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Key open questions for particle physics?

Problems

* Dark Matter

* Baryogenesis

* Strong CP

* Fermion mass
spectrum & mixing

Plausible EFT
solutions exist

VS

Riccardo Rattazzi

MYSteI'i€S @ Granada

* Cosmological Constant

 EW hierarchy

* Black Hole information
paradox

* very Early Universe

Challenge or
outside

EFT paradigm




although there 1s no lack of novel
theoretical 1deas, there are no clear
indications where new physics 1s hiding
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an argument for a strong and diverse,
yet coherent and concerted empirical
exploration



yet coherent and concerted empirical
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we can only explore our aspirations
when we 1nnovate technology
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can only explore our aspirations
when we 1nnovate technology

our field of high-energy physics is
driven by innovations in
technology



higher energy interactions in the lab

higher energetic phenomena in the universe
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Long-term strategy for
Particle Physics

European Strategy

Organization (2013 update):
http://europeanstrategygroup.web.cern.ch/europeanstrateqygroup/

UPDATE of the European
Particle Physics Strategy (2013)

—q TODAY

Higgs discovery (2012)

Start data taking at the LHC (2010)

European Particle Physics  Organization (2006):
Strategy (2006) http://council-strategygroup.web.cern.ch/council-strategygroup/



http://europeanstrategygroup.web.cern.ch/europeanstrategygroup/
http://council-strategygroup.web.cern.ch/council-strategygroup/

The European Particle Physics Strategy 2013

https.//cds.cern.ch/record/1567258/files/esc-e-106.pdf - with the highest priority

@ Europe’s top priority should be the exploitation of the full potential of the LHC, including the high-

luminosity upgrade of the machine and detectors with a view to collecting ten times more data
than in the initial design, by around 2030. This upgrade programme will also provide further
exciting opportunities for the study of flavour physics and the quark-gluon plasma.

CERN should undertake design studies for accelerator projects in a global context, with emphasis
on proton-proton and electron-positron high-energy frontier machines. These design studies
should be coupled to a vigorous accelerator R&D programme, including high-field magnets and
high-gradient accelerating structures, in collaboration with national institutes, laboratories and
universities worldwide.

Europe looks forward to a [ILC] proposal from Japan to discuss a possible participation.

CERN should develop a neutrino programme to pave the way for a substantial European role in
future long-baseline experiments. Europe should explore the possibility of major participation in
leading long-baseline neutrino projects in the US and Japan.
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15t priority

LHC and HL-LHC



Initial legacy impact of the LHC

a MORE PRECISE and more
COMPLETE description
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Initial legacy impact of the LHC

connection

a MORE PRECISE and more
COMPLETE description

our initial
designs for
new physics
are excluded

new physics

19
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Potential HL-LHC performance in Higgs couplings
anno 2013 versus anno 2019

CMS Projection

Higgs boson couplings

Expected uncertainties on

I I I I I I I I I
— 32000fo"at {2 =14 TeV Scenario 1
[— 3000fo"at {==14 TeV Scenario 2
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expected uncertainty

Taking into account innovative thoughts and
research experience, what was optimistic in
2013 seems realistic in 2019.
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Potential HL-LHC performance in Higgs couplings
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2nd priority

Future colliders at CERN



Concrete collider options studied at CERN

CLIC (ee) , http://clic-study.web.cern.ch/

.~ Compact Linear Collider (CLIC)
{ 380 GeV - 11.4 km (CLIC380)
1.5 TeV - 29.0 km (CLIC1500)

3.0 TeV - 50.1 km (CLIC3000)

CLIC380

CLIC1500

~

JCLIC3000



http://clic-study.web.cern.ch/

Concrete collider options studied at CERN

FCC (ee ep, pp, pA AA eA) https://fcc-cdr.web.cern.ch/

e*e collider (FCC-ee) @ 90-365 GeVv
as potential first step

(ERL-technology, CLIC injector, ...)
pp-collider (FCC-hh) @ 100 Tev
p-e collider (FCC-he)

HE-LHC with FCC-hh magnets
uu colider (FCC-uu) option
AA, Ap, Ae options


https://fcc-cdr.web.cern.ch/

Luminosity per facility

1000




Novel thinking ongoing: ERL-based
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https://indico.cern.ch/event/727555/contributions/3474689/

I Proton collider

I Electron collider

] Electron-Proton collider
mmmm Construction/Transformation

Preparation

Possible scenarios of future colliders

4
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Long-term strategy for
Particle Physics

European Strateg’

Major facility
after HL-LHC

Organization (2013 update):
http://europeanstrategygroup.web.cern.ch/europeanstrategygroup/

Start data
UPDATE of the European taking HL-LHC
Particle Physics Strategy (2013) (2026)

—q Tooay [N
Higgs discovery (2012) UPDATE of the European Particle
) Physics Strategy (2020)
Start data taking at the LHC (2010)

https://europeanstrateqy.cern

European Particle Physics  Organization (2006):
Strategy (2006) http://council-strategygroup.web.cern.ch/council-strategygroup/



http://europeanstrategygroup.web.cern.ch/europeanstrategygroup/
http://council-strategygroup.web.cern.ch/council-strategygroup/
https://europeanstrategy.cern/

Jan.2018

Call for proposals
for venues for Open
Symposium and

Febr.2018
Call for scientific input

Strategy Drafting | I

Session ‘/ March.2018
Call for nominations of
PPG & ESG members

/ June 14,2018

Council decision on
venues and dates

\/ Sept 27,2018

Council launches the

Strategy Update process &

organisation & establish the PPG and ESG
input preparation

by community

Dec 18.2018 Jan 20-24,2020
Closing submission Strategy Update
community input Drafting Session

Bad Honnef, DE

v/ May 13-16,2019

Open Symposium
Granada, ES March.2020
Strategy Update
submitted to Council

Sept.2019
Physics Briefing
Book available

consultation &
consensus building

_________________ a
: Physics results appearing : i May.2020
| after May 2019 wil be taken | Council to approve

into account in the process | Strategy Update
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Open Symposium

Towards updating the European Strategy for Particle Physics
May 13-16, 2019, Granada, Spain
https://cafpe.ugr.es/eppsu2019/

~600 participants
Information captured in 8 thematic summary talks
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Electroweak & Higgs

Strong Interactions
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Strong Interactions
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l 9
European Strategy,

colour

confinement
o (Q2low) ~ 1

“hot and dense QCD”

(low energy domain)
(lattice calculations)

o (Q%)

03+

key phenomena
(non-Abelian gauge group)

April 2016
P DG 2018 v Tdecays (N3LO)

a DIS jets (NLO)

0 Heavy Quarkonia (NLO)

o e'e” jets & shapes (res. NNLO)

® e.w. precision fits (N3LO)

v pp—> jets (NLO)

v pp —> tt (NNLO)

oo, ~1%

= QCD (M) =0.1181 £ 0.0011 )

10 Q[GeV] 100 1000

Olgw << Ols

Strong interactions

QCD theory: ~Lqcp =

TR B 4 (i~

asymptotic
freedom
o, (Q2 high) << 1

“vacuum QC
(high energy domain)
(perturbative calculations)
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European Strategy,

colour

confinement
o (Q2low) ~ 1

“hot and dense QCD”
(low energy domain)
(lattice calculations)

o (Q%)

03+

key phenomena
(non-Abelian gauge group)
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Strong interactions
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(high energy domain)
(perturbative calculations)



{f \
s o) Strong interactions

QCD theory: ~Lqcp = —ZFZVFWJH?(Z@

colour

confinement
o (Q2low) ~ 1

asymptotic
freedom
o, (Q2 high) << 1

key phenomena
(non-Abelian gauge group)

Today oas~1%

FCC-ee oo,~0.1%
“hot and dense Q| LHeC/FCC-eh  60,~0.1% “vacuum QCD”
FCC-hh up to 25 TeV

(low energy dom

I - ~ 0
(lattice calculati Lattice-QCD oa;~0.3%

for EW&H physics need 6o,~0.1%

igh energy domain)
lturbative calculations)




“hot and dense QCD” <«

» “vacuum QCD”

- P N ~
I’ \‘ " \‘
| 1 | 1
I I I I
. || o .
used in experiment I Equation-of-State 1 used in Lagrangian
(applications) : PDFs : (first principles)
[ | ] : I
: “confined” : : “deconfined” :
l\ hadrons & ions ,l l\ quarks & gluons ,l
S _ S _



“hot and dense QCD” <«

How do properties of the QGP emerge
from the fundamental QCD interactions as

s
a function of system size and under ‘f’
varying conditions of initial energy density é
and baryon chemical potential? é’
r~ =
’
|
I
-

0

ug coverage per facility
RHIC
I sPs
I NICA (collider)
I FAIR (SIS100)

I LHC

elel2

|Crossover ~— _
Critical Endpoint
<

Hadron Gas

1000
Baryon chemical potential, pg (MeV)

» “vacuum QCD”

From LQCD: T. (ug=0) = 156.5 £ 1.5 MeV

From experiment: determination of
chemical freeze-out temperature

used in experiment
(applications)

Equation-of-State

PDFs

| “confined”

l\ hadrons & ions

P -~
/ N
l )
: I
—pe ; :
[ used in Lagrangian
: (first principles)
: I
: “deconfined” :
l\ quarks & gluons I
S ,/



“hot and dense QCD” <«

» “vacuum QCD”

. } LHC ug coverage per facility
How do properties of the QGP emerge RHIC
prop f the Q €rg ol s From LQCD: T, (u=0) = 156.5 + 1.5 MeV
from the fundamental QCD interactions as g | oo N oo 5100, . o
a function of system size and under S retsofam = 6 From experiment: determination of
. .. e .. . > Critical Endpoi}llt ' .
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What are the experimental and theoretical

pre-requisites to reach an adequate precision ™

10°
0¥ Non-linear QCD |

of perturbative and non-perturbative QCD
predictions at the highest energies?

gluon
Higgs | =
Precision =5
QCD,a,

PDFs

From QCD: evolution equations of PDFs

From experiment: PDF parameters
values themselves




“hot and dense QCD” <«

How do properties of the QGP emerge
from the fundamental QCD interactions as
a function of system size and under
varying conditions of initial energy density
and baryon chemical potential?

Temperature, T (MeV)

} LHC ug coverage per facility
RHIC
I sPs
B I NICA (collider)
- QGP I FAIR (S1S100)

» “vacuum QCD”

Key facilities involve collisions
with heavy ions

" ’— --------------- N
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of perturbative and non-perturbative QCD
predictions at the highest energies?
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Precision
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Non-linear QCD |

Key facilities involve collisions
with protons




“hot and dense QCD” <«

How do properties of the QGP emerge
from the fundamental QCD interactions as
a function of system size and under
varying conditions of initial energy density
and baryon chemical potential?

Temperature, T (MeV)

ug coverage per facility
RHIC
I sPs
I NICA (collider)
I FAIR (SIS100)

I LHC

elel2

Baryon chemical potential, pg (MeV)

1000

» “vacuum QCD”

HL-LHC: increased luminosity, low-Lg
HE-LHC/FCC: new probes
Fixed-target@SPS: high-pp
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l 1
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of perturbative and non-perturbative QCD
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HL-LHC: mid-x (up to X2 improvement)
Fixed-target@(HL-)LHC: high-x

EIC: first steps beyond collinear model
LHeC: high-x & highest-Q? coverage
FCC-ep: O(1%) on o(W,Z,H) at FCC-pp

ERL system for electron beam at 60 GeV 6



Electroweak & Higgs

Strong Interactions

42



Are there new 1nteractions or new particles around or above
the electroweak scale?

Z ssM discovery reach  Soquential Standard Model o In general, if the couplings become
(couplings to fermions equal for Z’ and Z) large the SQHSIthlty at lepton COlllderS
ILC (500) . .

(ndvect . g 1s enhanced

HL-LHC

(e J o For weak couplings the direct search
e N at hadron colliders dominates the

(direct)

CLIC (3 TeV) H N picture

(indirect)

Y-Universal Z, 20

FCC-hh
(direct)

0.00 10.00 20.00 30.00

Paris Sphicas @ Granada Mass [TeV]

Many more models are compared...

02 04 06




Dark Matter: Where to start looking? Very little clue on mass scale...

zeV aeV feV peV neV peV meV eV keV MeV GeV TeV PeV 30Mg
Toosmallmass  _~y" ~," 4 "4 4 "y ' N I L
— won’t “fit” “TT T T T T T t Tt T
in a galaxy! Yoy W WIMPs
< Ultralight Dark Matter >< Hidden Sector Dark Matter Black:oles
— < >
Pre-Inflationary Axion Hidden Thermal Relics / WIMPless DM
—> = >
Post-Inflationary Axion Asymmetric DM
e Freeze-In DM >
—
Marcela Carena @ Granada SIMPs / ELDERS
. mpwM
The assumption of Thermal nonthermal nonthermal
ey . . 1020 eV ~ 100Mg
Equilibrium in the early it ~ 109 GoV -
Universe narrows the viable
mass range.
< MeV > 100 TeV

Neff / BBN

Interesting phenomena like
long-lived particles and
feebly interacting particles.

Light DM

too much

“"WIMPs”

From MACHOs
searches

Hidden Sector M Standard Model



What cases of thermal relic WIMPs are still unprobed and
can be fully covered by future collider searches?

o,, (x-nucleon) [cnT]

Higgs Portal model

Fits, Scalar DM

Collider limits at 95% CL, direct detection limits at 90“:&
N

1
Paris Sphicas @ Granada

XENONIT
YL 121 GOM 111302
- Pan(?a)( '
wx
= D&.‘!SA‘GJE-A.'QL" (proj.)
OARWIN 200 o))
— HLLHC éﬁ<_l 9%
- H.L-LAC;HEHZI-_.HC BR<1.5%

Moo WO w

== FCC-ee/eh/hh: BR<0.024%

&= CLIC,,,: BR<0.60%

gscuc,,,

#5ILC,, : BR<D.22%
FCC,_,,,: BR<0.22%

FCC. - BR<D.19%

A collider discovery will need
confirmation from DD/ID for
cosmological origin

A DD/ID discovery will need
confirmation from colliders to
understand the nature of the
interaction

A future collider program that
optimizes sensitivity to invisible
particles coherently with DD/ID
serves us well. Need maximum
overlap with DD/ID.



o, (x-nucleon) [cnr’]

What cases of thermal relic WIMPs are still unprobed and

can be fully covered by future collider searches?
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Scalar model, Dirac DM
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Collider limits at 95% CL, direct detection limits at 90% CL
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A collider discovery will need
confirmation from DD/ID for
cosmological origin

A DD/ID discovery will need
confirmation from colliders to
understand the nature of the
interaction

A future collider program that
optimizes sensitivity to invisible
particles coherently with DD/ID
serves us well. Need maximum
overlap with DD/ID.



To what extent can current or future accelerators probe

feebly interacting sectors?
&pp — A" — utu”

Use four simplified

ey] models (“portals”) from
which benchmarks are
|| 1dentified to evaluate
ot AT S experimental

........... sensitivity

. PBC report, arXiv:1901.09966
Portal Coupling

%00 ne . _ € / v
» Dark Photon, A, Seosow LB
5 Dark Higgs, S (1S + AS?)HTH (Relaxion toy model, mixes \w Higgs)
: AT Y ~ 5; . 5,/
Axion,a FFuF*, £Gi G, 2y sy

Sterile Neutrino, N ynyLHN

1072 107

Beam dump expts: very low
couplings at very low masses ee—A'y—utuy Dark Photon case
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Potential to measure Higgs couplings

improvements wrt HL-LHC
EFT-framework

Il HL-LHC W HisLHeC [l HL+HELHC HL+ILC g HL+CLIC35o [l HL+CEPC
F [l HL+ILCax HL+CLIC 10 g 4,
SMEFTig B HL+CLICxxn - ‘,6\, /LC /(C e (/O 200 O
Tr . Ko 25, g, ffs»,, g, ’0(/, p(\

prel ;

qm”ﬂﬂnHHNHEHH
Jeff 7.
SHww = 18 B 6.7 6.3 0

1.7 2 . 31 <

£ ngpore
1 Mey2019

eff
SHyy ™
eff /

8fizy= M 24 11 16 11 23 30

gihe- 14 17 20 28 17 23 |29

eff
e = 1

: L1 L1
el - IIIIIIIII
8iiby = 2 - n nnn
g - I3 H 27 38 n.
g, - 13 14 13 14 16 14 14 14 n

MMW~”HNNNHHHIH

OACICURNENEN | | of of o of of of 0

Az[x10%] - 11 10 nnnnnnnnn

geﬂ';Z g:'f;‘w fo;y g:&y gflf:;g gflft'( gﬁfgc gf‘f")b gﬂ:‘ gﬁ?‘ﬂ 6g1z 6Ky AZ SMEFT ND (*) not measured in HL-LHC

arXiv:1905.03764 (ECFA/PPG working group: “Higgs Boson Studies at Future Particle Colliders”)



# of “largely” improved H couplings (EFT)

Factor 22 Factor 25 Factor 210 Years from T,
CLIC380 9 6 4 7
Initial FCC-ee240 10 8 3 9
run CEPC 10 8 3 10
ILC250 10 7 3 11
FCC-ee365 10 8 6 15
2nd/3rd || cLIC1500 10 7 7 17
Run ee ||HE-LHC 1 0 0 20
ILC500 10 8 6 22
hh CLIC3000 11 7 7 28
ee,eh & hh || FCC-ee/eh/hh 12 11 10 >50

13 quantities in total NB: number of seconds/year differs: ILC 1.6x107, FCC-ee & CLIC: 1.2x107, CEPC: 1.3x107




There is new physics out there!
and it should be our main objective to discover it

. —3 o F*
+ (EDy +he
T Yo
+Rgf V()

The exploration of the scalar sector with colliders
is only one avenue to search for new physics
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some (personal) thoughts



Not written in stone, but on the collider front we might identify three eras

o the immediate future (2020-2040), e.g. the HL-LHC era
o the mid-term future (2040-2060), e.g. the Z/W/H/top-factory era
o the long-term future (2060-2080), e.g. the energy frontier era
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Not written in stone, but on the collider front we might identify three eras

o the immediate future (2020-2040), e.g. the HL-LHC era
o the mid-term future (2040-2060), e.g. the Z/W/H/top-factory era
o the long-term future (2060-2080), e.g. the energy frontier era

Several avenues towards the discovery of new physics
indirect exploration at the precision frontier

o
o breaking the Standard Model

o direct searches of hidden & visible sectors
o
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2020-2040
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proton precision

e & n EDM
lepton flavor (u—>e)
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rare top decays
small-x physics

Beam Dump Facility
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heavy neutral lepton
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next-gen hidden exp.
low-mass DM




There is new physics to be discovered, but no guaranteed discovery path



There is new physics to be discovered, but no guaranteed discovery path

CITRADELIC'S UNIQUE FLAVOR PROFILE

FLAVOR ATTRIBUTE WHEEL: NEW BELGIUM IPAs
~—@— CITRADELIC Fruity IPA =—@=—RANGER American IPA - CITRADELIC
FLAVOR EVALUATION

=@ SLOW RIDE session IPA =@ RAMPANT Imperial IPA
| VISUAL

Golden orange,
light sheen

ALCOHOL

some tropical

 TASTE
Light sweetness,

BITTER moderate bitterness

Juicy,
finishes dry

'BODY
Medium

If you want to discover a great taste, you will have to sample several
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One can debate, but with a granularity of 20 years and in
the absence of clear indications for new physics, the
following general principle is probably wise:

in each era you would want to take important steps
forward for the largest variety of directions where new
physics can be found
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1st generation: at least
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the Higgs sector

(very few major colliders)
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might depend on choices
made for the 1st generation
(one major global collider)




Choices for 15t gen collider(s) beyond the HL-LHC have to be made without knowing the HL-
LHC results & choices for the 2" gen without knowing the results of the 1%' gen experiments
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Choices for 15t gen collider(s) beyond the HL-LHC have to be made without knowing the HL-
LHC results & choices for the 2" gen without knowing the results of the 1%' gen experiments

choice for 24 gen

choice for 1st gen

2020-2040
HL-LHC era

2nd generation: the options
might depend on choices
made for the 1st generation
(one major global collider)

1st generation: at least
include an exploration of

HL-LHC era the Higgs sector
(very few major colliders)



CERN: CLIC vs FCC, 1.e. strategy to prepare the
strongest and most concrete project proposal
(administrative, technical, organizational) for a final

decision by the next strategy update such that a
project can be launched timely, 1.e. the late 2020’1es

Europe & CERN: verify the status of ILC, CEPC,
EIC, etc. to include the information in the final

decision potentially at the next strategy update

Make strategic choices for the most competitive and
complementary non-collider programme in Europe

Strong supporting statements for technology R&D
(e.g. towards demonstrator facilities for novel
accelerator technologies in the “energy frontier era’”)

Confrontation between aspirations of scientists and
constraints of funding bodies: challenge to entangle
both in a bottom-up strategy process 67
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