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In search of:

 Physics beyond colliders
 Neutrinos

* Energy Frontier projects
* (Other topics)

e Summary

Comments
= personal selection of topics
=Not specially emphasizing flavor program
(Many talks already included most info)




Recent Particle Physics Strategy Up

' NB: Snowmass 2021
European Strategy for had 9 frontiers...
Particle Physics
2019-2020

Snowmass 2021

Still being finalized:

-SM-2021 book to be
completed by 10/22

New Physics
Beyond the Standard Model

P5 panel will follow

-Start fall 2022 and
aim for report late
spring/early summer
2023




Setting the Stage

M. Carena @ Snowmass 2021
A lot of Particle Physics is Missing in the Standard Model

« Why Electroweak Symmetry Breaking occurs?
What is the history of the Electroweak Phase Transition ?
 The reason for the Hierarchy in Fermion Masses and their Flavor Structure
 The Nature of Dark Matter
* The origin of the Matter-Antimatter Asymmetry
* The generation of Neutrino Masses
 The cause of the Universe’s accelerated expansion - Dark Energy
« What are the quantum properties of Gravity?
« What caused Cosmic Inflation after the Big Bang?

The SM is silent about all the above, BSM physics is at the core of it all

Each Frontier physics highlights aims at deciphering many of these mysteries and
their approaches are in many ways complementary to each other

Tackle with direct & indirect searches for3BSM effects
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The LHC Machine and Experiments

CERN

“==" ATLAS
A Point 1

E540 - V10/09/97



LHC Operation

«2010-2012: Run-1 at 7/8 TeV CM energy: Collected ~ 25 fb1 /Exp
«2015-2018: Run-2 at 13 TeV CM energy: Collected ~ 140 fb! /Exp

«2012-2025: Run-3 at 13.6 TeV CM energy: Collect > 250 fb1 /Exp

L) LHC/HL-LHC Plan

You are
here

CONSTRUCTION INSTALLATION & COMM

HL-LHC CIVIL ENGINEERING:
DEFANITION EXCAVATION BUILLANGS

>2029 HL-LHC: 3000 fb! /Exp



New Directions/De

' ANUBIS
Searches for new long lived NUBLS
Particles : TS |
MILLIQAN
MAPP
(AL3X) -
SND@LHC
"""""""""" FACET
"""""""""""""" ine  FPF
----- along the beam
Examples:

o Axions/Axion-like particles
* Heavy Neutral Leptons

e Millicharged particles

e Dark Sector scalars
e Light Dark Matter ...




New Transverse Experiment Pr‘

MilliQan: searches for
millicharged particles CODEX-b: searches for long lived

MAPP: MoEDAL upgrade weakly mteractlng neutral partlcles

e TR e AISO AL3X (‘ALICE' for LLP arX|v 1810. 03636).‘

w. m. - ANUBIS: searches
ANUBIS 4N "/ for long lived weakly
| 7 interacting neutral

)

MATHUSLA: searches for long lived
weakly interacting neutral particles

. 100m [ foom Eu::mm | particles
oo e view) +Recently (2021):

a hew detector

— _game®  for CMS cavern..
B




New Forward Detector Propo

’ FASER: searches for long lived dark FACET: Instrumented Beampipe
photons-like particles, neutrinos for CMS

- typical rates 0 ~ fb - pb

Forward Aperture CMS ExTension: FACET
SCHEMATIC (provisonal dimensions — not to scale)

R=150cm e g uimtiergjw;zow R=12.5cm
NEG LINEF 5\ ° E gg o
LHC VACUUM A 2| [ R G
DECAY VOLUME
aamaca adl o0 o2 o .- ,_f;\j::’**"'
s = =
- 18 m 3m 2m 05 2m 0.5
SND@LHC: neutrino measurements y Al
Z=119m ™
i i VF-HGCAL
and long lived particle searches )
ey soume S— B e 11111111

FPS: A Facility for Forward Physics
Containing several experiments

orverriysics GOy

Figure 5: Layout of the proposed SNDQLHC detector.

FASER and SND@LHC have been approved in 2019/2020 and are ready
and take data during Run 3 which has just started.




BSM Searches in Forw
e

LLP produced in pp collisions and then travels O(100 m) before being detected by experiment
Sensitive to masses in multi-MeV to low-GeV range

FASER
LLP decays to SM
ALPS, y-dark (A), ...

e/w,

A, ALP
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LLP decays and mCP
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New Detectors with Fir

... based on prototypes/demonstrators installed during 2017-2018

e First data from dedicated detectors that have already been funded
(in test runs)
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The Forward Physics

A Proposal for a New Large Underground Area ~ 620m away from ATLAS
Based on the FASER experience and studies: propose to have a Forward
Physics Facility (FPF) experimental hall with room to include forward
detectors for new physics searches and neutrino measurements

2203 05090

xxxxxxxxxx

FASER2
A Y

ssssss

64.55
Plan view - Cavern




A Wild Idea?

* LLPs can escape the detector at the
collision point and accidentally decay In
the vicinity of detectors far away. Spooky?

« Estimates using ATLAS and ALICE for
(favourable) Hidden Valley scenario,
detecting the muons..

2004.08820

S B he =T
C 2 scenarios | ol soom!
7SR Lmeosoor otu] My =200GEV

2

LHCb

Gpp—- Z'—- dark meson-mu(pb)

10




LLPs @ Next Collider Pr-

Important: take LLP requirements into account from the start (Snowmass2021)

Proposal: 2011.01005

LLPs @ FCC-hh, FCC-ee

HECATE: HErmetic CAvern TrackER. A long-lived particle detector '
concept for FCC-ee or CEPC

* For FCC-hh / FCC-ee, main detector will be relatively smaller than the cavern

35002

» Cover detector cavern walls with scintillator plates or RPCs
« >= 2 layers of 1 m2 separated by a sizeable distance — timing
* >= 4 layers for good tracking

* 47t coverage LLP detector
- FCC main detector as active veto NI o
- Sensitive to a unique area of phase space  ws| Uyt R A i
\' “ T « Cavern size: r~15 m and z~50 m
* Main detector size =(10m)

1078 |

N
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1077 HECATEN: R
« Example: HNLs @ FCCee Nty
* THUNDERDOME: Totally Hyper-UNrealistic 102 | suip © TN
DEtectoR in a huge DOME (maximum f THUNDERDOME' "N _
distance from IP=100m for comparison) 10~ £ BBN seesaw 1
L L L Ll . . 142
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DELIGHT: idea for a LLP detector

Long-Lived Light Mediators from Higgs boson decay studied

for multiple decay modes of the scalars DELIGHT
Detector for long-lived particles at
2111.02437 high energy of 100 TeV
DELIGHT (C): The same decay volume as the MATHUSLA detector with
different dimensions, i.e. Az x Ay x Az = 200 x 50 x 50m°. y=0m
Q= Az/2

DELIGHT (C) 200 x 50 x 50 m3, 30 ab~!, Combined

logio(cT [M])

LLP detector

\/_ 100 TeVv

Collider
detector

15



Electron lon Collider EI‘

A machine with —mostly— a QCD programme starting ~ 2030 at BNL

Electron-lon Collider (EIC)

World’s 15t polarized e-p/light-ion & 15t eA collider

User Group >1000 members: http://eicug.org

ion

& e 3

electron

How do the properties
of protons and
neutrons arise from its
constituents?

Towards a 3D partonic
image of the proton

Many other running and emerging low-energy scattering facilities
are key to understand the structure of hadrons

T, o
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Physics Beyond Colliders

WiSiCs

ePhysics Beyond Colliders was a response at CERN to increasing *Beyond

interest in complementary methods to high energy frontier

“Colliders

colliders to explore searches for BSM physics.
e It was a discussion forum for input to the 2019 European Strategy Update.

e It is continuing its activities..

—
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Mass of BSM state = Log,, My[eV]

Energy Frontier
SUSY, extra dim.
Composite Higgs
= LHC, FHC

Intensity Frontier
Hidden Sector

= Fixed target facility

Interaction strength =———>

Energy scale =—3>

Several FLAVOR experiments....

Next meeting 7/8 October 2022 @ CERN
https://indico.cern.ch/event/1137276/



https://indico.cern.ch/event/1137276/

Physics Beyond Col
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Physics Beyond Collid

- Recent ongoing PBC activities:

« PBC study extended with a mandate updated to take into account
EPPSU recommendations

PBC UPDATED ORGANISATION

« Several projects studied for EPPSU are now in implementation phase:

- IAXO at DESY -
- QCD projects for Run 3 (MUonE, COMPASS (Rp), NA61 heavy flavours) \ I /
- LHC small forward detectors (FASER, SND, ...) —

Forward Physics Facility
PBC-A&T

mittee

LHC - Fixed Target

w
 Main developments for other projects: ) ] \
- NAB0++ (caloric curve of QCD phase transition) CoEUow e A
- AMBER long-term QCD facility
- pEDM prototype ring study under the lead of Julich
- Gamma Factory Proof of Principle experiment preparation

*  Main new ideas:
- Long term K* and K° rare decay physics ("HIKE") with higher intensity K beams in ECN3 (NA62++, KLEVER)
- Completion of NAG62 beam-dump mode with a small off-axis detector (SHADOWS) extending acceptance to
higher-mass hidden particles
- Possible relocation of BDF&SHIP in ECN3 to reduce the cost;
Dedicated ECN3 Task Force set up to address the competition issue
- Forward Physics Facility at LHC to extend the reach of forward physics in the HL-LHC era 19




Physics Beyond Colli

CERN Proton Beam Dump Facility

Comprehensive Design Study of a new SPS facility

done within PBC

Promising option (lower cost) identified in existing

ECN3 underground hall in CERN North Area
(currently used by NA62)

Under evaluation with respect to alternative NA62
extension + SHADOWS option (new idea to search

off-axis for feebly interacting particles)

SHADOWS

400 GeV
protons

Instrumentation of NA62 decay
s . vessel well adapted to searches
4 in visible decay mode

Gas Building

Service Building

High-precision spectrometer
for DM scattering
+ v, physics

Spectrometer
for DM decays

20

Active magnetic
muon filter




Feebly Interacting Particles FIPS I

...Spin-off of the PBC forum...

FIPs 2022

Workshop on

Feebly-Interacting Particles

17-21 October 2022
CERN

https://indico.cern.ch/event/1119695/

This year the Workshop will be organized along three main directions:

1. MeV-GeV Dark Matter and its searches at accelerator, direct and indirect detection experiments;
2. Heavy neutral leptons and their connection to active neutrino physics;
3. Ultra-light (< 1 eV) FIPs in particle physics, astroparticle, and cosmology.

21



Neutrinos




Neutrino Program
The Questions to answer with present and future experiments

* What are the neutrino masses?

* Are neutrinos their own antiparticles?

* How are the masses ordered?

* What is the origin of neutrino mass and flavor?

* Do neutrinos and antineutrinos oscillate differently?
* Discovering new particles and interactions

* Neutrinos as messengers

+ auxiliary measurements |

M-C Chen + full session yesterday... 23



Future Neutrino Experiments

Eg. experiments that will contribute to the mass ordering question




Neutrino Detectors as Beam Dump

High intensity frontier for low mass particles with very weak couplings
->upcoming neutrino experiments (SBL, LBL) foresee very high intensity beams

> 1021 POT/Year 95m Decay region SBL or LBL Near

Neutrino beam D t t
IC-/E i T . etectors are a
S ——— : -=+ Light dark matter

RN b Hiils few 100m away

3 Magnetic  pjons and kaons Beam ALPs from the dump
F;)roton Target focusing decay to neutrinos dump
eam “"horns” .
+ dark matter, HNL, ALPS... These experiments can perform
Example millicharges: searches for low mass New
| ) Physics particles eg

0.100 “ | lli i Y - .
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The Future of the
Energy Frontier




The Energy Fro

- Snowmass 2021

Energy Frontier: explore the TeV energy scale and beyond
Through the breadth and multitude of coIIidaer physics signatures

W/Z mass Flavor physics
W/Z couplings

EW
Gauge
Bosons

pdf

Jets

Multibosons

' . Axion-like particles
Evolution of early Universe

g i .
Iggs Eouplings Matter Antimatter Asymmetry

Higgs mass Natiire Nature of Dark Matter Missing E/p
of Higgs Origin of Neutrino Mass
FHEESIER Origin of EW Scale Long lived particles

Origin of Flavor

Rare decays SUSY

Top
Physics Heavy gauge bosons
Top mass
Leptoquarks
Top spin FCNC New scalars Heavy neutrinos

27
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The Energy Fronti

Large interest in a wide variety of possible projects

* European Strategy Update 2020 & Snowmass
2022 conclusions come with clear community
support for a

— Higgs factory — possibly as part of a next ==-
big project
— Multi TeV Colliders
« QOpinions differ on which project and where...

« Optimism and enthusiasm in generally is good®
but have to keep an eye on realism and
“economics”, especially in the present dire times...

Direct Searches

Coupling to SM

(*)remember Reagan in 1987: “Throw Deep” ... but finally Desertron was not to be...



Higgs @HL-LHC Expect

HL-LHC reach: Higgs

(s =14 TeV, 3000 fo' per experiment

) Total ATLAS and CMS

— Statistical HL-LHC Projection
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0
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h(125)—>XX.

Includes BSM decays
and rare SM decays: <4%

The ultimate frontier: Higgs self-coupling
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P. Sphicas/JENAS meeting

by ~ 2040(+)




New Projects Expect

e Higgs Coupling Modifiers in Kappa Framework.
e Results for Future Collider+ HL-LHC
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% and sub-% level precision..

Kappa framework: Can show deviation from SM, but gives no real
further information on nature of source of deviation



New Projects Expecta
Higgs Self Coupling

o Single-H production e
o Sensitivity via loop diagrams Tmme | owoe
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P. Sphicas/JENAS meeting + Higgs may still show us unexpected surprises



The Energy Frontie

Which machines?

> Looking for indirect evidence of BSM
physics
o Need factories of Higgs bosons (and
other SM particles) to probe the TeV scale
via precision measurements

> Search for direct evidence of BSM

physics at the energy frontier
o Need to directly reach the multi-TeV scale

/;——I..

(v ete
% - hadron- had/an“
.Lfmdmn tron’,

s Schematic of an
4 80-100 km
s long tunnel

-

LSS3
(IP2-pp)




The Energy Fronti

.
Energy Frontier Benchmark Scenarios

Higgs-boson factories

(up to 1 TeV c.0.m. energy) Multi-TeV colliders

(>1 TeV c.0.m. energy)

Collider  Type NG P|%] Lint Start Date
e”/et | ab”™' /IP | Const. | Physics
HL-LHC pp 14 TeV 3 2027 Collider  Type Vs P|%] Lint Start Date
ILC & C* ee 250 GeV | £80/ £ 30 2 2028 2038 . € /et | ab™!/IP | Const. | Physics
350 GeV | £80/ £ 30 0.2 HE-LHC pp 97 TeV 15
500 GeV | +80/ +30 4 FCC-hh  pp 100 TeV 30 2063 | 2074
1TeV | £80/+20| 8 TSppC pp | 75125 TeV | T 1020 | 2055 |
CLIC ee 380 GeV +80/0 1 2041 2048 LHeC o 13 Tev 1
CEPC ee My 50 2026 2035 FCCoeh 3.5 TeV 9
242[@ v 130 CLIC ee 1.5 TeV +80/0 2.5 2052 2058
260 OV 05 | 30TeV | £80/0
FCC-co co My 7 2033 2048 p-collider  pp 3 TeV 1 2038 2045
9 My 5 10 TeV 10
240 GeV 2.5
2 Miop 0.8
p-collider  pp 125 GeV 0.02

C3= "Cool Copper Collider” A US development with copper RF cavities at
80 K, gradients 70-120 MV/m, Lumi 1034 cm2s1, no full design available yet..



The Energy Fron

Indicative scenarios of future : Proton collider MESSE Construction/Transformation
colliders [considered by ESG] o Clectron collider Preparation / R&D Original from ESG by UB
Muon collider y
pdated July 25, 2022 by MN

2038 start physics

) | ILC: 250 GeV 500 GeV
20km tunne 2 ab? 4 ab?

Japan

{ 5 years

31km tunnel 40 km tunnel
© 2035 start physics
£ CepC: 90/160/240 Gev
6 100km tunnel (ST T SppC: 75-125 TeV, 10-20 ab-!
LHC HL-LHC (14TeV, 3 ab")
(13.6TeV, 450 fb")
2048 start phy
e 100km tunnel, installation FCC-ee: 90/160/250 GeV 350-365 installation
E -150/10/5 ab* fe"' 1.7 abr FCC hh: 100 TeV = 30 ab'!
Q

2048 start physics

CLIC: 380 GeV' 3TeV
11 km tunnel 15 abt 5 abt

holding

50 km tunnel

29 km tunnel

o e e e e ]
2040 2050 20ARN 207N




The Energy Fronti

R
Possible scenarios of future : Plroton collitliledr W Construction/Transformation
. Electron collider -
Preparation / R&D igi
colliders B Muon collider P / Original from ESG by UB

Updated July 25, 2022 by MN

Proposals emerging from this Snowmass for a US based collider

2040 start physics
ccC CCC: 250 GeV 550 GeV 2TeV
5 years 8 km tunnel 7 abl 4 3b? <4 ab?
RF upgrade

< .
g Muon Collider 2045 start physics

13 muC:Stage Stage2

years 10TeV;

4km & reuse Tevatron 1 o
=10ab? Note: Possibility of

ring
OR 4km+6km km ring 125 GeV or 1 TeV at Stage 1

10km & 16.5 km tunnels

EEEEE EEEEEEEEE NS NN NS NN N
2020 2030 2040 2050 2060 2070 2080 2090

« Timelines technologically limited

* Uncertainties to be sorted out : :
+ Find a contact lab(s) ...Snowmass 2021 discussion
* Successful R&D and feasibility demonstration for CCC and Muon Collider

 Evaluate CCC progress in the international context, and consider proposing an ILC/CCC
[ie CCC used as an upgrade of ILC] or a CCC only option in the US.

* International Cost Sharing
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Large Projects

Construction | Construction Construction
Start date (yr) | End date (yr) Cost BS

The Energy Fronti

Higgs Factories
CepC

CCC (higgs Fac)

ILC (higgs Fac)

CLIC

FCC-ee

Multi-TeV Colliders

Muon Collider (3
TeV)

Muon Collider (10
TeV)

SppC

HE CCC

HE CLIC (3 TeV)
FCC-hh

2026
2030
2028
2041
2033

2038

2042

2043
2055
2062
2063

2035
2040
2038
2048
2048

2045

2052

2055
2065
2068
2074

12-18
il
7-12
il
12-18

7-12

12-18

30-80
12-18
18-30
30-50

Snowmass 2021
-> From the Accelerator
Frontier Report

Cost estimates from the ITF report by AF.
Please refer to the document for
explanations now they were

estimated and associated caveats

Link to the report on AF wiki

July 26, 2022 36




A Muon

nature

A week ago...

NEWS | 08 August 2022

Particle physicists want to build the
world’s first muon collider

1 © High-luminosity Large Hadron Collider
20304 1| Collides: Protons; Construction under way; 27 km

1 —— International Linear Collider
) Electrons and positrons; Ready to build but not funded; 20 km

© | Compact Linear Collider
Electrons and positrons; Development needed; 11-50 km

1 — China's Circular Electron-Positron Collider
’ Plans in development; 100 km

2035

2040
| © — CERN’sFuture Circular Collider (FCC)-ee
Electrons and positrons; Plans in development; 90 km

4 ©—— Muon collider
20454 o Development needed; 10 km

US Cold Copper Collider
Electron and positrons; Development needed; 8 km

Earliest date of operation

2050

FUTURE COLLIDERS

Particle physicists have a menu of ‘Higgs factories’

they could build after the Large Hadron Collider (LHC)
to study the Higgs boson in detail. They want to follow
that accelerator with a higher-energy machine; a muon

2055 _ collider could be relatively small and cheap to build.

I Linear collider
© Circular collider

2060 M Higgs factory
1 M High-energy collider

W LHC upgrade

O CERN’'s FCC-hh
Protons; Plans in development; 90 km

2065

Collider.

...As Multi-TeV discovery machine
e \Would be become operational

e Smaller and cheaper than eg

But still significant R&D required

500

-
-
-
-
==
-
-
-
-
-
-
-
-
-
-
-

5200
[ ]

F
@100 i
50}

EWK+QCD

20

10 15 20 25 30

Vs [Tev]

after a Higgs factory start-up

a 100 TeV collider

Technology (cooling)...
Neutrino backgrounds...

Realistic timeline?



A Far, Far Future Project...??

14 PeV

Circular Collider s
on the Moon (CCM)

1000x as energetic
as the LHC

arXiv:2106.02048
7 June 2021

A very high energy hadron collider on the Moon

James Beacham'* and Frank Zimmermann? !

' Duke University, Durham, N.C., United States
2CER Meyrin, Switzerland

(Dated: June 7, 2021)

I'he long-term prospect of building a hadron collider around the circumference of &

circle of the Moon is sketched. A Circular Collider on the Moon (( ) of ~11000 km
in circumference could reach a proton-proton center-of-mass collision energy of 14 PeV — a
thousand times higher than the Large Hadron Collider at CERN — optimistically assuming a
dipole magnetic field of 20 T. Siting and construction considerations are presented. Machine
parameters, powering, and vacuum needs are explored. An injection scheme is delineated
Other unknowns are set down. Through partnerships between public and private organiza
tions interested in establishing a permanent Moon presence, a CCM could be the (next-to-)

»neration discovery machine and a natural successor to next-generation ma-
chines, such as the proposed Future Circular Collider at CERN or a Super Proton-Proton
Collider in China, and other future machines, such as a Collider in the Sea, in the Gulf of

Mexico. A CCM would serve as an important stepping stone towards a Planck-scale collider

S er e EOR ALL
‘ x MANKIND




Beam Dump at Futur

...making use the high intensity facility beams...

Heavy Neutral Leptons at Beam Dump Experiments of
Future Lepton Colliders 2206.13745

'Edump= 11m fsh =70 m fdecay = S0 m

Detector

s Jll Beam Dump Muon Shield
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Dark Matter Se

Dark Sector Candidates, Anomalies, and Search Technigues

zeV aeV feV peV neV peV meV eV keV MeV GeV TeVv PeV  30Mg
l I I b L L L
H.llllli%vHvervHﬁHﬁ
* >
QCD Axion WIMPs
- '.ﬁ ’
Ultralight Dark Matter Hidden Sector Dark Matter Black Holes
&> % »
Pre-Inflationary Axion Hidden Thermal Relics / WIMPless DM
—> + - - -
Post-Inflationary Axion Asymmetrnic DM
>
Freeze-In DM
«—>
SIMPs / ELDERS
&
Beryllium-8
«—>
NMuon g-2

—
Small-Scale Structure

<= - . . > L =
Small Experiments: Coherent Field Searches, Direct Detection, Nuclear and Atomic P hysics, Accelerators Microlensing

A

zeV aeV feV peV neV peV meV eV Tey Pev  30Mg

Search region 1022 eV <-> 1018 GeV




Xenon Detectors

XENON 10 (LNGS)
ZEPLIN (Boulby)

10 kg

00 (LNGS) [ 8
UX 250 kg, &

XENON 1

100 kg

XMASS 700 kg, CJP
(0.8t, Kamioka) S

(1t, LNGS)

PandaX-4:(4t, CJPL)™ 2
2%
XENONNT: (6t, LNGS) 0
LZ: (7t, SURF)
10,000 kg

—
)
’

Cross Section [cm?

56 810 20 30 40 60 100 200 400 600 1000

WIMP mass [GeV/c’] Future: DARWIN: 50 T = D ?
DARWIN, JCAP 1611 (2016) no.11, 017, arXiv:1606.07001



Argon Detectors s DarkSide-50: leading 51 [imit at 1-5 GeV/c~ for
N WIMP-nucleus and WIMP-e scattering

PR e e | NL... D_... I 122 171 NO1INT /-wn‘rn\!

¥Ar is a naturally occurring 8 emitting
isotope, with Qg = 565 keV.

Activity in AAr: 1 Bq/kg,
DarkSide-50 UAr: 0.73 mBq/kg (1:1400)
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DarkSide-20k 1000000 kg
A50t, LNGS) ~

parts-per-billion level
“S1” particle ID,
ultrapure acrylic cryostat
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More Examples of Ongoing

* New techniques for direct
experiments eg directional
detectors, bolometers,
superheated liquids, crystals...

« Light Dark Matter searches at
high intensity fixed target
experiments

« Axion and ALP searches

* Quantum interference devices,
eg cold atom interferometers

... And many more
The multi-prong attack on
Dark Matter is on!




Searching dark matter

2207.13709
Using Jupiter missions as a probe for
dark matter annihilation in the planet.
Assume long lived dark photons photons
that decay outside Jupiter into e+e-

The Galileo probe and Juno orbiter make
in situ measurements of the relativistic
electron fluxes trapped in Jupiters large
magnetic field

10734
F =38, Ip=H'
10-35. Quasi Trapped

E Tiosst & [0005, 005] vt

10736; ol}.

(as) nonalaq o]
s) monpesaqy e
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]
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L EPi p,
- v=3, I'p=R;
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Gravitational Waves 2035-2040-

Cosmic Explorer

y

e T =

- Einstein telescope -

e Gy S
T e

Satellite 2

Satellite 1



Final Words...

* Energy frontier: LHC will be the workhorse for the next 20 yrs
* No lack of ideas for a next new project.. (but funding...?)

— Energy frontier clearly aiming for a Higgs Factory first. A
multi-TeV collider next (?)

— Neutrino/Dark Matter program well under way to answer
Important questions in the next 1-2 decades

— Support for PBC program (re-)gaining momentum.
Keeping opportunities eg for light BSM particles @
Intense beam searches in mind.

« Connectivity/complementarity across frontiers is a regularly
appearing target pursue...

Exciting future prospects and flavour Physics will be a strong part of it

* No time today to cover interesting progress/directions in
experimental techniques (quantum sensors, ML, etc...),







Excess of Events with High

de/dx measurement from the pixel detectors 2205.06013

nature View all journals ~ Search Q  Login () = 1 06 e A T L SR S B B
NEWS FEATURE | 25 May 2022 g 1 05 A TLAS Vs =13TeV, 139 f0”
. o SR-Inclusive_High pl*>120 GeV, il < 1.8
How the revamped Large Hadron Collider S 10°E . n@-22ev,me) - 100 e, @ - 10rs } oo
° ° — —r‘mﬁ(T}=1.3TeV,‘r )=10ns
will hunt for new physics = 10 e s cov. - 1o
o 1 02 — Expected
The particle-smashing machine has fired up again — sparking fresh hope it can find unusual results. E 10 ' E
< B
Elizabeth Gibney L 1 E o
4\ 10g .
107 ';" P - _____ —j----
1 0_3 i T Locconon

_U' 10 L T T T T | T T 1 TA | T K T T | T T T T | T T T T -
o i ? ;
£ il * :
~ TR _
E10—1hl!v vl vl e oy e | oy w
8 0 1000 2000 3000 4000 5000
dE/dx > 2.4 m [GeV]
Another intriguing result comes from ATLAS, where Ismet Siral at the University of Oregon in MeV g! cm?
Eugene and his colleagues looked for hypothetical heavy, long-lived charged particles. In
trillions of collisions from 3 years of data they found 7 candidates at around 1.4 TeV, around 8 7 eve nts an d e)(p eC‘t 0.7 +/ - 0.4
times the energy of the heaviest known particle. Those results are 3.3 sigma, and the identity . . .
of the candidate particles remains a mystery. “We don't know if this is real, we need more data. LOC&' (gIObaI) SIgn i cance IS 3'60
That's where run 3 comes in,” says Siral. (3.30')
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—— Total uncertainty
Stat. uncertainty

Tevatron I combination
PRD 70 (2004) 092008

DOII — e
PRL 108 (2012) 151804
LEP combination
Phys. Rept. 532 (2013) 119

ATLAS —e
EPIC 78 (2018) 110

LHCb °
JHEP 01 (2022) 036

CDF1I
Science 376 (2022) 170 e

Electroweak Fit (J. Haller et al.) -
EPIC 78 (2018) 675

Electroweak Fit (J. de Blas et al.) o
arXiv:2112.07274

80100 80200 80300 80400 80500
my, [MeV]

A 70 discrepancy with the SM prediction ...

An upset to the standard model SCIENCE
Latest measurement of the Wboson digs at the most important theory in particle physics

CLAUDIO CAMPAGNARI AND MARTIJN MULDERS

M,, [GeV]

Shots to prevent cancer show

Silk-wrapped food wins
early promise Bll & Science Prize .14

Visualizing a key stepin
cytokine signaling .

S 1CC..

.
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HEAVYWEIGHT
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80.50 T
- Experimental unc. 68% CL

F ==~ LEP2/Tevatron Light supersymmetry |
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The Muon Anomalous Magneti

The muon anomalous magnetic moment can be precisely calculated in the SM

Muons act as B-field B-field
1L if they have a a-fleld 3
tiny internal /
magnet §
" [T7 [T " H
“Dirac Interaction” QED “Schwinger Interaction”
g=2 (8-2)=a/nt BSM SUSY interaction

-

~~ Muon storage ring
BNLg2 — ° | \“ at FermiLab US
FNAL g-2 + ° '
< 420 >
—— ——
Standard Model Experiment
verage

175 180 185 190 195 200 205 210 215
9
ayX10 -1165900

A 4.20 discrepancy with the SM prediction ... but lattice?




LHCDb: Tests of Lepton Un

Comparing the ratesof B — Hu " p"and B — Hete™

Ghax AB(B - Hl-l U ~)

B+
Standard o fqmm dq? dg’
Model B 4%, dB(B > Hete™) . )
J-‘qrrun dq d
- : BaBar

0.1 <g*><8.12GeV?/c

19 octobre 2021, 13:04 CEST

. . Belle i _ _
: 10<q<60Gevict Possible new physics
: i Leptoquark
@ LHCb 9 fb’! Zp:'i;r( PA I+
1.1 < ¢ < 6.0 GeV¥/c* Z I-
U R R b «—5 5-(-.(.}-‘345
0.5 1 1.5 u > u u >
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The Energy Fr

Medium Project Scale R&D requests

R&D Start R&D End R&D cost
date (yr) Date (yr) MS _ _ ]
Estimated US Contributions

Higgs Factory — now 2035 ~100-150 In the spirit of Snowmass
detector R&D
numbers are very
CCC higgs factory 2024 2028 ~100 preliminary. They give an
approximate scale.
CCCHigh Energy 2045 2050 ~200
Need to be vetted further.
Muon Collider now 2040 ~300
(1-3 TeV)
Muon Collider 2040 2047 ~200
(10 TeV)




LEP3/HE-LHC

Reduced aspirations...
What can one still do in the largest tunnel we have alrready?

LEP3 proposal 2012: 1208.0504

i . Accelerator 3 | LHC | HL-LHC ILC Full ILC CLIC LEP3,41P| TLEP,41P
e+e' CO”'der |n LHC/LEP tunnel 300fb™ | 30007 | 250GeV | 2504350+ | 350 GeV (500 fb )| 240 GeV 240 GeV
Physical Jexpt Jexpt 250fb” | 1000GeV | 14TeV(1.5aby | 2ab” (%) | 10ab™ 5 yrs (%)
. Quantity
Note: -Max 240 GeV CM energy max |*= sp | smac | smua | swm | smce
) 1.4ab™" 5 yrs (¥)
10°ZH ., .
_LHC t b d 2040 . . , s 7.5 % 10* ZH : 2% 10°ZH
O De remove (> ) Ny 17x107 | 17x10" | 6x10°ZH | 14x10 e g axwm | 20
i (MeV) 100 50 35 33 100 26 7
ATy /Ty - — 10% 3% ongoing 4% 1.3%
Accelerator ring ATy /Ty gg‘;“; z’l‘g;ff,; 1.5% 1.0% ongoing 0.35% 0.15%
Mg/ 8 | 65— 51% | 54— 1.5% Z 5% ongoing 34% 1.4%
A g | 1= 5% | 75-27% | 45% 25% <3% 22% 0.7%
Aiwe G| 57-27% | 45-10% | 43% 1% ~1% 1.5% 0.25%
Az gz | 57-20% | 45-1.0% | 1.3% 1.5% 1% 0.65% 0.2%
Agia/ - < 30% - ~30% ~22% - -
Enn / Bunn (2 expts) (~11% at 3 TeV)
A/ i <30% < 10% - — 10% 14% 1%
A/ e | 85-5.1% | 54-20% | 35% 2.5% =3% 1.5% 0.4%
Agice  Eitee - - 37% 2% 2% 2.0% 0.65%
Agus/ guw | 15-69% | 11-27% |  14% 1% 1% 0.7% 0.22%
Collider ring Agiit/ gan 14-87% | 80-3.9% — 5% 3% _ 30%
(*): the total luminosity is the sum of the integrated luminosity at four IPs

HE-LHC proposal: IPAC 2019
2 These options may be cheaper

pp colider in LHC/LEP tunnel but will not necesarilly faster..
Note: - Max 27 TeV CMenergy max _ (and more limited in reach)

- Needs 16 Tesla magnets



Neutrinos as messengers

Solar neutrinos SN1987A )
, T — Neutrinos are one leg of

multi-messenger
astronomy

Combination with
- Weak interactions in core collapse phOtOﬂS from radio to
- Eg axion limits gamma rays

GW170817 and gravitational waves

e

-> Short GRB > merger :
- Eg equivalence principle test - Flare’s hadronic component colloquium by S. Horiuchi

Figures from SNOWMASS neutrino




Quantum 2.0

The First Quantum Revolution: exploitation of qguantum matter to build devices
Second Quantum Revolution: engineering of large quantum systems with full control
of the quantum state of the particles, e.g. entanglement

computers are probably still a decade away.

Google's quantum supremacy is only a Al, ML on Quantum annealer Atomic clocks
A CMS Expeniment & the LHC, CERN s <27 : 'S .
first taste of a computing revolution R 7\« //,////
"Quantum supremacy" is nice, but more broadly useful quantum < X \/ :' y // 2 /}5
= N g _/ — —

£
" v Stephen Shankland October 25, 2019 6:20 AM POT

4 ‘\‘ \\“\\&:A\'\\;:*

F A \ N

Nature 550 (2017) 375
lonQ >60-qubit

Nature (564) 87 (2018)

k ,—‘
arXiv:1902.10171

L S e NN

One of five Google quantum computers at a lab near Santa Barbara, California.
e CNET
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Quantum Technologie

Quantum and emerging technologies

S. Golawa

Quantum Technologies are a rapidly
emerging area of technology development
to study fundamental physics

The ability to engineer quantum systems to
improve on the measurement sensitivity
holds great promise

Many different sensor and technologies
being investigated: clocks and clock
networks, spin-based, superconducting,
optomechanical sensors,
atoms/molecules/ions, atom interferometry,

Several initiatives started at CERN, DESY,
FNAL, US (DOE QuantISED UK QTFP...)

QUANTUM
TECHNOLOGY

INITIATIVE

Significant new funding

Microwave Cavity

2

Example: potential mass ranges that quantum sensing
approaches open up for Axion searches

Other
experiments

AXIONS WIMPS
(ig (heay)
“table top” experiments Multi riments
with quantum sensors undmund
Potential gain in ECFA
sensitivity from [ — — Detector R&D
improved quantum i—‘— —n;c s —_— et
technology " WIMPLESS
DM
lumped SIMPS
H T Asymm
Aarcunts ki
magnetic
resonance
atom
interferometers
10% 1?"9 1?'15 1?'12 1?9 0 1?'3 1(|)° 1? 1?5 1?’ 1?1 1?15 1|0m
[ [ | | | [ [ | | | | | [ [
aeV feV peV neV peV meV eV  keV MeV GeV TeV PeV

Axion mass range

for HEP & spectacular opportunities
for interdisciplinary collaboration

Enabllig-HEP-Snowmass 21 -- |. Shipsey

Blue: now
Light green: with quantum
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