008

H MV1 2014

MV tagger after IBL insertion at Run 2
ATLAS, JINST 13 T05008 (2018)

Hmvzczo - IBL 2018

Deep Learning Neural Network tagger
ATLAS, Eur. Phys. J. C 79 (2019) 970, Eur. Phys. J. C 81 (2021) 1087

GN1 2021

Graph Neural Network tagger
ATL-PHYS-PUB-2022-027

H DL1r* 2019

* Variation in efficiency due to lower jet threshold and improved charm rejection

200 400 600 800 1000 1200 1400 1600
Light jet rejection factor

Reconstruction performance: Well calibrated, robust to PU
and... well exceeding expectations!



Performance Achievements: Trigger

- Run 1 and Run 2: So far excellent trigger and object reconstruction performance in
increasing levels of PU. Trigger Thresholds kept relatively stable throughout.

- The gain in acceptance and in performance with new detectors (to improve PU
mitigation), new algorithms and new computing capabilities is expected to at least match
current experimental performance.

- Keeping Trigger thresholds at similar levels
- Object reconstruction performance (efficiency vs rejection and energy scale and resolution) at stable levels.

- Challenge to come: improve calibrations not only with more data to come but also improved strategies.

Menus at LHC and for HL-LHC

Signature Run 1 Run 2 HL-LHG - Increase readout rate 750-1000 kHz (currently 100 kHz).
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From A. Sfyrla LHCP 2018



Performance Achievements: Object Reconstruction

Electrons, photons and muons

- Multivariate methods used for identification (at many levels)
and calibration

- In-situ calibration using Z, W, J/Psi and Upsilons

Jets/MET

- JES in situ uncertainty reach ~1% level already (central and
intermediate pT range) — using Z, y and multi-jets.

- PU mitigation using associated tracks (jets and soft term in
MET)

Taus

- BDT and RNN based identification (70% eff. and ~50 rej.)
- In-situ calibration based on Z events

B- and C-jets

- In-situ calibration of b-tag efficiency (using top events and/
or diet events)

- DL techniques from low level variables bring significant
Improvements

Light jet rejection - b tagging efficiency ¢ = 70%

Initial tagger based on track impact parameter
ATLAS-CONF-2011-102

H JetProb 2010

H IP3D-JetFitter/SV1 2011-2012

Impact Parameter (IP) and Secondary Vertex (SV) tagger
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* Variation in efficiency due to lower jet threshold and improved charm rejection
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Reconstruction performance: Well calibrated, robust to PU
and... well exceeding expectations!
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Tau magnetic moment and yy — 1t Observation in PbPb
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/STDM-2019-19/
https://atlas.cern/updates/briefing/observation-taupair-heavy-ions
https://twitter.com/ATLASexperiment/status/1516005791324536837

In case you missed it!

nature > collection

]
Theinternationaljournal of science/7july2022 = nature p Ortf()l l O Collection | 04 July 2022

The Higgs boson discovery turns ten

The discovery of the Higgs boson was announced ten years ago on the 4th of July 2012 — an
event that substantially advanced our understanding of the origin of elementary particles’
masses. In this collection of articles from Nature, Nature Physics and Nature Reviews Physics
we celebrate this groundbreaking discovery and reflect on what we have learned about the
Higgs boson over the intervening years.

e
'''''''

| {HIGGS boson  Higgs 10 symposium at CERN

discovery

Probingt
properti
of the
elusiv

CERN news

J 4l7/a@® ATLAS and CMS release results of most comprehensive studies
Juilag== yet of Higgs boson’s properties

B The collaborations have used the largest samples of proton-proton collision data recorded so far by the experiments to
YW@ study the unique particle in unprecedented detail

4 News | Physics | 04 July, 2022
.. CMS news

& Higgs10: When spring 2012 turned to summer

. It was just a few short weeks in mid-2012, but they were so intense that it felt like years. As 4 July drew near, the ATLAS and
A ff-:,,' CMS experiments could sense that they were homing in on something big.

in physics

(AR News | At CERN | 04 July, 2022

'

The ATLAS Collaboration at CERN has released its most comprehensive overview of the Higgs boson. THE HIGGS BOSON TURNS

10 years of Higgs research

The new paper, published in the journal Nature, comes exactly ten years after ATLAS announced the 1 O . R E S U LT S |_- R 0 M T H E
discovery of the Higgs boson. In celebration of this anniversary, a special all-day symposium on the )

Higgs boson is currently underway at CERN. CMS EXPERIMENT

Press Statement | 4 July 2022

04 JUL 2022 | aa AJAFARI | ==

ATLAS news



https://indico.cern.ch/event/1135177/timetable/
https://cms.cern/cms-updates
https://atlas.cern/Updates/News
https://home.cern/news

Single Top polarisation (t-channel)
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2021-027/

Di boson production
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Global PDF Fits

PDF fit (ATLAS)

Using exclusively HERA ep data and ATLAS with the addition of W, Z (+jets), tt, jets, photon differential cross section
measurements (fit done at NNLO in QCD, NLO in EW)
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Top Pair Production at 5.02 TeV
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EXPERIMENT

_ \\ e.d. tri-boson WWW observation ATLAS

Boosted e¢eyr candidate event
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Triboson W=W*WT observation
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Signatures of the Higgs Boson

Production rates at Run 2 (13 TeV) for ~150 fb~1 Decay branching fractions
W,Z
7 OO0 Br(H — WW*) = 22 %
- ) _JE[ ) Gluon fusion process H ____
~8 M events produced Br(H — ZZ%) = 3%
9 00000° W 75
{—s g 1 Vector Boson Fusion
____ H Two forward jets and a large rapidity gap v, Z
q q ~600 k events produced Br(H - yy) =0.2%
< < H o

Br(H —» Zy) = 0.2 %

W and Z Associated Production
~400 k events produced

b.c.t.u  Br(H = bb) = 57%

g N ¢ . Br(H - t7t7)=63%
Vo H Top Assoc. Prod. - Br(H — cc) =3%
. o ~80 k evts produced b,c,T, [k Br(H — u*u~) = 0.02%




Nano Overview of Main Higgs Analyses at (HL) LHC

Most channels already covered at the Run 2 with only 5% (~150 fb-1) of full HL-LHC dataset!
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Very broad overview!
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De-Squeezed Beams Measurements
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Measuring the elastic, total and Inelastic cross sections and more!

A %
\

TOTEM e T SRV 2
i ALy - —tr 110

Q5 ALFA

- > > >[_] >

ALFA - — -

Beam 1 ; Beam 2
Q7 @ Q6 Q4 D1 Q2 ATLAS Q2 D1 Q4 Q6 | Q7

Very special optics runs with beta*® 2.5 km!
250 . . Use Opt. Theorem and simult. fit

oy i 2N .
E [ »oamwss v LHOZoom of total cross section and rho.
5 200l » tower_ energy pp :Z:
- o Cosmic rays » ]
— —— COMPETE HPR1R2 95 E
| — o) 80I00 10(I)00 12(;00
150:—:::5:":3"" p = RefN(O) P = 0.098 = 0.011
[ e 3 Im f5(0)
100
50— Smaller than predicted result indicates
2 i ATLAS Odderon exchange or a slowdown of total
e T T cross section at high 4/s.

s [GeV]

AP RN e

-
il «

Forward detectors (TOTEM and AFP) also used for exclusive processes




The birth of Collider Neutrinos (at the LHC)
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The birth of Collider Neutrinos (at the LHC)
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Filling the Gap Between Accelerator and Cosmic Neutrinos
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Center-of-mass energy /s [GeV]
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Rare Decays

Very rare Landmark FCNC and helicity Observation of 7 — 4u narrow resonance Mass of 548 MeV
suppressed B, — ,u+,u_ decay! (using high rate low threshold triggers)

0—9
Very sensitive to new physics!
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Lepton Flavour Universality

Lepton universality measurements for “on-shell”
W bosons at ATLAS and CMS:

LHCb measurement of RD*
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Key Measurements of Matter-Antimatter Asymmetry*
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Key Measurements of Matter-Antimatter Asymmetry*
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— B~ Veo QL K-
ol W | CMS 116.1 fb~! i < U i < i
é SM no penguins . 0164 | | | o
A . | R . B I B+—>D°}l+, D'—K ;hlh | 7]
S 006 CDF 9.6 fb SR | ek 5o i lLel}rlncnlar‘tg Y Measured from
<] 0.14 —  J00% B0, D’—>h'h" October 2022 interference
| BB All B*—D"h* modes -
LHCb 9 fb_l / O 12 —_ - Beauty and Charm _— between b —> C
0.07 CKM and color - O 1 andb —> u
ATLAS 99.7 fb~1 suppression of D” .1 " -| processes
- -0.3 0.1 0.1 0.3 0.08 1~ n
S[rad] I ]
oo6t+_. 1 0] | —
.. 30 40 50 60 70 80 90
¢, Very sensitive to New Phenomena v [°]
: : o _ +0.9\° :
Many more measurements of CP violation y = (63 8+3.5) y = (65.777) CKMfitter
effects as e.g. in Charm mesons... =37 y = (65.8 +2.2)" UTFit


https://arxiv.org/pdf/2309.09728.pdf
https://lhcb-outreach.web.cern.ch/2023/06/13/precise-measurement-of-the-unitarity-triangle-angle-%CE%B2/

Observation of New States
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Further understanding and modelling quark confinement!

See nice summary page with all references from P. Koppenburg here.


https://www.nikhef.nl/~pkoppenb/particles.html

ATLAS Completed Commissioning of LS2 Upgradesn

ATLAS Phase | (during LS2): New Small Wheels and more!

MUON NEW SMALL WHEELS NEW READOUT SYSTEM FOR THE NSWs LIQUID ARGON

(NSW) The NSW system includes two million micromega readout CALORIMETER

Installed new muon detectors with channels and 350 000 small strip thin-gap chambers New electronics boards installed,
precision tracking and muon selection | (STGC) electronic readout channels. increasing the granularity of

capabilities. Key preparation for the signals used in event selection and

improving trigger performance at
higher luminosity.

See Briefing link

N o
" —
] ]

TRIGGER AND DATA NEW MUON CHAMBERS IN THE CENTRE ATLAS FORWARD PROTON
ACQUISITION SYSTEM (TDAQ) OF ATLAS (AFP)

Upgraded hardware and software Installed small monitored drift tube (sSMDT) detectors Re-designed AFP time-of-flight
allowing the trigger to spot a wider alongside a new generation of resistive plate chamber detector, allowing insertion into the
range of collision events while (RPC) detectors, extending the trigger coverage in LHC beamline with a new “out-of-

maintaining the same acceptance rate. preparation for the HL-LHC. vacuum?” solution.


https://atlas.cern/updates/news/NSW-complete

CMS Completed Commissioning of LS2 Upgrades :

CMS Phase | (during LS2): New inner most pixel layer and more!

BEAM PIPE

Replaced with an entirely new one
compatible with the future tracker
upgrade for HL-LHC, improving the
vacuum and reducing activation.

HADRON
CALORIMETER

New on-detector electronics
installed to reduce noise
and improve energy
measurement in the
calorimeter.

PIXEL TRACKER
All-new innermost barrel pixel layer,

in addition to maintenance and repair
work and other upgrades.

New generation of detectors
for monitoring LHC beam
conditions and luminosity.

CATHODE STRIP

CHAMBERS (CSC)

SOLENOID MAGNET

New powering system to
prevent full power cycles
in the event of powering

| problems, saving valuable
time for physics during
collisions and extending
the magnet lifetime.

Read-out electronics upgraded
on all the 180 CSC muon
chambers allowing performance
to be maintained in HL-LHC
conditions.

GAS ELECTRON
MULTIPLIER (GEM)

A DETECTORS

i An entire new station of detectors
installed in the endcap-muon
system to provide precise muon

tracking despite higher particle
rates of HL-LHC.

9

See EP News link



https://ep-news.web.cern.ch/content/successful-installation-cms-pixel-tracker

LHCb Major LS2 Upgrade

80
LHCb Upgrade | (during LS2): essentially a new detector! New VELO pixel detector and SciFi-Tracker with
VELO: NEW SILICON PIXEL RICH1 RICH2 1 1 5000km Of SCinti”ating fibreS!
DETECTOR New optics of RICH.1 mirrors, with New multi-anode photomultipliers _ ] .
rtx Loctor VELO)repiaced b larger curvature radius. sl Outstanding work during YETS: Replacement of RF foil*
R deformed in the vacuum incident in January 2023 implied

Vertex Locator (VELO) with 49 mm gap operations ~16
weeks work program. Done!

-1000 -750 -500 -2950 0 250 500 750 1000
z [mm]
} B Sl | 1 | - ’ charged particle track
Ul ©* reconstructed by the ¥,
VELO

Y
kmnm Interaction
particle from with material
pp or pAr collision

R

/

Gap
TRACKER: New UT TRACKER: SCI-FI FRONT-END ELECTRONICS
New high granularity silicon Three new scintillating fibre tracker All front-end electronics (i.e. those
microstrip upstream tracker (UT). (Sci-Fi) stations. connected directly to the detectors) *RF box protects VELO electronics agains RF

have been modified. interference from pulsed beams


https://indico.cern.ch/event/1378300/contributions/5793010/attachments/2809204/4902520/LHCC_LHCb_Zhovkovska.pdf

LHC Machine Towards Major LS3 Upgrades

NEW TECHNOLOGIES FOR THE HIGH-LUMINOSITY LHC CERN sit

Front page of the CERNCOURIE .

January/February 2024 cernco rnational high-energy physics

CIVIL ENGINEERING “CRAB” CAVITIES CERN Courier says | HIGH-LUMINOSITY LHC
2 new 300-metre service 16 superconducting “crab” cavities for \

. - I M .
tunnels and 2 shafts near the ATLAS and CMS experiments to It al I | ‘

ATLAS and CMS. tilt the beams before collisions.

LS3 installation
fully on track!

Nb3Sn series magnets manufactured at
Fermilab arrived at CERN! See CERN News.

FOCUSING MAGNETS

12 more powerful quadrupole magnets
for the ATLAS and CMS experiments,
designed to provide the final focusing

of the beams before collisions.

{

e won ACPTY ACPEO ACPS4 ACPES ACPSS

g N
< -
‘ m e L= MY %
¢
....... ( [
————

o —
Sl
- |

;pIUs

lsbaratories
o
SUPERCONDUCTING LINKS COLLIMATORS CRYSTAL COLLIMATORS '
Electrical transmission lines based on a high- 15 to 20 additional collimators and New crystal collimators in the
temperature superconductor to carry the very replacement of 60 collimators with IR7 cleaning insertion to improve
high DC currents to the magnets from the improved performance to reinforce cleaning efficiency during
powering systems installed in the new service machine protection. operation with ion beams.

tunnels near ATLAS and CMS.



https://home.cern/science/accelerators/high-luminosity-lhc/technologies
https://home.web.cern.ch/news/news/accelerators/hi-lumi-news-first-magnet-us-accelerator-upgrade-project-shipped-cern

ATLAS Towards Major LS3 Upgrades

A new ATLAS for the high-luminosity era Feature link

18 January 2023 | By Stefan Guindon, Christian Ohm, Caterina Vernieri
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improved muon coverage new and upgraded forward

and luminosity detectors ,
trigger and DAQ

increased readout rates
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ITk — the new all-Si tracker

new High-Granularity
Timing Detector (HGTD)



https://atlas.cern/Updates/Feature/High-Luminosity-ATLAS

ATLAS Towards Major LS3 Upgrades

ACCELERATORS | FEATURE

CMS prepares for Phase 11

9 January 2023

Trigger/HLT/DAQ

e Track information in L1-Trigger
e L1-Trigger: 12.5 ms latency - output 750 kHz
* HLT output 7.5 kHz

New Endcap
Calorimeters

¢ Rad. tolerant — high granularity
® 3D capable

New Tracker

e Rad. tolerant — high granularity -
significant less material

® 40 MHz selective readout (pT>2 GeV)
in Outer Tracker for L1 -Trigger

e Extended coverage to h=4

MIP Precision Timing Detector

e Barrel: Crystal +SiPM
® Endcap: Low Gain Avalanche Diodes

From CLASSE (Cornell)

CERN Courier
article link

Barrel ECAL/HCAL

* Replace FE/BE electronics
* Lower ECAL operating temp. (8 °C)

6x APxF (VU13P) 6x APd) (VUSP)

’

Muon Systems

' ® Replace DT & CSC FE/BE Electronics
® Complete RPC coverage in region 1.5<h<2.4
® Muon tagging 2.4<h<3

J
J



https://cerncourier.com/a/cms-prepares-for-phase-ii/
https://www.classe.cornell.edu/NewsAndEvents/CLASSENewsCMS180129Ryan.html

ATLAS

EXPERIMENT

Run: 283429
Event: 2254956594
2015-10-27 04:23:45 CEST

f
my = 124.0 GeV r Thad
p =237 GV /A
EHIISS
T

-
7-had

CP properties of the
tau Yukawa

through polarisation
correlations in

H — V1~ decay

Boosted H — 777~

candidate event


https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2021-053/

Higgs Yukawa to taus CP Properties

A - -
7‘% (k) piby + ik hap py50p)

Higgs boson couplings to fermions could be an important
source of CP violation!

However constrained through indirect probes e.g. electron
(and neutron) EDM very suppressed in the SM (where it
arises at four loops)

de _ 5
L — X Grme |Crekt + CoKekiy)
t 1
2
! v, Z f (%)
h

<1.1107%° cm

. . (&
From J. Brod., U. Haisch ACME Il limit: ==

and J. Zupan 2013

Assuming electron Yukawa SM  k+ < 0.001

The electron EDM constraint is weaker for taus ~,- < 0.3

Use tau polarisation variables in tau
decays of the Higgs boson!

H—-o 1t > natn +2v

Tau

transverse
Zero Momentum spin
correlation
Frame sensitive
variable
mr _ . —.
LHrr = K+ (COS . TT +8in ¢ TiysT)H
v

Fit the ¢, parameter to the ¢,

Pure CP-Odd hypothesis excluded at 3.40

¢.=9%=%5(sys) = 16 (stat)




Invisible Higgs Decays

Searches for Dark Matter through Higgs Boson Decays!

1 I I | i I I

> o — L L L L L
P = 1 E ; i
1 09F ATLAS — Observed - = L ATLAS =
E 0.8 = (s=7Tev,47f'" ... Expected 3 § 1077 F *\\ 5= 7TeV, 47 ' =
o “CF (s =8 TeV, 20.3 ft' T = - % Vs= 8TeV, 203" ]
= = 1 i . ) 47
£ 0.7 = Vs =13 TeV, 139 fb' + 26 ERERT s \\ \s=13TeV, 1391b =
= = S i .
E 06 :_ —: b C -
% — - — —
S 05 :_ _E 10—45 - —
O 0.4 = i
o = ieeeeeeen - -
EO 03 _E ----------------- —: 10—49 _
03 B _— - —
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P & i > S S ©" -1
5@\ 6 xé(\’\\ "{\X \\\X % x?/\ Q/C)O(Q\ \006\ Q/C)O(Q 1 O
& 1 W q\x\\x

Upper limit on the H—invisible branching of 0.107 (0.077) at the 95% CL
In the SM the H—invisible branching of 0.1%

Should reach 2% level at HL-LHC! Major milestone for Run 3



Precise Determination of o using Z — £~

Measurement of the differential ATLA'S P E—— '
ATLAS measurement using on the full-lepton phase space Z cross o 7S=Category Averages PDG 2022
- : Preliminary -@- Lattice Average FLAG 2021
Sudakof peak in pT, based on section! _@- World Average PDG 2022
i @ ATLAS Zp_8TeV
resummed calculations
1 1 — ATLAS ATEEC o U189 000 =1
> - ATLAS Preliminary - CMS jets ® 0.1170 + 0.0019
ci i | W, Z inclusive @ 0.1188 + 0.0016
.8' _8_'_0.06 — - —e— Data - ttinclusive | T el 0.1177 £ 0.0034
~lo : —— - stat. ® SYSt. : T decays 0.1178 £ 0.0019
) T QQ bound states 0.1181 + 0.0037
0.041 —— B PDF fits © 0.1162 + 0.0020
—o—
I —— ] e*e jets and shapes ® 0.1171 £ 0.0031
0.02 —— — Electroweak fit | _______ | _______| N UASOREOI0RE
PP —Z —— o Lattice. . ____________ | _______. P oo e i
-6 16V, 20.2 fb1 . . o Worldaverage ________ | _______| I 0.1179 0.0009
ey B ) ' n ATLAS Z p_ 8 TeV | -I." | I0.1 183 = 0.00PQ
3 11— == Cute+MCFM ! 0.115 0.12 0.125 0.13
2 oy (m)
8 Precision on par with lattice QCD and
I | world average!
= .
O I .
e 1.1 Radish n EN 0.122 ATLAS Prelilminary pp — ZI ]
RS, - - o & ; 1205_ 8 TeV, 20.2 fo! _f
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e - L ’
Py ' precise TH 0.112F MSHT20 PDF =
Comparisons done at N3LO-N4LL predictions! 0110 .~z -

with N3LO PDFs !!! 0108



W Mass Puzzle

Improved ATLAS result weighs in on W boson

An improved ATLAS measurement of the W boson mass is in line with the Standard Model of particle physics

Measurements at LHC from
ATLAS and LHCDb

Press release | Physics | 23 March, 2023

CERN press release

Overview of m,,, Measurements

I LEP Contination | ATLAS Preliminary = ® =
(s=7TeV, 46" 1
DO (Run 2) | - . . .
1k - Recent W mass update from ATLAS is agreeing even more with
| the SM prediction
&25&%%%3&2-254-9% e
Several small improvements, but mostly relying on the huge
B wicbzo22 | L _._ """""""""""""" analysis effort of the first 7 TeV
LA 2017 | | 5 - The tension with the CDF W mass is larger between ATLAS
arXiv:1701.07240 Elz‘:s::mem _ — (Only) and CDF 3-40- now 46
ATLAS 2023 Bl Total Unc. : j :
s werk ~ 1SM Prediction — : :
; HE =L - (Tension of CDF measurement with the SM 7o)
80200 80300 80400
m,, [MeV] Where do we go from here?
Significant evidence of measurement systematic bias: would
Mw = 80360+ (stat) +15(syst) = 80360 +16 MeV need a collective effort to understand this puzzle!

mw = 80370 +19 MeV More measure precise measurements to come at the LHC!


https://home.cern/news/press-release/physics/improved-atlas-result-weighs-w-boson

Quantum Information at High Energies

The spin configurations at threshold
production i.e. §, ~ O the gg — ffis
dominated by the “singlet” spin
configuration, which is a pure,

superposed and maximally entangled
Bell state:

1
$(|H>—|H>)

In top pair production at the LHC, top quarks are not produced polarised, however
in the gluon dominated production (90%) a spin correlation exists.

Spin correlations pp — tt already measured, however could be used to demonstrate that
the two tops are in a non separable state (i.e. entangled).

The lifetime of the top quark is shorter than the timescale for hadronisation (~1 0 s) and much
shorter than the spin decorrelation time (~1O'21 s) the spin information of the top quark is therefore

Measure of entanglement level:
The trace of the three dimensional
spin correlation matrix C (in the base
illustrate here)

D = tr[C]/3 < -1/3

Analysis by ATLAS using fully leptonic electron/muon top pair events
measuring D at the particle level in the near-threshold region [340, 380] GeV

D = —0.547 £ 0.002 (stat) £ 0.021 (syst)

Unambiguous observation of entanglement!


https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2021-027/

Four Top Quarks Production
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5 g and very intricate final i ariv:2212.09259
. T : " 2¢SS —o— 4.0
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http://cdsweb.cern.ch/record/2759644/files/ATLAS-CONF-2021-013.pdf

Evidence for H — y*£ ¢~

Run: 331951 o K Run: 339387
Event: 334662243 . N Event: 812083095

EXPERIMENT °7/ 700 ioedes onst BN | EXYPERIMENT 200710728 09:47:43 cst



Evidence for H — y*¢/ ¢/~ and H — Zy

7 g

AVAVAY,
~ 0)
o | / H S v+ ~2.3%X
W< Key experimental challenge: low Field tensor coupling Br(yy)
N e dilepton mass! Required a new not measured yet! 7/ -
reconstruction technique R4
Mypte- < 50 GeV Combined ATLAS and CMS mass spectrum!
% :l I | | | | I | | | | I | | | | I | | | | I | | | | I | | | | I I:
. . : o [ ATLAS and CMS Preliminary ]
Merged electron reconstruction where a calorimeter (electron-like) cluster % 8OF | 1o Run o ¢ Data —
IS associated to two tracks and conversions are carefully rejected! E, 505_ — Signal + background _
e _g - ---- Background -
c>>* - ' _ ' ' o = = > 30— T Qo B 7]
S - ATLAS Simulation — H—>y*y—eey yield :16 f Q - -- Bkg £ 401 —
5 05] s=13TeV, 139107 — Ky y—uuy yield ., 2 O o5 - Bkg+H—>yy 1 2 r .
R 175 ® i, — Bkg +H—>yy +Sig (u=1.5) = i
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o - F Si | effici . B D 20_— — B ]
o ;9227/9 iciencies: 10 g : ¢ ' - ’
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S & ee merged :8 i > -
<<):J 0_2;‘““ L ee resolved 6 10:_ N é 2_—
O oo, sstates " ATLAS ] | -
0.1 - ° o Bk 5 Vs=13TeV, 139 fb™ o 8 0
T . o L In(1+ Sa/ Bu) weighted sum : S L | | | | | | |
| PO O OOo0000 DDODQ'QM!!' - 2= [ T [ T [ T L1 1 1 [ T I I —+
100“_3 EPT=R e 1wwww«{6w‘o . 115 120 125 130 135 140 145
Born-level m, [GeV] 0 g mzy [GeV]
| :
2 0 *
N oy T % Combined search yields 3.4c observed and 1.6c expected

Expected 2.1o
Observed 3.20

110715 120 125 130 135 140 145 150 155 160
my, [GeV]

Phys. Lett. B 819 (2021) 136412

(consistent with the SM expectation at the 1.90): First evidence!

HL-LHC ~10%



https://arxiv.org/pdf/2103.10322.pdf

Off Shell HVV Couplings and Width

Off Shell Higgs boson to VV couplings Higgs Boson width Thought to be impossible at the LHC!
g g Assumption of Standard Model and comparison to on shell allows for a
TO000) 4 < z measurement of the width of the Higgs boson!
H
y > i y 2 2 2 2
00000 z —VV\V 7 [y = boffshell  pSM (Kt KV )on shell = (K{ KV )of f shell

Hon shell

Study the 4-leptons spectrum in the high mass regime

where the Higgs boson acts as a propagator
99 propag Yielding measurements of the Higgs width (CMS PRD 99):

Negative interference between s-channel Higgs and di-

. . _ +2.4
boson production through gluon fusion... FH — 3.2_1 . MeV
10000 _Igg (— HI) — W‘VIVJr - ﬁﬁelzw, MH=I125GeV_ ;
L pp, /s = 8TeV, standard cuts | 0 - . 3 6
— 100 | HP+cont?] ™ Evidence for Off-Shell production at 5.00
?‘5 _ —_— ’H—l—cont|2
= 1L —— Hoffshell ]
=, | ---- Hzwa |
= ol _ at HL-LHC:
= | _ _
%0.0001 ) l‘ _ F _ 4 1 + 1.0  Preliminary HL-LHC results show that a reasonable
S AN Kauer-Passarino | H —=*1_11 sensitivity can be obtained with 3 ab™
1e-06 \\\ Caola-Melnikov
Le08 | T ' Remarkable result to follow closely at Run 3!

100 200 300 400 500 600 How much better can be done at HL-LHC?


http://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-18-002/index.html
https://arxiv.org/pdf/1307.4935.pdf
https://inspirehep.net/literature/1119059

The Yukawa coupling to charm

94

Use of state-of-the-art ML techniques Particle Net uses
Dynamic Graph CNN

138 fb™' (13 TeV)

CMS —4— Observed I VH(H—cC), u=7.7
|:| Z+jets |:| W+jets
Merged-jet [t B single top
All categories [ ] vv(other) [ ]vz(@Z—cc)
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Higgs boson candidate mass [GeV]

Constraints on charm Yukawa 1.1 < k. < 5.5
Yields a precision on k. of ~40% per experiment at HL-LHC

New perspective at the LHC!



https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2021-021/
https://arxiv.org/pdf/1902.08570.pdf

CMS Experiment at the LHC, CERN
Data recorded: 2018-Aug-27 18:16:09.757504 GMT
Run/ Event/LS: 321879/ 102476714 / 86

CMS Experiment at the LHC, CERN
Data recorded: 2018-Oct-03 01:19:17.320393 GMT
Run/ Event/LS: 323940 / 44997009 / 65

CMS Experiment at the LHC, CERN
Data recorded:; 2018-Jul-14 22:42:55.530432 GMT

Run / Event / LS: 319639 / 961085861 '\
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CMS Experiment at the LHC, CERN
Data recorded: 2016-Aug-05 11:38:36.759040 GMT
Run / Event/LS: 278240 / 2307764905 / 1215
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CMS Experiment at the LHC, CERN

Data recorded: 2018-Sep-30 16:00:48.744704 GMT
Run/ Event/ LS: 323755 / 1382838897 / 755
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Evidence for Second Generation Yukawa Coupling

Very - Approximately 2k events produced but very small signal-to-noise
challenging - Requires a very accurate description of the backgrounds.
channel!

- Gain in sensitivity mass resolution through Brem recovery and exclusively production modes!!

JHEP 01 (2021) 148 137 b (13 TeV) PLB 812
>  frrTr L L L L L L L > 700||||IIIII_
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u=1.19+0.43 Example of impact of thorough analysis improvements! u=12=x0.6
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Also of Reconstruction: e.g. Boosted Techniques!
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b It can play an important role in the measurements of the
£ VBF significance is 3.0 0 (0.9 o) inclusive production at high transverse momentum!
: ggF significance of 1.2 0 (0.9 o)

T e e e e o Extremely interesting for indirect NP constraints!
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Higgs Physics at ete- Colliders

250
1.5M per IP very clean ZH events produced at threshold

200

Cross section (fb)

Approximately 1/3 of the number of ZH events at HL-LHC but in a
much cleaner environment!
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All final states can be very cleanly reconstructed.
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Additional 200k events at 350-365 GeV with approximately 30%
from WW fusion which is interesting for the width measurement
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Fundamental difference with the LHC (and

- Measure o(erte- = HZ) x Br(H — bb, cc, gg, WW, T, vy, pj, other hadron colliders): the width can be
Zy, ...) from each individual final state.

measured from the total HZ cross section!

- Can also measure invisible decays from the reconstructed Z Coupling measurements are less model
boson. dependent!



Higgs Physics at ete- Collider

Threshold production of HZ provides a unique opportunity to ~ 30000 I
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precision (0.9% at 365 GeV).
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The total width of the Higgs can be measured at ~2.5%

level with FCC-ee (240) alone. |
olete” = HZ) x B(H = Z7*) x F—Z
H

Then using the measurement of HZ with the Higgs to ZZ":



Higgs Physics at ete- Collider

Further measurements of the width can be obtained using the WW fusion process as follows:
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Then from the ratio of the following three
measurements:
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K% K K% K 'y K
Use different energy scale assumptions! ox —2 W —Z70 5 — —Z
FH FH Ry Ry, FH

Substantial gain in sensitivity to the total width, using

.. o
higher COM energies and adding FCC-ee (365)! Precision on FH of 1.1%



s-Channel Higgs production and e-Yukawa

Extremely challenging for several reasons:

S. Jadach, R.A. Kycia

(2): with ISR
arXiV:1509.02406

(2): 8v/s = 4 MeV
(3): 8v/s = 8 MeV

1.- The production cross sectionis  o(ee — H) = 1.6 fb will require
extremely large luminosities

)
2.- Given the Higgs width of 4.2 MeV, and extremely small energy spreadis &
necessary - require monochromatization. ’ 0.6

- Default beam spread has delta ~ 100 MeV (no visible resonance) 0.4
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- Requires beam monochromatisation
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- Requires a prior knowledge of the Higgs boson mass of ~couple of

MeV at most! First studies indicate a sensitivity of 0.4¢ per

- Would require huge luminosity and therefore 41Ps. year and per detector (spread of ~6 MeV)

Monochromatization already considered but never used

Monochromatization uses opposite correlation between spatial
position and energy.



Machine Parameters

Running mode Z W ZH tt
Number of IPs 2 4 4 4 4
Beam energy (GeV) 45.6 80 120 182.5
Bunches/beam 12000 15880 688 260 40
Beam current [mA] 1270 1270 134 26.7 4.94
Luminosity /IP [10°* cm™2 s™!] 180 140 21.4 6.9 1.2
Energy loss / turn [GeV] 0.039 0.039 0.37 1.89 10.1
Synchr. Rad. Power [MW]| 100
RF Voltage 400/800 MHz [GV] 0.08/0 0.08/0 1.0/0 21/0 2.1/9.4
Rms bunch length (SR) [mm)] 5.60 5.60 3.55 2.50 1.67
Rms bunch length (+BS) [mm] 13.1 127 7.02 4.45 2.54
Rms hor. emittance €5 , [nm)] 0.71 0.71 2.16 0.67 1.55
Rms vert. emittance €, , [pm] 1.42 1.42 4.32 1.34 3.10
Longit. damping time [turns] 1158 1158 215 64 18
Horizontal IP beta 3} [mm] 110 110 200 300 1000
Vertical IP beta 3; [mm|] 0.7 0.7 1.0 1.0 1.6
Beam lifetime (q+BS+lattice) [min.] 50 250 — <28 <70
Beam lifetime (lum.) [min.] 35 22 16 10 13
4 years 2 yrs 3 yrs S yrs




FCC Physics Case

250
1.5M per IP very clean ZH events produced at threshold

200

Cross section (fb)

Approximately 1/3 of the number of ZH events at HL-LHC but in a
much cleaner environment!
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All final states can be very cleanly reconstructed.
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Additional 200k events at 350-365 GeV with approximately 30%
from WW fusion which is interesting for the width measurement
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Fundamental difference with the LHC (and

- Measure o(erte- = HZ) x Br(H — bb, cc, gg, WW, T, vy, pj, other hadron colliders): the width can be
Zy, ...) from each individual final state.

measured from the total HZ cross section!

- Can also measure invisible decays from the reconstructed Z Coupling measurements are less model
boson. dependent!



High Energy electron-proton Projects

The eh candidate machines 60 GeV Electron ERL added to LHC

Project LHeC FCC-eh Spreader 38m Recombiner 38 Injector
F Compensation Linacl 1008m RF Compensa
Location CERN CERN + Doglegs + Doglegs
+ Matching 96m + Matching 120m
© energy 60 GeV 60 GeV Arcl,3,5 3142m U(ERL) = 1/3 U(LHC) Arc2,4,6 3142m
P energy 7 TeV 50 TeV recormbiner 38 DumpB -
Lumi 0.8 1034 cm'23‘1 15 1034 Cm_28_1 + Matching 20m  Spreader 38m ’ yP
' ' ' Linac2 1008m IP Line 196m
. : Sk/K [%]
Primary program to measure proton PDFs, but also nice 12
additional potential in Higgs physics iy preliminary
Main production process through vector boson fusion 14
12
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Much cleaner environment than pure hadron! Clean enough to make charm Yukawa at good precision and
Good reach in the WW channel. improvement in the b Yukawa as well w.r.t. HL-LHC.
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Where do we Stand at the Energy Frontier?

Two main outcomes of the LHC: The discovery of the Higgs boson and nothing else (so far)

Triumph of the Standard Model?

The SM Lagrangian contains the information about the The Higgs Mechanism... postulates the Higgs field!
dynamics of the considered system.
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Ugliness: number of free parameters (26 altogether)
Beauty: simplicity of these expressions, and not governed by symmetries

iInteractions governed by gauge symmetries
only 3 (EW) and 2 (QCD) parameters!

It cannot be the end of the story (does not include gravity), many important parts
are not (or still poorly) established yet and fundamental questions remain...



