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en years have passed since the first high-energy

| proton-proton collisions took place at the Large

Hadron Collider (LHC). Almost 20 more are foreseen

for the completion of the full LHC programme. The data

collected so far, fromapproximately 150 fb™ of integrated

luminosity overtwo runs (Run1ata centre-of-mass energy

of 7and 8 TeV,and Run 2at13TeV), represent a mere 5% of

the anticipated 3000fb™* that will eventually berecorded.
But already their impact has been monumental.

Three major conclusions can be drawn from these first
10 years. First and foremost, Run 1 has shown that the
Higgsboson - the previouslymissing, lastingredient of the
Standard Model (SM) - exists. Secondly, the exploration of
energy scalesas highas several TeV has further consolidated
therobustness of the SM, providing no compelling evidence
for phenomenabeyond the SM(BSM). Nevertheless, several
discoveries of new phenomenawithin the SMhave emerged,
underscoring the power of the LHC to extend and deepen
our understanding of the SM dynamics, and showing the
unparalleled diversity of phenomena that the LHCcan probe
with unprecedented precision.

Exceeding expectations

Lastbut not least, we note that 10 years of LHC operations,
datataking and data interpretation, have overwhelmingly
surpassed all of our most optimistic expectations. The
accelerator has delivered a larger than expected luminosity,
and the experiments have been able to operate at the top
of their ideal performance and efficiency. Computing, in
particular via the Worldwide LHC Computing Grid, has been
another crucial driver of the LHC’s success. Key ingredi-
entsof precision measurements, such asthe determination
of the LHC luminosity, or of detection efficiencies and of
backgrounds using data-driven techniques beyond any-
one’s expectations, have been obtained thanks to novel and
powerful techniques. The LHC has also successfully provided
avariety of beam andoptics configurations, matching the
needs of different experiments and supporting a broad
research programme. Inaddition tothe core high-energy
goals of the ATLAS and CMS experiments, this has enabled
new studies of flavour physics and of hadron spectroscopy,
of forward-particle production and total hadronic cross
sections. The operations with beams of heavy nuclei have

reached a degree of virtuosity that made it possible to col-
lide not only the anticipated lead beams, but also beams
of xenon, as well as combined proton-lead, photon-lead
and photon-photon collisions, opening the way to a new
generation of studies of matter at high density.
Theoretical calculations have evolved in parallel to the
experimental progress. Calculations that were deemed of
impossible complexity before the start of the LHC have
matured and become reality. Next-to-leading-order (NLO)
theoretical predictions are routinely used by the experi-
ments, thanks toa new generation of automatic tools. The
next frontier, next-to-next-to-leading order (NNLO), has
been attained for many important processes, reaching, in
a few cases, the next-to-next-to-next-to-leading order
(N’LO), and more is coming (CERN Courier April 2017 p18).
Aside from having made these first 10 years an uncon-
ditional success, all these ingredients are the premise for
confident extrapolations of the physics reach of the LHC
programme to come (CERN Courier March/April 2019 p9).
To date, more than 2700 peer-reviewed physics papers
havebeen published by the seven running LHCexperiments
(ALICE, ATLAS, CMS, LHCb, LHCf, MOEDAL and TOTEM).
Approximately 10% of these arerelated to the Higgs boson,
and 30% to searches for BSM phenomena. The remaining
1600 or so report measurements of SM particlesand interac-
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tions, enriching our knowledge of the proton structure and
of the dynamics of strong interactions, of electroweak (EW)
interactions, of flavour properties, and more. In most cases,
the variety, depth and precision of these measurements sur-
passthose obtained by previous experiments using dedicated
facilities. The multi-purpose nature of the LHC complex is
unique, and encompasses scores of independent research
directions. Here it is only possible to highlight a fraction
of the milestone results from the LHC’s expedition so far.

Entering the Higgs world
The discovery by ATLAS and CMS of a new scalar boson in
July 2012, just two years into LHC physics operations, was
acrowning early success. Not only did it mark the end ofa
decades-long search, but it opened a new vista of explo-
ration. At the time of the discovery, very little was known
about the properties and interactions of the newboson. Eight
years on, the picture has come into much sharper focus.
The structure of the Higgs-boson interactions revealed
by the LHC experiments is still incomplete. Its couplings
to the gauge bosons (W, Z, photon and gluons) and to the
heavy third-generation fermions (bottom and top quarks,
and tau leptons) have been detected, and the precision of
these measurements is at best in the range of 5-10%. But
the LHC findings so far have been key to establish that this
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https://arxiv.org/abs/2003.05976

LHC AT 10: THE PHYSICS LEGACY

With just 5% of its ultimate dataset collected
so far, the LHC’s vast and unique physics
programme has already transformed and
enriched our understanding of elementary
particles, writes Michelangelo Mangano.

new particle correctly embodies the main observational
properties of the Higgs boson, as specified by the Brout-
Englert-Guralnik-Hagen-Higgs-Kibble EW-symmetry
breaking mechanism, referred hereafter as “BEH”, a cor-
nerstone of the SM. Tostartwith, the measured couplings
to theW and Zbosons reflect the Higgs’ EW charges andare
proportional to theW and Z masses, consistently with the
properties of a scalar field breaking the SM EW symmetry.
The mass dependence of the Higgs interactions with the
SM fermions is confirmed by the recent ATLAS and CMS
observations of the H—bb and H—tt decays, and of the
associated production of a Higgs boson together with a
tt quark pair (see figure).

These measurements, which during Run 2 of the LHC
have surpassed the five-sigma confidence level, provide the
second critical confirmation that the Higgs fulfills therole
envisaged by the BEH mechanism. The Higgs couplings to
the photonand the gluon (g), which the LHC experiments
have probed viathe H —yydecay and the gg— H production,
provide a third, subtler test. These couplings arise from
acombination of loop-level interactions with several SM
particles, whose interplay could be modified by the presence
of BSM particles, or interactions. The current agreement
with data provides a strong validation of the SM scenario,
while leaving open the possibility that small deviations

Artful science
Detail from

In Search of the
Higgs Boson,
aseries of works
producedbyartist
XavierCortada
incollaboration
withCMS.
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https://cerncourier.com/a/lhc-at-10-the-physics-legacy/
https://arxiv.org/abs/2003.05976

The 10-year legacy of the LHC*

CERN Courier March/April 2020
https://arxiv.org/abs/2003.05976

® The LHC works, and is more powerful than expected !

® The experiments work, and are more precise than expected !
® Theory works, and is more reliable than expected !

® The Higgs exists ...

® ... and nothing else beyond the Standard Model showed up ...

® ... but the spectrum of physics emerged from the LHC is far richer
than expected !

® ... in particular, the precision of the measurements and of their
theoretical interpretations emerged as an outstanding feature and
bonus of high-energy and high-luminosity hadron colliders

* building on the experience (accelerator & detector technology, experiments and
analysis, theoretical understanding) of all colliders that preceded it


https://cerncourier.com/a/lhc-at-10-the-physics-legacy/
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LHC scientific production

Over 3000 papers published/submitted to refereed journals by the 7
experiments* (ALICE, ATLAS, CMS, LHCb, LHCf, TOTEM, MoEDAL)

Of these:
~10% on Higgs (15% if ATLAS+CMS only)
~30% on searches for new physics (35% if ATLAS+CMS only)

~60% of the papers on measurements of “the real world”:
jets, EW, top, b, Hls, ... (70% adding the Higgs ...)

*to be joined in Run3 by two more, new, experiments: FASER & SND@LHC



Not only Higgs and BSM !

Flavour physics
B(s) P HH
D mixing and CP violation in the D system

Measurement of the Y angle, CPV phase s, ...
_epton flavour universality in charge- and neutral-current semileptonic
B decays => possible anomalies ?

QCD dynamics

® (ountless precise measurements of hard cross sections, and improved
determinations of the proton PDF

® [Measurement of total, elastic, inelastic pp cross sections at different energies, new
inputs for the understanding of the dominant reactions in pp collisions

® [xotic spectroscopy: discovery and study of new tetra- and penta-quarks, doubly

heavy baryons, expected sensitivity to glueballs

® Discovery of QGP-like collective phenomena (long-range correlations, strange and
charm enhancement, ...) in “small” systems (pA and pp)

EW param’s and dynamics

®  mw, Miop, SIN20w
® [W interactions at the TeV scale (DY, VV,VVV,VBS,VBF Higgs, ...)



Remarks

® These 3000 papers reflect the underlying existence, at the LHC,
of 100’s of scientifically “independent” experiments, which
historically would have required different detectors and
facilities, built and operated by different communities

® On each of these topics the LHC expts are advancing the
knowledge previously acquired by dedicated facilities

® HERA—PDFs, B-factories—flavour, RHIC—HIs,
LEP/SLC—EWVPT, etc

® Even in the perspective of new dedicated facilities, eg
SuperKEKB or EIC, LHC maintains a key role of competition
and complementarity



The 10-yr LHC legacy of BSM searches:
a small cultural revolution

pre-LHC benchmarks were models designed to solve all
problems at once: hierarchy, DM, g-2, ...

gradual transition to searches in the context of simplified models

BSM model building exploring less obvious scenarios, role of dark

sectors, Higgs portals, often characterized by elusive signatures
(little MET, LLP’s, etc)

Increased access to data, for reinterpretation and recasting:
HEPdata, Rivet, Open Data, ...

Emergence of Effective Field Theory approaches to data
Interpretation...



Key targets for the next phase of LHC

Continued study of the Higgs sector: higher precision, higher dynamical reach,
rarer processes. Eg:

® BR(H—YY) and BR(H—=ZZ*) to the few-% level

® Higgs at high pr, off-shell, high-mass associated production, ...

® Discovery of H= Y, H—=Zy and H—cc, probe H selfcoupling

Pursue further and conclusively establish origin (stat, syst, or BSM?) of current
anomalies in the data (eg LHCb lepton flavour non-univ)

Expand BSM searches to cover new TH ideas, cover models or parameter
regions where Run | & 2 had no sensitivity (challenging trigger, backgrounds,
etc). Eg long-lived particles, light weakly-interacting resonances, compressed
DM spectra, ...

Each bullet in the list 3 slides back is a target for future improved
measurements/calculations/techniques ! In particular:

® get ready to interpret/address possible TH/data discrepancies in
distributions: BSM or systematics?



Measurement of the Drell-Yan triple-differential

cross section in pp collisions at Vs = 8 TeV arxiv:1710.05167
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we must learn how to deal with the small - but significant - discrepancies
that such %-level precision measurements expose ... do they signal
insufficient TH accuracy, the need to improve the proton PDFs, new physics ??
How do we avoid fitting away with PDFs / (s possible mismodeling? 9


https://arxiv.org/pdf/1710.05167.pdf

Colliders beyond the LHC:
the perspective of the skeptical

® the technology skeptical (“too ambitious, too $$”)
® the timescale skeptical (“call me when you're ready”)
® the discovery skeptical (“no guarantee™)

® the precision skeptical (“how boring, who cares™)

so, why do we reeeeally need future colliders ??

10



The next steps in HEP build on

® having important questions to pursue
® creating opportunities to answer them

® being able to constantly add to our knowledge,
while seeking those answers



The important questions

® Data driven:
e DM
® Neutrino masses
® Matter vs antimatter asymmetry
® Dark energy
o
® Theory driven:
® The hierarchy problem and naturalness
® The flavour problem (origin of fermion families, mass/mixing
pattern)

® Quantum gravity

® Origin of inflation
® ...

12



The opportunities

® For none of these questions, the path to an answer is unambiguously defined.

® Two examples:
® DM: could be anything from fuzzy 10-22 eV scalars, to O(TeV) WIMPs, to multi-Me

primordial BHs, passing through axions and sub-GeV DM

® g vast array of expts is needed, even though most of them will end up empty-
handed...

® Neutrino masses: could originate anywhere between the EWV and the GUT scale

® we are still in the process of acquiring basic knowledge about the neutrino
sector: mass hierarchy, majorana nature, sterile neutrinos, CP violation,
correlation with mixing in the charged-lepton sector (U—ey, H—= T, ...):as
for DM, a broad range of options

® We cannot objectively establish a hierarchy of relevance among the fundamental
questions. The hierarchy evolves with time (think of GUTs and proton decay
searches!) and is likely subjective. It is also likely that several of the big questions
are tied together and will find their answer in a common context (eg DM and
hierarchy problem, flavour and nu masses, quantum gravity/inflation/dark energy, ...)

|3



We have no guarantees as to where answers to these questions will come
from, and what are the experiments that will eventually answer them.

But there is one question that can only be addressed by colliders,
and future collider efforts must focus on its thorough exploration

\_/ ‘e'
2

V(H) = - pu2 |H2 + A |H|*

Where does this come from?

| 4



Electromagnetic vs Higgs dynamics

o) g2
B -3 |
r quantized,
In units of
/ fixed charge

J1 X (2

sign fixed
by photon

spin

power determined by gauge
invariance/charge
conservation/Gauss theorem

any function of |HI2 would be

ok wrt known symmetries \

Virr(H) == H+3| !

l

both sign
and value >0 to ensure
totally stability, but

arbitrary otherwise arbitrary



a historical example:
superconductivity

® The relation between the Higgs phenomenon and the SM is similar to
the relation between superconductivity and the Landau-Ginzburg
theory of phase transitions: a quartic potential for a bosonic order
parameter, with negative quadratic term, and the ensuing symmetry
breaking. If superconductivity had been discovered after Landau-
Ginzburg, we would be in a similar situations as we are in today: an
experimentally proven phenomenological model. But we would still lack
a deep understanding of the relevant dynamics.

® For superconductivity, this came later, with the identification of e-e-
Cooper pairs as the underlying order parameter, and BCS theory. In
particle physics, we still don’t know whether the Higgs is built out of
some sort of Cooper pairs (composite Higgs) or whether it is
elementary, and in both cases we have no clue as to what is the
dynamics that generates the Higgs potential. With Cooper pairs it
turned out to be just EM and phonon interactions.With the Higgs, none
of the SM interactions can do this,and we must look beyond.

|6



examples of possible scenarios

® BCS-like: the Higgs is a composite object

® Supersymmetry: the Higgs is a fundamental field and

® A2~ g24+g’2 it is not arbitrary (MSSM, w/out susy breaking, has
one parameter less than SM!)

® potential is fixed by susy & gauge symmetry

® EW symmetry breaking (and thus my and A) determined by the
parameters of SUSY breaking

|7



Other important open issues
on the Higgs sector

* |s the Higgs the only (fundamental?) scalar field, or are there other Higgs-

like states (e.g. H*, A9, H*%, .., EW-singlets, ..

* Do all SM families get their mass from the

* Do I3=1/2 fermions (up-type quarks) get t
field as I3=—1/2 fermions (down-type quar

)?

same Higgs field?

neir mass from the same Higgs
ks and charged leptons)?

* Do Higgs couplings conserve flavour? I

—UT? H—=eT? t—HCd!

* |s there a deep reason for the apparent metastability of the Higgs vacuum?

* |s there a relation among Higgs/EVVSB, baryogenesis, Dark Matter, inflation?
* What happens at the EVV phase transition (PT) during the Big Bang?

* what’s the order of the phase transition!?

* are the conditions realized to allow EWV baryogenesis!?

m) the Higgs discovery does not close the

book, it opens a whole new

chapter of exploration, based on precise measurements of its
properties, which can only rely on a future generation of colliders

|18



The importance of the in-depth exploration of the Higgs
properties was acknowledged by the 2020 update of the
European Strategy for Particle Physics:

“An electron-positron Higgs factory is the
highest-priority next collider”



What are we talking about when

we talk about future colliders?



(D)

link to CDR

e

CEPLZ

link to CDR

Circular ...

pp @ 14 TeV, 3ab- /Approved

2027-38

e ete- @ 91, 160, 240, 365 GeV
e pp @ 100 TeV
® €60Gev Psotev @ 3.5 TeV

in a 100km tunnel around CERN

e ete- @ 91, 240 GeV (but possibly 160 & 350)
e Future possible pp @ ~70 TeV and esoGev P35Tev

in a 100km tunnel in China
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http://cepc.ihep.ac.cn

Future Circular Collider
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.eo liNear

I
I e+te- @ 250, 350, 500 GeV

JL T

TDR 2012,

decision pending

TDR: Technical Design Report

ete- @ 380 GeV, 1.5 & ~3 TeV

CDR 2012+
update ‘16

CDR: Conceptual Design Report
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http://arxiv.org/abs/arXiv:1608.07537

Additional material:
recent reports on future projects
 ILC: Physics Case for the 250 GeV Stage, K. Fujii et al, arxiv:1710.07621
- CLIC: Potential for New Physics, J. de Blas et al,, arxiv:1812.02093

« HL/HE-LHC Physics Workshop reports
« P. Azzi, et al, Standard Model Physics at the HL-LHC and HE-LHC, CERN-
LPCC-2018-03, CERN, Geneva, 2018. https://cds.cern.ch/record/2650160.

- M. Cepeda, et al, Higgs Physics at the HL-LHC and HE-LHC, CERN-
LPCC-2018-04, CERN, Geneva, 2018. https://cds.cern.ch/record/2650162.

- X. Cid-Vidal, et al, Beyond the Standard Model Physics at the HL-LHC and HE-LHC,
CERN-LPCC-2018-05, CERN, Geneva, 2018. https://cds.cern.ch/record/2650173.

- A. Cerri, et al, Flavour Physics at the HL-LHC and HE-LHC, CERN-LPCC-2018-06,
CERN, Geneva, 2018. https://cds.cern.ch/record/2650175.

- Z. Citron,et al, Future physics opportunities for high-density QCD at the LHC with
heavy-ion and proton beams, CERN-LPCC-2018-07, CERN, Geneva, 2018.
arXiv:1812.06772 [hep-ph]. https://cds.cern.ch/record/2650176.

- FCC CDR:

 Vol.1: Physics Opportunities (CERN-ACC-2018-0056) http://cern.ch/go/Ngx7
« Vol.2: The Lepton Machine (CERN-ACC-2018-0057) http://cern.ch/go/7DH9
 Vol.3: The Hadron Machine (CERN-ACC-2018-0058),_http://cern.ch/go/Xrg6
 Vol.4: High-Energy LHC (CERN-ACC-2018-0059) http://cern.ch/go/S9Gq

- "Physics at 100 TeV", CERN Yellow Report: https://arxiv.org/abs/1710.06353

- CEPC CDR: Physics and Detectors



https://arxiv.org/abs/1710.07621
https://arxiv.org/pdf/1812.02093.pdf
http://cern.ch/go/Nqx7
http://cern.ch/go/7DH9
http://cern.ch/go/Xrg6
http://cern.ch/go/S9Gq
https://arxiv.org/abs/1710.06353
http://cepc.ihep.ac.cn/CEPC_CDR_Vol2_Physics-Detector.pdf

BEYOND...

From the deliberation document of the 2020 European Strategy Update:

[...] the accelerator R&D roadmap could contain:

® the R&D for an effective breakthrough in plasma acceleration schemes
(with laser and/or driving beams), as a fundamental step toward future
linear colliders, possibly through intermediate achievements: e.q. building
plasma-based free-electron lasers (FEL). Developments for compact
facilities with a wide variety of applications, in medicine, photonics, etc.,
compatible with university capacities and small and medium-sized
laboratories are promising;

® an international design study for a muon collider, as it represents a
unique opportunity to achieve a multi- TeV energy domain beyond the
reach of e+e- colliders, and potentially within a more compact circular
tunnel than for a hadron collider. The biggest challenge remains to
produce an intense beam of cooled muons, but novel ideas are being
explored;

25



beyond, with electrons (linear)

Multi-TeV e*e- colliders, from plasma wakefield acceleration

The ALEGRO collaboration https:/www.lpgp.u-psud.fr/icfaana/alegro

Reference documents:

https://arxiv.org/pdf/1901.08436.pdf

Table 2.4: LWFA single stage parameters operating at a plasma density of ng = 107 cm=3.

https://arxiv.org/pdf/1901.08436.pdf

Plasma density (wall), ng [cm 2] 107
Plasma wavelength, \,[mm] 0.1
Plasma channel radius, r.[pm] 25
Laser wavelength, A[pzm] |
Normalized laser strength, a 1
Peak laser power, Pr[TW] 34
Laser pulse duration (FWHM), 7 [fs] 133
Laser energy, Uy [J] 4.5

Normalized accelerating field, £,/F, 0.14
Peak accelerating field, £7[GV/m] 4.2

Plasma channel length, L.[m] 2.4
Laser depletion, 7,4 23%
Bunch phase (relative to peak field) /3
Loaded gradient, £,[GV/m] 2.1

Beam beam current, /[kA] 2.5

Charge/bunch, e N, = Q[nC] 0.15
Length (triangular shape), Ly[pm] 36

Efficiency (wake-to-beam), 75%
e~ /e™ energy gain per stage [GeV] 5

Beam energy gain per stage [J] 0.75

3

Example parameter sets for 0.25, 1, 3, 30 TeV center-of-mass LWFA-based colliders.

Energy, center-of-mass, U.,,[TeV]  0.25 1 3 30
Beam energy, ymc? = Up[TeV] 0.125 05 1.5 15

Luminosity, £[10%* s~tem™2 ] 1 1 10 100
Beam power, P,[MW] 1.4 5.5 29 81
Laser repetition rate, f,[kHz] 73 73 131 36
Horiz. beam size at IP, o,[nm)] 50 50 18 0.5
Vert. beam size at IP, o [nm] 1 1 0.5 0.5
Beamstrahlung parameter, Y 0.5 2 16 2890
Beamstrahlung photons, 7. 0.6 05 08 28
Beamstrahlung energy spread, 9., 0.06 008 02 038
Disruption paramter, D, 0.07 0.02 0.05 3.0
Number of stages (1 linac), Ngtage 25 100 300 3000
Distance between stages [m] 0.5 0.5 0.5 0.5

Linac length (1 beam), Liyta[km]  0.07 0.3 0.9 9.0
Average laser power, P,ys[MW] 0.3 03 06 0.17
Efficiency (wall-to-beam)[ %] 9 9 13 13
Wall power (linacs), Pya[MW] 30 120 450 1250

peak accelerating field: 4.2 GeV/meter 2


https://www.lpgp.u-psud.fr/icfaana/alegro
https://arxiv.org/pdf/1901.08436.pdf
https://arxiv.org/pdf/1901.08436.pdf
https://indico.cern.ch/event/765096/contributions/3295514/attachments/1785110/2906014/Addendum_2018_ALEGRO_ESPP.pdf

beyond, with muons (circular)

=> International Muon Collider Design Study* recently set up

Kick-off meeting: https://indico.cern.ch/event/930508/

Proposed Tentative Timeline (2019)

o
g CDRs TDRs
u R&D detectors | Prototypes Large Proto/Slice test
o MDI & detector simulations
Design
Baseline design Design optimisation Project preparatic-
W Test Facility
<
5 Design Construct Exploit Exploit
<
= Technologies
Design / models Prototypes / t. f. comp. Prototypes / pre-series
Ready to decide Ready to commit Ready to
on test facility to collider construct
Cost scale known Cost know
D. Schulte International Muon Collider Design Study, 4

CERN, July 3, 2020

* building on 2 decades of preliminary work, notably within the US Muon Accelerator Program (MAP) 27



https://indico.cern.ch/event/930508/
https://map.fnal.gov

Key question for the future developments of HEP:
Why don’t we see the new physics we expected to
be present around the TeV scale?

® Is the mass scale beyond the LHC reach?

® |Is the mass scale within LHC’s reach, but final states are
elusive to the direct search?

These two scenarios are a priori equally likely, but they impact in
different ways the future of HEP, and thus the assessment of the physics
potential of possible future facilities

Readiness to address both scenarios is the best hedge for the field:
* precision = higher statistics, better detectors and experimental conditions

® sensitivity (to elusive signatures) = ditto

e extended energy/mass reach = higher energy



Remark

the discussion of the future in HEP must start from the
understanding that there is no experiment/facility, proposed
or conceivable, in the lab or in space, accelerator or non-
accelerator driven, which can guarantee discoveries

beyond the SM, and answers to the big questions of the
field

29



The physics potential (the “case”) of a future facility for HEP should
be weighed against criteria such as:

(1) the guaranteed deliverables:
* knowledge that will be acquired independently of possible
discoveries (the value of “measurements™)

(2) the exploration potential:
e target broad and well justified BSM scenarios .... but guarantee
sensitivity to more exotic options
e exploit both direct (large Q2) and indirect (precision) probes

(3) the potential to provide conclusive yes/no answers to relevant,
broad questions.
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(1) the guaranteed deliverables

(2) the exploration potential

(3) conclusive yes/no answers to relevant, broad questions.

In the rest of this talk, I'll give examples of these 3 points from
the perspective of the Future Circular Collider facility (ee, pp, ep)

For more examples and details, look up the FCC CDR volumes cited in a previous slide

The purpose is not to prove superior performance relative to other proposals ...
the judgement is left to the world community, through the ongoing Snowmass

brocess and future European Strategy reviews....

if you feel your preferred collider project is the best, fight for it!!
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What a future circular collider can offer

® (Guaranteed deliverables:

study of Higgs and top quark properties, and exploration of EVWSB
phenomena, with the best possible precision and sensitivity

® Exploration potential:

exploit both direct (large Q2) and indirect (precision) probes

enhanced mass reach for direct exploration at 100 TeV

® F.g. match the mass scales for new physics that could be exposed via
indirect precision measurements in the EW and Higgs sector

® Provide firm Yes/No answers to questions like:

is there a TeV-scale solution to the hierarchy problem?

is DM a thermal WIMP!?

could the cosmological EWV phase transition have been |st order!?
could baryogenesis have taken place during the EVV phase
transition?

could neutrino masses have their origin at the TeV scale!?
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FCC-ee

106

FCC-hh

FCC-eh

H

Event rates: examples

Z
5 1012

H
2.5 1010

108

1017

2.5 106

106

1012

1(<2Z) b(«2) ¢(+2)

310" 151012 1012

W(+t) T(—We1)

1012 107

2107
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(/) guaranteed deliverables: Higgs properties



Sensitivity of various Higgs couplings
to examples of
beyond-the-SM phenomena

arXiv:1310.8361

Model KV Kb Ky
Singlet Mixing ~ 6% ~ 6% ~ 6%
2HDM ~ 1% ~ 10% ~ 1%
Decoupling MSSM  ~ —0.0013% ~ 1.6% ~ —.4%
Composite ~ —3% ~—3=-9)% ~—-9%
Top Partner ~ —2% ~ —2% ~ +1%

=> for evidence of 3o deviations from SM, the
precision goal should be (sub)percent!
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The absolutely unique power of ete- = ZH (circular or linear):
® the model independent absolute measurement of HZZ coupling,
which allows the subsequent:
® sub-7% measurement of couplings toW, Z,b, T
® 7% measurement of couplings to gluon and charm

e
p(H) = p(e-e*) - p(2)
=> [ p(e—e*) — p(Z) ]2 peaks at m2(H)
. reconstruct Higgs events independently of the
¢ Higgs decay mode!
P TR RN R CMS Simulation
3 e ~FCC-ee
- [=—signal : g
g1600:— ﬁ;ﬂmmm 1 year, 1 detector N(ZH) X o(ZH) X gHzz2
§ 1400:_ e YW R
o 1200:— —::vlnw
mo;_ N(ZH[—2Z2Z]) X
m;_ o(ZH) x BR(H—2Z2Z) X
00 gHzz2 X gHzz2/ F(H)
4°°E— => absolute measurement
200} of width and couplings

% 60 70 80 90 100 110 120 130 140 150
Recoil Mass (GeV)

Mrecoil = V [ p(e-e*) — p(2) J?



The absolutely unique power of pp 2 H+X:

® the extraordinary statistics that, complemented by the per-mille e*e-

measurement of eg BR(H—ZZ*), allows
® the sub-% measurement of rarer decay modes
® the ~5% measurement of the Higgs trilinear selfcoupling

® the huge dynamic range (eg pt(H) up to several TeV), which allows to
® probe d>4 EFT operators up to scales of several TeV
® search for multi-TeV resonances decaying to H, or extensions of the
Higgs sector

2.1x109 4o6x108 3.3x108 9o6x 108 3.6x 107

180 170 100 110 530 390

Nioo = Tlo0Tev * 30 ab™!
Ni4s = Ol47ev X 3 ab!



Higgs couplings after FCC-ee / hh

| HL-LHC FCC-ee FCC-hh
OH / T (%) SM | 1.3 tbd
OgHzz / gHzz (%) 1.5 0.17 tbd
OgrHww / grHww (%) 1.7 0.43 tba
SGHbb / GHbb (%) 3.7 0.61 thd
BGHeo / QHoo (%) ~70 1.21 tbd
OQHgg / GHgg (%) 2.5 (gg->H) 1.01 tbd
SgHrr / Grr (%) 1.9 0.74 thd
SQHu: / Qhu (%) | 4.3 9.0 0.65 *)
SGHyy / GHyy (%) 1.8 3.9 0.4 ©)
St / QHt (%) 3.4 ~ ~10 (indirect) | 0.95 )
Sgnzy / GHzy (%) 9.8 — 0.9 )
g+ / grn (%) 50  ~44 (indirect) | 5

BRexo (95%CL) BRiny < 2.5% <1% . BRinv < 0.025%

3>

* From BR ratios wrt B(H—ZZ*) @ FCC-ee
** From pp—ttH / pp—ttZ, using B(H—bb) and ttZ EW coupling @ FCC-ee



(/) guaranteed deliverables: EW observables

The absolutely unique power of €ircular ete-:

ete- > ~Z ete- > WW T(+2) b(—2) c(—2Z)

5 1012 108 3 101 1.5 1012 1012

=> O(109) larger statistics than LEP at the Z peak and WW threshold



EW parameters
@ FCC-ee

Observable present value * error | FCC-ee stat. |FCC-ee syst.
mz (keV) 9118670042200 5 100
[ (keV) 2495200£2300 8 100
RZ (x103) 20767%25 0.06 0.2-1.0
ag (myz) (X10%) 119630 0.1 0.4-1.6
R, (x106) 216290660 0.3 <60
Oiag (X103) (nb) 41541437 0.1 4
N, (X103) 2991+7 0.005 1
sin?0%it (x109) 231480£160 3 2-5
1/aqep(mz) (X10%) 128952414 4 Small
ARD (x10%) 992416 0.02 1-3
AP (x104) 1498:+49 0.15 <2
my (MeV) 80350%15 0.6 0.3
[w (MeV) 2085+42 1.5 0.3
as (my) (X104 1170£420 3 Small
N, (x103) 2920450 0.8 Small
Miop (MeV) 172740500 20 Small
Cwop MeV) 1410190 40 Small
Atop/Asop 1.240.3 0.08 Small
ttZ couplings +30% 0.5-1.5% Small




(2) Direct discovery reach at high mass: the
power of 100 TeV



ATLAS SUSY Searches* - 95% CL Lower Limits

ATLAS Preliminary

March 2019 Vi=13TeV
Model Signature  [£drin) Mass limit Reference
v v v ——rrr v v v —
3, §—gty Ocp  26jels £ 361 145 i 100 GaV 2N
mono-jot 1.3 jots ks - 3% on N,-.,.m-qf;.so.v 1791 03301
22, oty Oep 26jets FP™ 1 |k 20 ] <200 GeV 171202002
? Forteaden 0.951.6 raif’) j=000 GaV 202332
%, - 1OF] 3ep 4 ots s |k 183 a1 <000 CGaV 1706.09731
ee. 2s O~ 31 |k 1.2 mHE}mT" =20 GaV 1805.11381
22, D) Qep T1ljets EF* 361 |} 18 mi) <400 GaV 1708 62794
‘ Jen 4 s »;1 | » 0ss MM 200 GeV 1706.63731
H, gty Ot ar L~ s |k 225 rif § <200 GaV ATLAS CONF 2018241
Jep 4 pts %1 H 1.23 G e300 GaV 17080370
bbby bt kT Mutiole 31 |5 Fortvdden 09 w200 Ge, BRI =1 170800206, 1711 03301
Mutigie »1 5 Fortacston ossan? mE)) S006eV, BAY) BRIk;) 05 170809206
Mutipie axr |5 Fortioden 07 et 1=200 GV, w1} =300 Gel. BRI | j=1 170663734
Buby, By at; < i) Qe €b nF* 19 & Forbicden 0.23.1.35 amik} E1=120GaV, mif )= 100Gav SUSY-2018-31
b 023048 A, 1130 GaV, i -0 GaV SUsY20am
I0y, T —sWhk} or it 02ep O2jets26L7™ 3381 |& 1.0 i1 GaV 1506,0061 6, 170504163, 1711,11420
i £ 1., Well.Tempered LS? Mutipie %1 Q 0.48-0.04 i 1=150 QeV, =T, pnii}| =5 0eV i « 7, V70004083, 171111420
g Bh, b=t by, 10 Tratepr 2jes E~ 381 |4 116 (800 GaV 160310178
1. iy, Fr—eeky 100, d—cky Qe 2¢ B s |2 0.8 it 10GeV 103 01645
h 046 7 s =50 GaV 1E05.0 9649
Oep mono-pet  EFY 381 i 043 i LM -5GeV 171109301
Ll By—é 4 b 12eu 4b [ A 5 0.J2-000 ()0 G, (i il )= 130 GeV 108 oes
i vawz 29 ¢ep AL X B B s ~i) 0 1400.5294. 1006.02293
o, z! M R t}pﬁ o7 ol e =10 GaV 7208119
GET viaww 2ep By 1 | 042 ~i)-0 ATLAS-CONF 2010008
EFES va W Ol ey 2h P 3sy | EE 068 a0 184209432
£y Xy wia B e 2en I o 1% | 10 R e P ] ATLAS-CONF 2015008
ag RiR 185, 27 o twtri) B2 o r0v9) 2r - T B 078 wif)al, m(r. P smiE S Jem(iT ) 170807875
i‘hﬂ 022 mei T rmiET) 100 G, mer. Y0 5miE T emiE] 1) 170807475
W A BN 2ep Ojts L+ 1390 |7 07 o ATLAS CONF 2018.004
2em =1 L 2 I .10 wini -5 Gev 712.08119
11, N=siir Qe 236 7™ 381 @ 0.13.023 0.29-088 BRI, = ).t 1608, 04090
Lo 0 pts M- A 1] 03 BREY, . s0)e W04 00802
Direct £ 47 prod., long-ived &7 Disapp.trk  tjee  ET™ 381 |E} 048 Puse Wieo mzens
Rf 018 Pute Hgguns ATLPHYS-PUB.2017-019
Stablo  R-hadron Mutipio s |5 20 1902 51838,1856 04005
Metastatic § R-hadeon, §-sqyt; Muatipio %1 AR A s 2.4 )= 100 Gav 1710,08301,1808 04096
LFV ppat, « X, —aepifer[pur HeTIT 32 i 19 U =019, 4 =007 607 00075
B0, 150 < WWLil ey deyp Opts 7™ 361 133 i )-100 Gav 1604 00802
23, gt B = o 45 Lwege-& pats 31 19 Large X, 1804 03568
E Mutiple 351 20 (7 )=200 GV, bino 8w ATLAS CONF 2078000
0T, f=atk], £ = s Mtiple 351 (T 1200 GaV, bimo e ATLAS CONF 2018003
fidy, Ty —obn 210+ 20 a7 [ 3] : 7RI
Tiiy, Ty —oqt 2ep 2b :s1 |4 0.4-1.45 i Ao 20 1790.05564
10 oV 138 1.6 3R, gl 0O, D o ATLAS-CONF-2015-006
2 " 2 2 lI 1 1 P | i i i 2 " e \_
‘Only a sefection of the avaiable mass hmifs on new sfates or 10-' 1 ”“8 m" [T.vl i

phancmena is shown. Many of the limits are based cn
simpified models, ¢ . refs. for the assumpbions made

214 TeV

@100 TeV
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s=Cchannel resonances

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

Q* — i

5 ciDiscoveryé
25ab"

W30 ab”

100 ab’”

7', —tt

L' — tt

.
GRS - WW

'y — 1T

' + -
L'y > T7T

0 10 20 30 40 50
Mass scale [TeV]

FCC-hh reach ~ 6 x HL-LHC reach
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SUSY reach at 100 TeV

Early phenomenology studies

95% CL Limits
. 14TeV,0.3ab"
P 14 TeV, 3 ab™

5 o Discovery
7100 TeV, 3 ab™
100 TeV, 30 ab™

New detector performance studies

: FCC-hh Simulation (Delphes)

. Vs=100 TeV, 30 ab™
= Expected

s+ Expected=1o -

20 25
Mass scale [TeV]

15

9:-
o
¢




Global EFT fits to EW and H observables at FCC-ee

80 —80
" FCC-ee (EW) =
70 - FCC-ee (Higgs) —: 70
B FCC-ce (EW+Higgs) | -
60 ........................................................................................................................................... _— 60
> E
i) B el Bl s s o e s S e RS — 50
— =
(ol e & R I S B o N O B R B SRR & 40
3—.
= 30Nt R L 30
PJo] I | EEISESEE B B B RENRS B Rt S BN IR N B B NESSISI | T 20
10 -1 IJ ----- II ----- 10
0 0

1O 1HO) G O O
O¢o O¢w O¢B %WB%D O¢o ()¢[1)()¢1)O¢b oql)oq) O¢u O O,,¢ O¢ 4 O

Constraints on the coefficients of various EFT op’s from a global fit of (i) EW observables, (ii) Higgs couplings and (iii) EW+Higgs
combined. Darker shades of each color indicate the results neglecting all SM theory uncertainties.

100 TeV is the appropriate CoM energy to directly search for new physics appearing
indirectly through precision EW and H measurements at the future ee collider
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(3) The potential for yes/no answers to
important questions



WIMP DM theoretical constraints

9 —1
For particles held in equilibrium by pair creation 0 h2 N 10°GeV 1
and annihilation processes, (x X < SM) DM My, (oV)
For a particle annihilating through processes 4 )
which do not involve any larger mass scales: <O' v) O L ott / MDM

2 4
M 0.3
SZDMh2 ~ 0.12 % ( bM > <—>
2 TeV Geff

| T— S
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K. Terashi, R. Sawada, M. Saito, and S. Asai, Search for WIMPs with disappearing track
signatures at the FCC-hh, (Oct, 2018) . https://cds.cern.ch/record/2642474.

New detector performance studies

Disappearing charged track analyses
(at ~full pileup)

FCC-hh, Vs = 100 TeV, 30 ab™ FCC-hh, Vs = 100 TeV, 30 ab™

8 20 - I I - 8 20 - I I L L -
- ~ ] - — Default layout, <u> = 200 ]
S 18 — _ S 18 — Alternative Iayouut, <u> =200 _
= — ] = — Default layout, <u> = 500 ]
53 16 — _ 53 16 E Alternative Iayoup;, <u> =500 E
o 14F ER B
% 12;_ _; % 12;_ Higgsino _;
g 10F 4 8  10F =
° g 4 2 s —
- Wino . N .
61— - 61— -
Al Default layout, 4>=200 = @@= <00 =
— Alternative layout, <u> = 200 ] — ]
2 - Default layout, <u> = 500 7 2 — 7
— Alternative layout, <u> = 500 ] — _
B 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 N B 1 | 1 | 1 | | | | | | | | | | N

0 2500 3000 3500 4000 0 800 1000 1200 1400
Chargino mass [GeV] Chargino mass [GeV]

=> coverage beyond the upper limit of the thermal g\’
° ° S M . < 2 TeV
WIMP mass range for both higgsinos and winos !! wimp ~




The nature of the EW phase transition

(hy =0 - (l?) = h(jf) Discon’finvuous (h) =0 - (R = A(T) Continuous
& o
.\/\4 (b)TtT.
Vi) p , 5
(Pe)
Ist order 2nd order ross-over
h ’ h

Strong |st order phase transition is required to induce and sustain the out of
equilibrium generation of a baryon asymmetry during EW symmetry breaking

Strong |st order phase transition = (Pc) >Tc

In the SM this requires mu = 80 GeV, else transition is a smooth

crossovey.

Since mny = 125 GeV, new physics, coupling to the Higgs and effective at scales
O(TeV), must modify the Higgs potential to make this possible

= Probe higher-order terms of the Higgs potential (selfcouplings)

= Probe the existence of other particles coupled to the Higgs 45



Constraints on models with Ist order phase transition at the FCC

V(H,S) = — 2 (H'H) + X (HH)" + 7 - (H'H) S

b b b
+ 5 (H'H) S+ 287+ 2%+ st
Combined constraints from precision Higgs Direct detection of extra Higgs states at
measurements at FCC-ee and FCC-hh FCC-hh

__Real Scalar Singlet Model _

w LA | w w w w | w w w w | L w

- 100 TeV, 30/ab —
EIN 100 TeV, 3/ab =
N |
"?cg 0.100 14 TeV, 3/ab ==
\N \\
S
— 0.010 (S - [peeeeaaaa | S [T N,
(@) :
C L
5 b
3 00
O :
N R )
N
= 10_4 L L . L . . . L L | 1 | T
10 1 =0 - 400 500 600 700 800
hhh coupling: Az/Az sm m, (GeV)
Parameter space scan for a singlet model extension -
of the Standard Model. The points indicate a first ha = hihy (bbyy + 47)
order phase transition. (ha~S, hi~H)
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Not covered

Countless studies of discovery potential for multiple BSM scenarios, from

SUSY to heavy neutrinos, from very low masses to very high masses, LLPs,
DM, etcetcetc, at FCC-ee, FCC-hh and FCC-eh

Sensitivity studies to SM deviations in the properties of top quarks, flavour
physics in Z decays: huge event rates offer unique opportunities, that cannot
be matched elsewhere

Operations with heavy ions: new domains open up at 100 TeV in the study of
high-T/high-density QCD. Broaden the targets, the deliverables, extend the
base of potential users, and increase the support beyond the energy frontier
community
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Final remarks

The study of the SM will not be complete until we clarify the nature of the
Higgs mechanism and exhaust the exploration of phenomena at the TeV scale:
many aspects are still obscure, many questions are still open.

The exptl program possible at a future collider facility, combining a versatile
high-luminosity e*e- circular collider, with a follow-up pp collider in the 100
TeV range, offers unmatchable breadth and diversity: concrete, compelling and
indispensable Higgs & SM measurements enrich a unique direct & indirect
discovery potential

The technological, financial and sociological challenges are immense, and will
test our community ability to build and improve on the experience of similar
challenges in the past.

The next 5-6 years, before the next review of the European Strategy for
Particle Physics, will be critical to reach the scientific consensus and political
support required to move forward
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