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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
® ...



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

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

® Neutrino masses: could originate anywhere between the EW 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, ...)

One question, however, has emerged in stronger and stronger terms from
the LHC, and appears to single out a unique well defined direction....
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V(H) = - p2 [H]2 + X |H}!

Who ordered that?

We must learn to appreciate the depth and the value of this
question, which is set to define the future of collider physics



Electromagnetic vs Higgs dynamics
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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 afte

r 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
some sort of Cooper pairs (composite Higgs) or whet
elementary, and in either case we have no clue as to w
dynamics that generates the Higgs potential. With Coo
turned out to be just EM and phonon interactions. Wit

is built out of
ner it is

nat is the

Der pairs it

n the Higgs, none

of the SM interactions can do this,and we must look beyond.



examples of possible scenarios

® BCS-like: the Higgs is a composite object

® Supersymmetry: the Higgs is a fundamental field and

® A2~ g2+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



Decoupling of high-frequency modes
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The hierarchy problem

® The search for a hatural solution to the hierarchy problem is likewise
unavoidably tied to BSM physics, and has provided so far an obvious
setting for the exploration of the dynamics underlying the Higgs
phenomenon.

® | ack of experimental evidence so far for a straightforward answer to
naturalness, forces us to review our biases, and to take a closer look

even at the most basic assumptions about Higgs properties

® again, ‘who ordered that?”

® in this perspective, even innocent questions like whether the Higgs gives mass
also to |st and 2nd generation fermions call for experimental verification,
nothing of the Higgs boson can be given for granted

® what we’ve experimentally proven so far are basic properties, which, from the
perspective of EFT and at the current level of precision of the measurements,
could hold in a vast range of BSM EWSB scenarios

B 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




What are we talking about when we’re
talking future colliders: at CERN...
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... and in the rest of the worlid:
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What we want from a future collider

® Guaranteed deliverables:
® study of Higgs and top quark properties, and exploration of EVWWSB

phenomena, with the best possible precision and sensitivity

® Exploration potential:
® exploit both direct (large Q?2) and indirect (precision) probes
¢ enhanced mass reach for direct exploration
® F.o. 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 EW 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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I will illustrate these points using
few examples, taken from the
studies of the FCC physics potential

| 4
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Event rates: examples
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Higgs couplings: beyond the HL-LHC

Collider HL-LHC
Lumi (ab™ %) 3
Years 25
0Ty /Tu (%) SM
dguzz/gnzz (%) 3.5
dguww /guww (%) 3.5
dgtbb/ grbb (%) 8.2
dgHcc/gHee (%) SM
09Hge/ gHge (%0) 3.9
dgntt/gutT (%) 6.5
dgupp/ gupp (%) 5.0
dguyy /9uyy (%) 3.6
dgHtt/gHtt (%) 4.2
BRgxo (%) SM

Table 1: Relative statistical uncertainty on the Higgs boson couplings and total decay width, as expected from the FCC-ee data, and compared to those from HL-LHC and
other e"e™ colliders exploring the 240-to-380 GeV centre-of-mass energy range. All numbers indicate 68% CL intervals, except for the last line which gives the 95% CL
sensitivity on the "exotic" branching fraction, accounting for final states that cannot be tagged as SM decays. The FCC-ee accuracies are subdivided in three categories: the
first sub-column give the results of the model-independent fit expected with 5 ab ™! at 240 GeV, the second sub-column in bold — directly comparable to the other collider
fits — includes the additional 1.5 ab™ " at \/s = 365 GeV, and the last sub-column shows the result of the combined fit with HL-LHC. The fit to the HL-LHC projections
alone (first column) requires two additional assumptions to be made: here, the branching ratios into c¢ and into exotic particles are set to their SM values.

* M. Cepeda, S. Gori, P. J. llten, M. Kado, and F. Riva, (conveners), et al, Higgs Physics at the HL-LHC and HE-LHC,
CERN-LPCC-2018-04, https://cds.cern.ch/record/2650162. .
=> See also Marumi’s talk !
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Remarks and key messages

® Updated HL-LHC projections bring the coupling sensitivity to
the few-% level. They are obtained by extrapolating current
analysis strategies, and are informed by current experience plus
robust assumptions about the performance of the phase-2
upgraded detectors in the high pile-up environment

® Projections will improve as new analyses, allowed by higher
statistics, will be considered

|. To significantly improve the expected HL-LHC results, future
facilities must push Higgs couplings’ precision to the sub-% level

2. Event rates higher than what ee colliders can provide are needed

to reach sub-7% measurements of couplings such as Hyy, HUM,
HZy, Htt



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




Global EFT fits to EW and H observables at FCC-ee
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Constraints on the coefficients of various EFT op’s from a global fit of (i) EW observables, (ii) Higgs couplings and
(i) EW+Higgs combined. Darker shades of each color indicate the results neglecting all SM theory uncertainties. |9



Remarks and key messages

® Higgs and EWV observables are greatly complementary in
constraining EFT ops and possibly exposing SM deviations

|. An ee Higgs factory needs to operate at the Z pole and WW
threshold to maximize the potential of precision measurements
of the EWV sector

® EW&Higgs precision measurements at future ee colliders could
probe scales as large as several 10’s of TeV (¢ ~ |+ 4T1)

2. To directly explore the origin of possible discrepancies, requires
collisions in the several |0s of TeV region

3. A 100-TeV pp collider is a natural, and likely required, extension
of an ee facility



SM Higgs: event rates in pp@100 TeV

24 X 2.1 X 4.0 X 3.3 X 9.0 X 3.0 X
109 109 108 108 108 107

180 170 100 110 530 390

Nioo = OlooTev X 30 ab™!
Ni4 = O141ev X 3 ab|
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The unique contributions of a
100 TeV pp collider to Higgs physics

® Huge Higgs production rates:
® access (very) rare decay modes
® push to %-level Higgs self-coupling measurement
® new opportunities to reduce syst uncertainties (TH & EXP) and push
precision

® Large dynamic range for H production (in ptH, m(H+X), ...):
® new opportunities for reduction of syst uncertainties (TH and EXP)
e different hierarchy of production processes
® develop indirect sensitivity to BSM effects at large Q2 , complementary
to that emerging from precision studies (eg decay BRs) at Q~mn

® High energy reach
® direct probes of BSM extensions of Higgs sector
o SUSY Higgses
® Higgs decays of heavy resonances

® Higgs probes of the nature of EWV phase transition
® ...

22
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Higgs couplings after FCC-ee / hh

HL-LHC FCC-ee FCC-hh
OlH / TH (%) SM 1.3 thd
OQHzz / QHzz (%) 1.5 0.17 thd
SgHww / Grww (%) 1.7 0.43 tho
OgHbb / GHbb (%0) | 3.7 0.61 tbd
OQHcc / QHec (%) ~70 1.21 160
OQHgg / QHgg (%) 2.5 (gg->H) 1.01 tho
OgHtr / gHrr (%) 1.9 0.74 tho
OgHuu / GHup (%) 4.3 9.0 0.65 ()
OgHyy / Qryy (%) 1.8 3.9 0.4 ()
OgHhtt / gHtt (%) 3.4 ~10 (indirect) 0.95 ()
OgHzy / QHzy (%) 0.8 — 0.9 ()
OgHHH / HHH (%) 50 ~44 (indirect) 6.5

BRexo (95°/oCL) BRinv < 2.5% <1% BRinv < 0.025%

* From BR ratios wrt B(H—4lept) @ FCC-ee

** From pp—ttH / pp—ttZ, using B(H—bb) and ttZ EW coupling @ FCC-ee
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Higgs self-coupling, gg— HH

Pheno-level

From the detector performance studies: studies:

bbyy  bbZZ[-4l]] bbWW[—-2jlv] 4b+] 2b2T+]

LA 6.5 14 40 30 8
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Figure 10.4: Expected precision on the Higgs self-coupling modifier £, with no systematic uncertainties
(only statistical), 1% signal uncertainty, 1% signal uncertainty together with 1% uncertainty on the Higgs
backgrounds (left) and assuming respectively x1, x2, x0.5 background yields (right).)



High-Q2 probes of EW dynamics & EWSB
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Example: high mass DY

aw running and sensitivity to new EW particles

I I 0.0/ RRRE Ralad tasd i i
z 100 TeV 100 TeV  0=0(Mqy,>Mpmin), [71]<2.5
o mi|<2.5 ~0.05 |- so=0az(My,)]-0laz(Mz)] -
103 k- —3 _‘\\‘““‘~~“ —
—0.00 T T e
102 o S s e
~0.15 |
10l L . Solid: 6o /o (SM)
] . (Uncertainties: stat @ 1% syst) i
0 Solid: o(Mq,>Mp,) (ab) —0.20™ Dashes: 60/0 (SM+Wyy,) 1 T
100 , = Y
Dashes: o(M;>My,,) (ab) Dotdash: do/0 (SM+W;q00)
PR S T AN Y W VN VR NS S WY (N L _posml . N T -
0 5 10 15 20 ' 1 2 3 5 7 10
Mmin (TeV) MT,min (TeV)
» - - u y W 2 ¥ Y
Constraints on Higher-dim op’s e AL (DpW;w)2 s Mier-—— (3,,3,“,)2
4mW 4mW
LEP ATLAS 8 CMS 8 LHC 13 FCC-hh | FCC-ee
luminosity | 2x10°Z | 19.7fb™" | 20.3fb™" | 0.3ab~" | 3ab ' | 10ab ' | 10%Z
NC | W x10* | [-19,3] [-3,15] | [-5,22] +1.5 +0.8 | +0.04 | +1.2
Y x10* | [-17,4] (—4,24] | [-7,41] +2.3 +1.2 | +0.06 | =+1.5
CC | W x10* e +3.9 +0.7 —_

iO%iO.@

(W /4mw2 < 1/(100 TeV)?
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Relative Uncertainty (%)

W _W. scattering

VBS W, W, Same Sign Cross Uncertainty

M 3 large mww
w "' ~~~~“ w

— <25 |n|<4.5 P,>30GeV
— || <4.0 |n|<6.0 P,>30GeV
Nl <4.0 |nj|<6.0 P,>50GeV

10 15 20 25 30
Integrated Luminosity ab™?!

FCC-hh Simulation (Delphes)

I 1 1 I I ] 1 I I 1 | I I I 1 | I I I I I

—— m-> 1000 GeV

—— M+ > 500 GeV
m- > 200 GeV

— m- > 50 GeV

llllllll

|

VBS - W; W;

| I

I I | L L L I | L L L I | L I | I L
|

lllllllllll

l 1 1 1 1 l 1 1 1 1 l 1 1 1 1 l 1 1 1 1 l

0.9 0.95 1 1.05 1.1
Kw

Table 4.5: Constraints on the HWW coupling modifier xy;, at 68% CL, obtained for various cuts on the
di-lepton pair invariant mass in the W; W; — HH process.

m+

+cut | >50GeV | > 200 GeV
Ky € [0.98,1.05] | [0.99,1.04]

> 500 GeV | > 1000 GeV
[0.99,1.03]

[0.98,1.02]




Example: high mass VV - HH

S
A(VpLVy — HH) ~ v—z(czv —cpy) -

Cov = Cv2 in the SM
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Direct discovery reach:
the power of 100 TeV



s=channel resonances

FCC-hh Simulation (Delphes), |s = 100 TeV
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FCC-hh reach ~ 6 x HL-LHC reach
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SUSY reach at 100 TeV

Early phenomenology studies

95% CL Limits
14 TeV,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
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20 25
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DM reach at 100 TeV

Early phenomenology studies

wino
higgsino
mixed (§/Fl)
mixed (§/\7\'I)
gluino coan.
stop coan.

squark coan.

HLERA B B B I B B S B N B B B B B B S B M B B B B B B B BLE B B B

S eaing e Collider Limits

0 100 Tev
B 14 Tev

0

1 2 3 4 5 6
m. [TeV]
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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™
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Example of precision targets:

constraints on models with Ist order phase transition

V(H.S) = —p* (H'H) + X\ (H'H)" + < (H'H) S

+ 2 (HTH)S* +

2

Direct detection of extra Higgs states at
FCC-hh
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MSSM Higgs @ 100 TeV

B bbHOY/A? —bbTT

+ —
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N. Craig, ]. Hajer, Y.-Y. Li, T. Liu, H. Zhang,  ]. Hajer,Y.-Y. Li, T. Liu, and |. F H. Shiu,
arXiv:1605.08744 arXiv:1504.07617

38



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 combination of a versatile high-luminosity e*e-
circular collider, with a follow-up pp collider in the
100 TeV range, appears like the ideal facility for the
post-LHC era
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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/S9Gqg

- "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

Additional material:

FCC timeline and cost
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FCC-ee + FCC-hh, project timeline

~ 25 years operation
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Table 5: Summary of capital cost to implement the integral FCC programme (FCC-ee followed by FCC-hh).

Domain Costin MCHF
Stage 1 - Civil Engineering 5,400
Stage 1 - Technical Infrastructure 2,200
Stage 1 - FCC-ee Machine and Injector Complex 4,000
Stage 2 - Civil Engineering complement 600
Stage 2 - Technical Infrastructure adaptation 2,800
Stage 2 - FCC-hh Machine and Injector complex 13,600
TOTAL construction cost for integral FCC project 28,600

Stage 1: Civil Engineering
19%

Stage 2 FCC-hh Machine
and Injector complex
47%

Stage 1 Technical Infrastructure
8%

Stage 1 FCC-ee Machine and
Injector Complex
14%

Stage 2 Technical
Infrastructure adaptation
10%

Stage 2 Civil Engineering
complement
2%



FCC-hh stand-alone, project timeline&cost

Project preparation & .
administrative processes }emmms}
Contribution

agreements

Funding strahgyl

[ Geological investigations, infrastructure
design and tendering preparation

I Tunnel, site and technical infrastructure construction ]

16 T dipole magnet I 16 T dipale magnet I
short and long models prototypes

16 T dipole magnet

I 16 T dipole magnet ]

preseries senes production

4 N

Technology R&D for accelerator and technical design

'

Accelerator construction, installation, commissioning

- -

R L W

[ Set up of international experiment collaborations, Detector technical . . S
| detector R&D and concept development design 1 Detector construction, installation, commissioning
Domain Cost in MCHF
Collider and injector complex 13,600
Technical infrastructure 4,400
Civil Engineering 6,000
TOTAL construction cost 24,000
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Additional material:

HE-LHC, pp@27 TeV
in the LHC tunnel
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HE-LHC physics potential:
domains to be evaluated

(1) extension of the LHC direct search for new particles (approximately
doubling its mass reach);

(2) the Higgs self-coupling: establishing firm evidence for the structure of
the symmetry-breaking Higgs potential;

(3) increased precision in the measurements made by the LHC, and the
consequent increased sensitivity to new physics (indirectly to high
mass scales, and, directly, to elusive final states such as dark matter);

(4) exploration of future LHC discoveries, confirmation of preliminary
signs of discovery from the LHC, or the search for the underlying
origin of new phenomena revealed indirectly (e.g. the flavour
anomalies under discussion nhowadays) or in experiments
other than the LHC ones (e.g. dark matter or neutrino experiments).



(1) extension of mass reach for discovery:
‘“natural” supersymmetry examples

Aew < 30 & 123 GeV < my, < 127 GeV
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Figure 1.2: Discovery reach at the HE-LHC for gluinos and stops in various, compared to the HL-LHC
reach and to the expectations of a several classes of natural supersymmetric models.

H. Baer, talk at the Fermilab Workshop on HL-HE/LHC Physics, April 2-4 2018,
https://indico.fnal.gov/event/16151/session/4/contribution/46/.



S/6B

(1) EW=-ino DM searches
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T. Han, S. Mukhopadhyay, and X. Wang, Electroweak Dark Matter at Future Hadron Colliders,
arXiv:1805.00015 [hep-ph].



(11+111) precision measurements and EWSB probes:
Higgs observables

Examples of goals in the Higgs sector:
(a) improve the sensitivity to the Higgs self-coupling
(b) reduce to the few percent level all major Higgs couplings

(c) improve the sensitivity to possible invisible Higgs decays

(d) measure the charm Yukawa coupling

3.7x107 2.1x106

|3 |2 |3 23 |9

N27=0(27 TeV) * 15 ab-' N1s=0(14 TeV) * 3 ab-
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Higgs self-coupling at HE-LHC vs HL-LHC

HL-LHC: A/Asm ~1£0.5 (68%CL)
HE-LHC: A/Asm ~1£0.15 (68%CL)
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D. Gongalves, T. Han, F. Kling, T. Plehn, and M. Takeuchi, Higgs Pair Production at Future

See also: Hadron Colliders: From Kinematics to Dynamics, arXiv:1802.04319 [hep-ph].



(1V) Exploration at 27 TeV of LHC discoveries:
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(1V) Exploration at 27 TeV of LHC discoveries:
characterization of Z’> models within reach of LHC observation

NB: uncertainty bars reflect very conservative syst assumptions
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T. G. Rizzo, Exploring new gauge bosons at a 100 TeV collider, Phys. Rev. D89 (2014) no. 9,
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27 or 100? /S evolution of LHC discovery scenarios
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HE-LHC: the challenges

® |6T Nb3Sn magnets: more challenging than
for FCC-hh, due to reduced space in the
tunnel (requires dedicated R&D)

® SPS upgrade, to SC technology, to allow injection at 0.9-1.3 TeV

® Full replacement and strengthening of all infrastructure on the surface
and underground cryogenics

® Significant civil engineering work both on the surface and in the tunnel
(new SPS transfer lines, new caverns for cryogenics, 2 new shafts, ...)

® Overhaul/full replacement of detectors (radiation damage after HL-LHC,
limited lifetime of key systems like magnets, use of new technologies, ...)
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HE-LHC, project timeline/cost
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Figure 7: Overview of implementation timeline for the HE-LHC project starting in 2020.
Numbers in the top row indicate the year. Physics operation would start in the mid 2040ies.

Domain Cost in MCHF
Collider 5,000
Injector complex 1,100
Technical infrastructure 800
Civil Engineering 300
TOTAL cost 7,200

Table 2: Summary of capital cost for implementation of the HE-LHC project.



