"2 CPAN

./ ingenio 2010

Objetivos cientificos de la agrupacion CPAN espanola de
fisica de particulas, astroparticulas y nuclear

Directora: Maria José Costa (IFIC, CSIC-UV)
Vice-Directora: Carlos Salgado (IGFAE)




;Qué es el CPAN?

\\\\\

El CPAN es una agrupacion cientifica cuyo objeto primordial es IFAET %
establecer un marco de colaboracién estable entre las B I v

instituciones en el campo de la investigacion, innovacion y

desarrollo tecnologico en Fisica de Particulas, Astroparticulas y

Fisica Nuclear. P
Promover una participacion coordinada para consolidar su g RO @
presencia en el contexto internacional, optimizar los recursos e
incrementar el peso y visibilidad de la comunidad espafiola.
Defender las prioridades e intereses cientificos en las

Universidad Autbnoma
de Madrid

»
%i‘% Universidad UAM

Universitat

de les Illes Balears

Universidad ~ Euskal Herriko
del Pais Vasco  Unibertsitatea

Universidad

. . . , de Huehva
colaboraciones y proyectos internacionales, asi como delate de 4

. . . e UNIVERSIDAD DE '?:7n 5% VNiVERSiDAD
|as agenC|aS de f|nanC|aC|On. @ g:l{\:l:YRAngcz:ouTEcch MURCIA T E éé BSAL‘\MT\NC’\

Los representantes legales de las correspondientes instituciones
firmaron un Memorando de Entendimiento en Madrid, a 14 de ' ____ ELAUI\EPN uhgf
junio de 2016 [http://ific.uv.es/~cpan/MoU-CPAN-2016.pdf], que

fue ampliado en 2020 [http://ific.uv.es/~cpan/Adenda-MoU- T Universidad A

= CsiC
CPAN-2020.pdf], vigente hasta el 13 de junio de 2024 (proceso IANNG:A I
de renovacion en marcha como Protocolo General de Actuacion). /LL\ LSC
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;Quiénes somos?
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Comité Ejecutivo:

¢Cé MO € Sta MOoS O rg an I Zd d O 37 *  Asiste al director y supervisa el funcionamiento ordinario del CPAN.

. Constituido por la directora, el vicedirector, dos representantes por
cada una de las areas cientificas.
. Secretario: Gerente

Directora: IPs de los 28 Grupos: Fisica de Particulas Experimental
. . . . . ) isica de Particulas Experimental:
Maria José Costa Mezquita (IFIC) * Nicanor Colino Arr’lero (CIEMAD Cibran Santamarina Rios (IGFAE) e Isidro Gonzalez Caballero (UO)
o Carlos Guerrero Sanchez (CNA)
Vicedirector: * Emilio Elizalde Rius (ICE) Fisica de Particulas Teérica:
Carlos Alberto Salgado Lopez (IGFAE) * Maria José Garcia Borge (IEM) German Rodrigo Garcia (IFIC) y Diego Blas (IFAE)
o Aurelio Juste Rozas (IFAE)
e Ivan Vila Alvarez (IFCA) Fisica de Astroparticulas:
Gerente: « Beatriz Gato Rivera (IFF) Maria Lucia Martinez Pérez (CAPA-UNIZAR) y M2 Carmen Palomares Espiga (CIEMAT)

Maria José Gracia Vidal (IFIC) « Antonio Pich Zardoya (IFIC)

¢ Juan Antonio Aguilar Saavedra (IFT)
Abraham Gallas Torreira (IGFAE)
Giulio Pellegrini (IMB)

Fisica Nuclear:
José Enrique Garcia Ramos (UHU) y Teresa Kurtukian Nieto (IEM)

¢ Fernando Arteche Gonzalez (ITAINNOVA) - =
Consejo de e Carlos Pefna Garay (LSC) Oflcc!:‘nat de Apoyo:
H H I H o Luis del Peral Gochicoa (UAH) ° estora
Estrategia C'_ent_'f'ca « Jorge Fernandez de Troconiz Acha (UAM) +  Comunicacion & Divulgacion: Nuria Falco (IFIC — UV-CSIC)
* Organo de direccion ¢ Ricardo Vazquez Gomez (UB)
. Formado por el director, « Antonio Dobado Gonzalez (UCM) En colaboracion con:
los representantes de * Antonio Bueno Villar (UGR) - Representantes en comités internacionales:
las instituciones * José Rodriguez Quintero (UHU) « RECFA (European Committee for Future Accelerators): Celso Martinez
adscritas y los restantes « Alicia Sintes Olives (UIB) + ApPEC (Astroparticle Physics European Consortium): Carlos Pefia
miembros del Comité * José Antonio Oller Berber (UM) *  NuPPEC (Nuclear Physics European Collaboration): Joaquin Gomez
Ejecutivo (con voz, pero . FraHCfSCO JaVIP{ Cuevas Maestro (UO) » Asesoren el Cor)sejo del _CERN Council: Nicanor Colino _ _
sin voto) . FrénC'SCO Cél‘/'no Tavafes (UPC) . LDQ (Large Particle P'hy3|cs La'bgratory Dlrelzctors Group): Nicanor Colln(? (CIEMA'T)
. Presidido por el Director * Miguel Garcia Echevarria (UPV/EHU) - Coordinadora de la subarea de Fisica de Particulas y Nuclear de la AEI: Pilar Hernandez
- * Xavier Vilasis Cardona (URL) - Coordinadores de las redes en las distintas areas (red LHC, RENATA, COMCHA, FNUC,
y Secretario: Gerente ¢ José Miguel Arias Carrasco (US) Futuros colisionadores, Instrumentacion, etc).
* Begona Eulogia Quintana Arnés (USAL) - Division Fisica Teodrica y de Particulas de la RSEF: A. Dovado, M. Asorey, S. Gonzalez.
* Theopisti Dafni (UNIZAR) - International Particle Physics Outreach Group: Jesus Puerta.
X
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Fundamental laws of matter

Standard Model of particle physics represents our best understanding of
the fundamental components of matter and their interactions.
Discovery of Higgs boson in 2012 major milestone (50 years after
prediction!).

Cannot be considered the ultimate theory.

Cannot explain observed phenomena:
Dominance of matter vs antimatter in the Universe.
Nature of dark matter.
Non-zero neutrino masses.

It does not include Gravity.
Discovery of gravitational waves in 2016 (100 years after prediction!)
opens a new observational doorway.
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Standard Model of Elementary Particles

three generations of matter

interactions / force carriers

(fermions) (bosons)
| I ]
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The discovery of the Higgs boson at the LHC (no spin, no charge)
represents the discovery of a new and special interaction.

The Higgs mechanism provides the interaction that generates
masses of elementary particles (not clear for neutrinos) through the
spontaneous electroweak symmetry breaking (at Tgy, several 10! s

after the big bang).

Phase transition
t T>T
V(o))
Potential barrier T= TIEW
BEH bubble expansion T<Toy
o H
Condensation of BEH field ———— T M

v

<53

“spontaneous” phase transition

The Higgs field creates a
”vacuum viscosity”: Particles
interact with the Higgs field and
effectively reduce their velocity.
Acquired mass proportional to
interaction strength.

Symmetric phase — early universe

Gravity VAYAYAYAAYAAVAVAVAVAVAN
Photon VAVAVAYAVAYAAVAVAVAVAVAN

Weakboson N\ NN\ MNNNNVN N

Neutrinos
Electrons
Top quark
Higgs quantum liquid in broken phase

Gravity AANNNANNNAN
Photon AANNNANNNAN

Weak boson Nﬂﬂm

Neutrinos —_— AT v
Electrons 'G/LM'
3

Top quark m i
t T




Study the new and unique Higgs force

Measurements of the Higgs boson properties confirm the picture of EE 1* QTLAS fun2
mass generation through spontaneous symmetry breaking. 5 , O .
Eli 12_ SM prediction E:
However, still ample room for interpretations within new theories « ]
beyond the Standard Model. 0t 2 S 7
The I;Iigfslsecto: remains a con.:ept:.al ltwj?ystery: 10-3;—/”/ —
s it elementary or composite object? c Forca cariers _ Hggsboson
Why is the Higgs so light? (Higgs mass 125 GeV << Planck i 110;:?—:: I W EI :: E
scale 10'® GeV) = Solution: alternative theories proposed (e.g. ; 1'23_ ]
Supersymmetry) that predict the existence of new phenomena o '15 l L ii f ]
(particles, interactions, extra-dimensions) that could be produced 083_ l ! } E

at high energy colliders. T T —r

Particle mass [GeV]

TS q UTLE Too
HoT FoR (1S GeV...
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Origin of neutrino masses

normal hierarchy (NH) inverted hierarchy (IH)
Neutrinos are massive (confirmed by the observation of neutrino m? m?
oscillations that determine Am?2). @_’@ ‘
Current data prefers normal ordering (not conclusive). \ /
Absolute neutrino masses not yet measured. @
Upper limits: 0.8 eV (KATRIN experiment), 0.12 eV (for the

2 .
P, =sin?20"-sin® Am”- L
i 4E

sum of neutrino masses, Cosmological observations).
~ /
aHd\\é'_,

v

Nature of neutrinos: Are they Dirac or Majorana?

What is the mechanism that generates neutrino masses?

Seesaw mechanism? 3Heq
Are there sterile neutrinos?
= ARE NEUTRINOS
v Y THER oW
¢ ANTIPARTICLES o
N B Decaihrt\ Bp Decay o g :
Heay (l:harged On:irr;ary & i . Beyond Standard Model process (AL = 2)
“right-ha it leptons neutrinos _
2::;:3; : (A, Z2) — (A, Z+2) +2¢
s Not yet observed: T2 ., > 107226 yr
100 Gev 1GeV 10 10Gev

neutrinoless B Decayg

Top2, ~ 10" —10?! years



The flavour puzzle

Symmetries are the key! Dictate the
dynamics of the system and the
conserved quantities.

The fermionic components of matter
display an intriguing family structure not
yet understood.
Why are there 3 families?
What explains the mysterious
pattern of masses and mixings?
Why do we observe flavour
symmetries?
Why are they imperfect (=broken)?

Ordinary matter (atoms,
nuclei, radioactivity)

Leptons

XXI century:
Discovery of the underlying structure
behind the fermion families?

XIX century:

Main challenge: Find the fundamental hidden
symmetry behind this mysterious structure.
This is known as the flavour puzzle
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Model of Els

y Particles

Two beautiful, extremely precise theories
but don’t work in regimes where both are important, i.e. at very small scales 10-3° m, 10'® GeV (Big bang, black hole)

Black Hole _

The Standard Model of

ﬂﬁﬂ@ % | electroweak and strong

interactions

special relativity.

* Quantum mechanics and

GAUGE BOSONS
VECTOR BOSONS

General relativity
theory of gravitation

Quantum Gravity

(the challenge)
Standard Model of Elementary Particles and Gravity
| S i - 00 Issues:
e | R [ « Infinities that cannot be handled
w \ H
ﬁ’ = .‘3 ,‘ wog: || ,g via measurements.
T ) Fome ) Comeare ) =) 22 graviton « Large discrepancy (10120) with the
9 I L/ Jil - J ’ .,‘,, J 3 observed cosmological constant
e (e (| (Y |, f; o e, g - (vacuum energy density).
® |0 | @ H @ |z : -
o\ electron J muon J wu qus:n J é: w 20909998
A ] Jf 9 JU 4 '@ |2 New capability to detect gravitational waves and take images of
- neurino | neurino L neurino oson O‘f .
black holes opens a golden era: Theory meets observations.




Solving Quantum Chromodynamics

Confinement

QCD: Quantum Field Theory that describes the strong “Hot and dense QCD”
force between quarks and gluons. (low energy domain, -
e.g. lattice calculations) N T decay (N’LO) += ]
QcbD - L v Y low Q? cont. (N°LO) o |
Lqcp =Y (17, D" —m) ) — —GWG - DIS jets (NLO) i ]
3 Heavy Quarkonia (NLO)
QUANTUM GLUON e'e jets/shapes (NNLO+res) H ]
CHrOMO GLUE PP/pp (jots NLO) =1 |
0.25 EW precision fit (N3LOY—— ]
DyNAMICS auaRK op (i, NNLO) |
Y 0af
N [
u+u+d = proton ... mostly
m, ~ 3MeV GLUONIC 0.15 |
28 Meal field energy I
3+3+5#938 | M =E/c? b
F = a,(Mz2)=0.1179 £ 0.0010 .
A formal analytical solution of QCD is a key challenge for both 0.05 b———nl il
1 10 100 1000

physics and mathematics.

A deep understanding of the complex phenomena encompassed by the
theory of the strong interactions will have a major impact on particle
physics, nuclear physics, astrophysics and cosmology.

Q[GeV]

Asymptotic freedom
“Vacuum QCD”
(high energy domain, perturbative calculations)




Origin and fate of the Universe

The Standard Model of Cosmology (ACDM) describes
how the universe has changed over cosmic time. Origin and Fate of the Universe

75N @)

The model assumes General Relativity and can Gravitational Waves
describe data well with three components: Inflation VY] MV AAY AN/

Generates \ \ \
Two Types of 4 ¥ ¥ \ / & \_/ ./ N/
Waves Waves Imprint Characteristic

Cosmological constant (A) associated to dark energy Density Waves Polarization Signals

Dark matter 1112 B B B

Ordinary matter &, 5,

Free Electrons Earliest Time
Scatter Light Visible with Light/(

IS B

R

Fluctuations

Matter-radiation

crossover point DARK
ENERGY-

MATTER- DOMINATED
DOMINATED

<«—— Quantum

Protons Formed
/ Nuclear Fusion Begins \

|

Modern Universe

RADIATION-

DOMINATED Matter
density Actual Content

Neutral Hydrogen Forms

Nuclear Fusion Ends
Cosmic Microwave Background

S

Radius of the Visible Universe
Inflation

Dark Matter

26.89 nt \
‘ /. 3min | 380,000yrs | 13.8Billionyrs
; I
Dark energy Inflation Barvogenesis Dark Matter domination Dark Energy & Accelerated
yog (47,000 yrs) Expansion (6 Billion yrs)

10* 10° 108 0™
Time since Big Bang (yr)




Unresolved puzzles and challenges

Find evidence for Cosmic Inflation

Theory of exponential
expansion in early Universe.
Quantum fluctuations of the
inflaton field become seeds of
the cosmic web.

Dark Matter

* Nature completely
unknown.

* Enormous variety of
candidates and

experiments.

dark matter mass

10-22 eV 1MeV 1GeV 1TeV 100 Mg ~ 10% eV
Ultralight (“fuzzy”) DM WIMPs Primordial black holes

Absence of anti-matter in our Universe

What are the processes that produced this asymmetry (after
inflation and before nucleosynthesis).

After Planck: ;= "B "B _ ¢ 91(16) x 10~10

316 BANG g

10,000,000,001 10,000,000,000

Dark Energy (Cosmic accelerated expansion)

The force of rk en

that of dark matter a:

* Nature completely
unknown.

+ Candidates: Cosmological
constant, fields with varying
energy densities,
modifications of General
Relativity.




Origin of elements in the Universe

Nuclear fusion in stars converts light elements into
heavier nuclei up to the iron region.

Nuclei beyond iron are basically produced by a
variety of neutron-capture processes.

Nuclear physics is a crucial ingredient for
understanding of the evolution and explosion of stars
and of the chemical evolution of the Universe.

Many properties of the nuclei involved in
nucleosynthesis processes (s, r, p, rp), such as
masses, weak-interaction rates and nuclear reaction
rates, have not yet been determined with enough
precision.

A significant push in this direction is expected with
data from high intensity radioactive-beam and
neutron-beam facilities.

Nuclear Astrophysics: Nucleosynthesis

Type la SN
Thermonuclear

known nuclei

Terra incognita

m stable nuclei

©.Y)

= [P

o)

(‘11)

n.p)

neutrons

r process

Core-collapse
Supernova

Neutron star
mergers

-

>



How do we reach the scientific objectives?

To address these fundamental questions, a multi-
pronged approach with a variety of experiments, a
world-wide effort and long time scales are needed.

Origin of Mass World-wide large international collaborations and
facilities (such as CERN), use of ICTS and ESRI
infrastructures.

Long time scales to design, build and exploit
telescopes, accelerator, reactor and underground
experiments.

Fundamental physics also requires technological
revolutions and theoretical developments.

Origin of Universe

Unification of Forces

New Physics
Beyond the Standard Model

The Spanish CPAN groups are contributing to
this world-wide effort from both the theoretical as
well as experimental side with physicists,
engineers and technicians.

Proton Decay




Research lines and human resources

LINEAS DE INVESTIGACION DE LA AGRUPACION CPAN

Fisica tedrica: Fisica experimental:

» Aspectos formales de teoria cuantica de campos + Experimentos de fisica de particulas en colisionadores

+ Fenomenologia en fisica de particulas elementales +  Experimentos de neutrinos

+ Teoria de estructura y reacciones nucleares + Telescopios de neutrinos, rayos gamma y rayos coOsmicos
* Relatividad General, Cosmologia y Astroparticulas *  Cosmologia Observacional

+ Experimentos de ondas gravitacionales
* Fisica nuclear experimental
+ Aplicaciones

Alrededor de 1450 fisicos, ingenieros y técnicos distribuidos en los 28 nodos del CPAN




Collider based experiments: The LHC and future colliders

LHC / HL-LHC Plan

136 TeV 13.6- 14 TeV

energy

HL-LHC
installation

ATLAS CMS
experiment rade phase 1 ATLAS - CMS
pestiiipee T 2 nominal Lumi AUCE -Licb 2x nominal Lumi HLEporece

4500 | intgrated [EICR
BN 1000 1o

PROTOTYPES / CONSTRUCTION ‘ INSTALLATION & COMM. H” PHYSICS

HL-LHC TECHNICAL EQUIPMENT:
DESIGN STUDY

EXCAVATION BUILDINGS

EXPERIMENT

1.4 16
68% CL interval

0.2
95% CL limit

* LHC has already operated for 15 years (since 2009) (produced 10M Higgs bosons so far). Only 2 more years to completion
of the LHC program.
« Still, ~20 times more statistics expected at HL-LHC (2029-2041) (detector upgrades required, a reconstruction challenge).




Collider based experiments: The LHC and future colliders

Indicative scenarios of future
colliders [considered by ESG]

B proton collider

Electron collider

B Muon collider

2038 start physics

= Construction/Transformation

Preparation / R&D
Original from ESG by Urusla Bassler

Updated July 25, 2022 by Meenakshi Narain
Corrected FCC tunnel length, by F.Z.

c
© 5 vears 20 km t | ILC: 250 GeV 500 GeV
] 4 m tunne 2abt 4abt
5
31km tunnel 40 km tunnel
2035 start physics SM Energy Frontier
©
£ CepC: 90/160/240 GeV I
5 100 km tunnel [EESZIPRINS SppC: 75-125 TeV, 10-20 ab™! o
£
=]
<}
[&]

LHC
3.6TeV, 450 fb1)

HL-LHC (14TeV, 3 ab™")

91 km tunnel, installation

Energy ——
Prob(NP)

2048 start physics

~3

CElTI

holding

km of SRF

11 km tunnel

FCC-ee: 90/160/250 GeV 350-365 installation
-150/10/5 ab* IGEV1~7 ab- FCC hh: 100 Te
2048 start physics
CLIC: 380 GeV 1.5TeV 3TeV
1.5ab? 2.5 ab? 5 ab?!
29 km tunnel 50 km tunnel

2020 2030

2040

2050 2060 2070 2080 2090




Long-baseline accelerator experiments

” Current Generation -

Next Generation

Previous Generation

Neutrino experiments

%'Nfs ¢ DU(VE \emmmoceenmen
CPAI\-‘; SRA oHyper-Kamiokande
Neutrino-less CPAN
double beta :
2010 H

d ecay : NOvA ::llects first
experiment rag collecs i peem daes e | okt S ]2

CPAN VA e

A

Posterior density
s 2
2 B
A

B SPARC Main Ring
[KEK-JAEA, Tokai)

oth MO [Eet———— - - T F——
Inverted | -+ -F-=eim—==i. -4

©

Lreurwrjaid ¥

Normal

{i.‘, =D Lsc

Laboratorio Subterréneo de Confranc

Next-100: started in 2023
Future: NEXT-HD, NEXT-BOLD

DEEP UNDERGROUND [
NEUTRINO EXPERIMENT|

(Short-
baseline)
reactor
experiments

Start in 2030

New intermediate

Hyper-Kamiokande detector (WCD) J-PARC
Ve "u Mok ND280 upgrade, INGR
Neutrino beam 040~
| Ll )| 280
:‘ 295 km :G—H
. ~km
(2011-2018) Start in 2027




Telescopes (neutrinos, gamma rays, cosmic rays)

Neutrino telescopes

NG . i
i >

i

Roque de los Muchachos P
Observatory, La Palma (Spain)
cherenkov
‘ a telescope
array

-
e e

Roque de los Muchachos
Observatory, La Palma (Spain)

] i ARCA (1km3):
search for distant
astrophysical

: = neutrino-sources.

i & ORCA (0.007 km3): | S,
| neutrino properties AUGER Mendoza “ iﬁi‘

measurements. i OBSERVATORY |_(Argentina)




Gravitational wave experiments

wu O1
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Mic Mc
30

i

LIGO
Virgo
KAGRA

LIGO-India

| I | |
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| DARK ENERGY
§ SPECTROSCOPIC
b INSTRUMENT

INTER-AMERICAL

(2013-2019)
DARK ENERG

8 9 10

0.7
PAU Cam at W|”|am HerShe| Telescope, Observatorlo o ‘ l()(‘)kbark time [billions of years|
del Roque de los Muchachos, La Palma

DARK ENERGY
SPECTROSCOPIC

euclid

INSTRUMENT KITT PEAR

U.S. Department of Energy Office of Science Since 2021 v %
Y - . \/. J
e
L=

/ l__‘;\ ';

Launched in 2023
First cosmological
results expected in

05 SERVATORY 2026

Large Synoptic Survey Telescope




Dark matter direct detection and axion experiments
Global Argon DM Collaboration |------

Divect Method
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Laboratori Nazionali del Gran Sasso

----{ DarkSide-50 | ———— Darkside-20k | Go-300 |

DEAP-I
«  INFN

Laboratori Nazionali del Gran Sasso

BabylAXO prototype
(Start in 2028)




Nuclear physics experiments
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L era— SEC: Experimental station for nuclear reactions.

ISRS: High-Resolution Recoil Sep radioactive species.

#8,°Li,”"11Be, Halo, astrophysics

The Advanced GAmma Tracking
Array (AGATA) is a European
gamma-ray spectrometer

Used in experiments utilising both intense stable and radioactive

i-TED array of 4 Compton cameras installed at ion beams, to study the structure of atomic nuclei at the limits of
nTOF for the measurement of the 79Se(n, y) their stability.
cross section.




Theoretical developements — Example for solving QCD

Confinement
“Hot and dense QCD”
(low energy domain,

e.g. lattice calculations)

T T
T decay (N3LO) —=—
low Q2 cont. (N3LO) e

Heavy Quarkonia (NLO)
¢'e” jets/shapes (NNLO+res) H

0.25

0.2

ay(Q?)

0.1

0.05

pp/pp (jets NLO) —=-

EW precision fit (N>LOY-e— 7

pp (top, NNLO) —

= 0 y(Mz?) = 0.1179 £ 0.0010

DIS jets (NLO) —— ]

10 100
Q[GeV]

Asymptotic freedom
“Vacuum QCD”

(high energy domain,
perturbative calculations)

Ex: Perturbative theory (at high energy): Expansion in powers of
05 << 1, using Feynman diagrams (many integrals to solve!)

f=fotasfi +aifo+aifs+

Ex: Impact on precision of Higgs
properties determinations at the HL-
LHC proton-proton collider

:E:E:E:}ﬂ

LY L

Vs =14 TeV, 3000 fb™' per

Half a century of progress in Higgs

jiFti

Total ATLAS and CMS
— Statistical HL-LHC Projection
—— Experimental
Theory Uncertainty [%]
- o Tot Stat Exp Th

1.8 08 10 13
1.7 08 07 13
15 07 06 1.2
25 09 08 21
3.4 09 1.1 31
3.7 13 13 32
19 09 08 15
43 38 10 17

|98 72 17 64

production theory predictions! !
Vs=13TeV * From Hixs
. i K,
LO* [T 5. attare, oy, Nanopeuios, G . sacha s 1977 - 1980
H. Georgi, 5. Glashow, M. Machacek, D.V. Nanopoul H Kg
NLO - QCD* Kt
NLO - | 1991 - 1995
. Spia, . Diouad, D. Grauders, P, Zervas
Kp
NNLO#NNLL QCD - NLO EW | 2002 - 2012 Ky
. Kp’
N'LO-NLOEW i 2016 Kz,
: !
0
ATLAS Collaboration Run 2 -—'—i—-
Nature 607, 52-59 (2022)
; 2022
CMS Collaboration Run 2 —i—
Predictions for m,= 125 Gev  Nature 607, 60-68 (2022)
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Expected uncertainty

Expected measurements dominated by
QCD theoretical uncertainties (even
assuming a 50% improvements)




New instrumentation, techniques and computing

Challenges in physics come together with challenges in the

development of tools for measurement. World-wide LHC
Accelerators Computing GRID
Sensors for particle detection.

New detector R&D Collaborations at CERN

Readout electronics & data acquisition systems (o aoms_---of cRN counciL |
Intelligent filtering in real time I."i"‘”:"i"
Mechanical structures }j}g’&?_}a“‘ e RoE) T [ e
. CERN and LDG
Computing Nl:;ggg;‘*;fgg’; opec, l m_,:.ammm...w.m

* ICFA Instrumentation, Innovation
and Development Panel

New detector R&D collaborations being set-up at CERN
Gaseous, Liquid detectors, photodetectors & particle ID, Calorimetry,
Semiconductor detectors, Quantum sensors, Electronics and Integration.

Detector RD (DRD) Collaborations.

Access to international and national
infrastructures (e.g. CERN, national ICTS)

Centro Namonal de Aceleradores (CNA)

. . . . . IFMIF
International Fusion Materials Irradiation . DONES Laboratorio Subterraneo de Canfranc Sala Blanca Integrada de Micro y
FaClllty — Demo Oriented NEutron Source GRANADA (LSC) Nano Fabricacion del CNM




Applications in society, industry or other fields

Based on technologies and techniques developed for

particle, astroparticle and nuclear physics, a
significant effort is put on applications impacting
society, industry or other fields.

A maijor activity is focused on medical applications.

IV Jornadas RSEF / IFIMED de Fisica Médica

29 November 2023 to 1 December 2023
CNA, Sevilla

Europe/Madrid timezone

Overview
Scientific Programme

Call for Abstracts

Estas jornadas de Fisica Médica, organizadas por la Real Sociedad Espafiola de Fisica y el IFIC a través
de la instalacion de Fisica Médica IFIMED del IFIC, tienen el objetivo de favorecer el contacto entre
profesionales de diversas ramas que trabajan en este campo (imagen médica, radioterapia, fisica de la
vision, etc), tanto de la universidad y centros de investigacién como hospitales, empresas, etc.

Medical Imaging

TOF-PET
PET

VISI N

Funded by
the European Union

Total Body PET

(affordable approaches)

PETALO: liquid
Xenon + SiPMs —
continuous
volume

Hadron therapy monitoring

photons protons (Bragg Peak) protons (SOBP)

dose

S,
&
&
S
5
@
Y=o

Prompt gamma imaging with
Compton Camera: MACACO
with LaBr3 detectors

depth




XVI Jornadas CPAN

Universidad Complutense de Madrid (UCM)
Madrld 19-21 de nowembre

AE A

[V et i
g )

The CPAN Days in Madrid will be the next occasion for the full community to meet and discuss about the status of
our diverse and complementary research activities as well as about coordinated future strategies.







Theoretical developements — Example for solving QCD

035

T T
T decay (N°LO) +=~
low Q2 cont, (N>LO) o

DIS jets (NLO) —— ]
Heavy Quarkonia (NLO)
e*e” jets/shapes (NNLO-+res)
\ pp/pp (jets NLO) H&-

025 | EW precision fit (N>LOy-—
\ pp (top, NNLO)

03

Q%)

02|

01 .

= (M%) =0.1179 + 0.0010
0.05 L L

I
1 10 100 1000
Q[Gev]

]
0.15 | By IE
58
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Ex: Lattice (at lower energies): discretization of
QCD on a space-time lattice using numerical
methods.

Ex: Perturbative theory (at high energy): Expansion in
powers of ag << 1, using Feynman diagrams (many integrals

to solve!)
f=Jotasfi+ a§f2 + a§f3 + ...

T —
,_L B = : -‘ k




Flavour mixing

(Vg Vo Vi
s' Vcd Vcs Vcb S

bl th Vts th
\ / \ / N\ /

weak Cabibbo Kobayashi mass
eigenstates Maskawa (CKM) matrix eigenstates

q Cls(M b PMNS Why is the flavour mixing so different in the quark and lepton sector?
V. V. V.
: ] - Rare decays are very sensitive to the presence of new physics at
o - ‘ Ve . = energies beyond the collider reach.
b W b h HA u*
C = s W, + +
-2 i B M B Z[/l/ o
- SN
t : o v, - . s U s U

B; — puis loop process (no tree-level FCNC)

thatis in addition CKM & helicity suppressed ~ oM: 3.7 £0.2 x 10



. Symmetry under Conservation of a
Symmetries -

CP is (a bit) broken in the weak interactions

due to the 3-fold matter replication structure
Key to understand the matter-antimatter
asymmetry

Why is CP apparently conserved in the strong
interactions?
Axions? (also a dark matter candidate)

Are baryon and lepton number exact
symmetries?
Unification of fundamental interactions
may imply the breaking at some high-
energy scale.

Why left and right-handed particles behave
differently?

Right-handed Left-handed

Searches for Lepton Flavour Violation:
Highly suppressed in SM: < 1/10%0

positive charge negative charge
left handed right handed
electron positron

Lepton Universality probes: weak interactions act
equally regardless of lepton flavour (Pillar of the
Standard Model, deviations observed at LHC).

This result
[LHCb preliminary]

[NEW!]
HFLAV!

New World Average.
Tension with SM at the level of 3.17 o.




used in experiment

Equation-of-State used in Lagrangian

PELET EELE CET G

Precision tests of the . .
Standard Model towards Ex: Higgs properties expected

revealing new laws of physics

(applications) PDFs _ (first principles)
f te] 1
| “confined” g “deconfined” ]
|‘ hadrons & ions quarks & gluons ]
N e e e _/
Vs =14 TeV, 3000 fb™' per = 2
HPH [ Total ATLAS and CMS
predictions at HL-LHC — SsiA 0 reeton
. —— Experimental
N

Extreme environments: heavy
ion collisions, neutron stars and
early Universe.

high-energy
!t hard scattering

—— Theory Uncertainty [%]

2% 4% Tot Stat Exp Th
1.8 08 1.0 13
1.7 08 07 13
15 07 06 1.2

25 09 08 21

34 09 11 31

‘ﬂ ’H “ll ﬁ—@

3.7 13 13 32

19 09 08 1.5

43 38 10 17

| P| I

Ky =/—"—""" |98 72 17 64

0.02 004 006 008 01 012 014
Expected uncertainty

o

Expected measurements dominated by
QCD theoretical uncertainties (even
assuming a 50% improvements)

A deep understanding of the complex phenomena encompassed by the theory of the strong interactions will have
a major impact on particle physics, nuclear physics, astrophysics and cosmology.
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1 i
used in experiment Equation-of-State H used in Lagrangian
i
i
i
i
i
\

(applications) Yl PDFs (firslt principles)
| “confined” < “deconfined” ]
1 hadrons & ions quarks & gluons 1
‘\~ _______________ S —— _l’
Precision tests of the Standard LA
: Oth . .
Model towards revealing new LHC il Quark gluon + Heavy ion collisions (LHC or RHIC)

. i recreate conditions shortly after Big
laws of physics o 1w I Bang (hot quark gluon plasma).
Extreme environments: heavy : *Understanding astrophysical objects
. llisi t t 5 i (e.g. neutron stars) involve matter at
ion collisions, neutron stars : high densities.
and early Universe. £ Hadronic

2 o matter
45 Solving QCD will bring a

quantitative understanding
9401 s of the QCD phase diagram,
Neutron star | by determining the

_ equation of state and

le T transport properties of

l lj:m extreme matter.

A deep understanding of the complex phenomena encompassed by the theory of the strong interactions will have
a major impact on particle physics, nuclear physics, astrophysics and cosmology.




The Standard Model of Cosmology

Decelerating //
universe /%%, ¢

05 -

The Standard Model of Cosmology (LambdaCDM) can fit
data extremely well.

e’ °

/) Accelerating
universe
02 -

Assumes General Relativity as the theory of gravity on § a1
cosmological scales.
1 . h 002 (- o/ ™ Ho = 70km/sMpe
R 'V = g V R - T 'v + g A 1 1 1 1 1
L u 2 !vl« u HV " 100 30([)’im m;(()ho‘opc] 3000 10,000
Curvature and metric of space-time (not rigid, can be deformed) Actual Content of the Universe

Energy-momentum Tensor (represents energy and matter content)

Parametric model with three major components:
Cosmological constant (/\) associated to dark energy.
Dark matter.

Ordinary matter.

Dark Matter

Dark Energy




Resumen de resultados del LHC

Produccion de particulas

en LHC hasta ahora:
Bosén Higgs: 10 millones Standard Model Prod Cross S "
. tandar odel Production Cross Section Measurements atus: February
Quark Top: 400 millones ~° ueti : u Stais: Ftruay 2022
., . A0 o (2 —
Boson Z: 10.000 millones 8, 1oniu ATLAS Preliminary B e
Boson W: 40.000 millone: & ;S Vs=57813 TV e VE ot T
Quark b: 200 millones de . W oo
millones LHC pp V5 =8 TeV
10* | B 0o 202-2030
E : &B 18 F LHC pp V5 =7 TeV
l‘f f( ‘o IR Daa 45-49fb!
B z xw 10° £ LHC pp V5 =5 TeV
10! £ o256 BBl 0a 003-03fb?
o WWW tot.
Lr % o e o E o g B
w0k S o i Innh”
fies A
102F LT 2 = =
"B g aBg ulzzgw
i it %
PP oJets ¥ W z €t W 7y H Hj VH Vy 6V gH  WWV o7y VA g
tty

vu mt -
oo ver ot e

Todos los resultados estan de momento en buen acuerdo con las predicciones del Modelo Estandar (midiendo procesos que
cubren 9 6rdenes de magnitud en secciones eficaces!).
No hay senales claras de nuevas particulas o fuerzas.




Resumen de resultados del LHC

CMS

138 fb™' (13 TeV)

ATLAS

e+ Total

Run1:/s=7-8TeV,25fb~*, Run2: \/s = 13 TeV, 140 fo !

Runi1 H — vy
Run1 H — 4
Run2 H — vy
Run2 H — 4¢

Run 142 H — ~y
Run1+2 H — 4/
Run 1 Combined
Run 2 Combined
Run 1+2 Combined

d

T T l T T

[ ] stat. only

H———

| Combination

Total (Stat. only)
126.02 + 0.51 (+ 0.43) GeV

124.51 + 0.52 (+ 0.52) GeV
125.17 +0.14 (+ 0.11) GeV
124.99 + 0.19 (+ 0.18) GeV
125.22 + 0.14 (+ 0.11) GeV
124.94 + 0.18 (+ 0.17) GeV
125.38 + 0.41 (+ 0.37) GeV
125.10 + 0.1 (+ 0.09) GeV
125.11 + 0.1 (+ 0.09) GeV

1 | 1
128
my [GeV]

® Observed

— +2 SDs (stat ® syst)

+1 SD (stat)
w41 SD (stat @ syst) [l +1 SD (syst)

= ' Stat Syst

- 1.02:008 1005 4005

-:'— 1.04:0.07 005 005

4.- 1.102008 008 005

-..- 0.92:008 005 006

_'.._ 10191 w007 1008
—an— 0991 w2 G
-.- 0.92:008 006 006
————— 11292 1050 <000

| —e—— el
05 1 15 2 25 3 35

Parameter value

Higgs self-coupling
Di-Higgs: 100 k events produced

@LHC

Observed
Expected

HL-LHC observation of an HH signal at 50

-0.4<x,<6.3
-19<k,<75

-——-- H

- H

50% level constraints on the Higgs boson self coupling!

K,

At HL-LHC
~50%

* Masa del Higgs: 0.1% de precision en ATLAS o CMS, por separado (HL-LHC se podria alcanzar una precisién de 20 MeV)
* El acoplamiento a las particulas mas pesadas esta bien establecido.




A luminosity levelled @ 5x10% cm2s?, an

= integrated luminosity of 250 fb-1/year that will
M eJ O ra S p a ra e L H L — L H C yield the expected 3000 fb-1 12 years after the

upgrade.
Very high pile up: ~140

* Detector nuevo de trazas para aumentar granularidad E 1400CATLAS 1Tk Simutation O
(x5), cobertura y resistencia a la radiacion. = " step1 Layouconcept Futy maineaso 5 [ayers of pixels -
+ Nueva electrénica de lectura y de adquisiciéon de L= n=10 E
casi todos los sistemas para lidiar con ritmos de trigger 3 1000} C a7 =
y de adquisicion mucho mayores (LO rate 100 kHz > & 800E- S PP we2s
1-4 MHz), algoritmos mas sofisticados (FPGAs, Lo | el e C
transmisiones 6pticas) - output rate: 10KHz, 50 GB/s. . L1 ]
* Nuevo de detector de tiempo en los endcaps b 400BTRT7 el n=30
(basado LGADs) - identificar particulas de diferentes 200EZme e 1 1 4 1 L T "
colisiones en un cruce de haces basandose en su T L T e enrw e RS T SO
. 0 500 1000 1500 2000 2500 3000 3500

tiempo de vuelo

[T 2 | s | wosses [

HGTD: High Granularity Timing Detector. Pixel 13 516G 9.2k
ATLAS implements only in the Endcap region. Strip 165 60 M 18k
4 layers each with 35-70 ps.
At least 2 hits per track.

Computing

Run 3 (u»55) Aun 4 (u~88-140) Run 5 (u=165-200)
e S S e
50/~ ATLAS Preliminary

2021 Computing Model - CPU

Granularity (x5 higher) to keep low occupancy.
- pixels: ~ 50x50 with first layer replaceable.

3 B
8 5
) C ]
17} - ] ips: - - i
£ 401 , o, D . - Strips: short (2.5-5 cm) 75-90 pum pitch
5 F gﬂg:;i;eb?::m - odel ! 2 ] Light (1/2 current weight))
& 30  (+10% +20% capacityyear) pat = ¢ Design, new materials
g r : ] ¢ new cooling (CO2)
S o0 ] ¢ DC/DC, serial powering
o = o
S E ] Radiation tolerance
2 1o & n-in-p planar and 3D sensors,
= L ] up to NIEL = 2 x 106 1 MeV n,,/cm? and TID of 1 GRad
1, o o C{SSNRRRN, , | , SRR, , | S[oReeney |
02020 2022 2024 2026 2028 2030 2032 2034

Year




Potencial en medidas de precision del Higgs

s Current
ATLAS - CMS Run 1 HL-LHC FCC-ee (only)

combination precision
K}, 13% 6% 1.8% 3.9%"
KW 11% 6% 1.7% 0.4%
K7 11% 6% 1.5% 0.2%
Kg 14% 7% 2.5% 1%
Kt 30% 11% 3.4% -
Ky, 26% 1% 3.7% 0.7%
KC - - 40% 1.3%
KT 15% 8% 1.9% 0.7%
K,u = 20% 4.3% 8.9%*
Kzy - 30% 9.8% >
B 1% 2.5% 0.2%



Potencial de HL-LHC en busquedas directas

. P . ; HL/HE-LHC SUSY Searches R Si
Model spin  95% CL Limit (solid), 5 o Discovery (dash) HELIG 2= 1350 Gy 5% oL xuson
L — T T T T T T L LI L T T T T Model 6T,y Jets Mass limit B
KK — 4b 2 0 4lets 29(32) Te mi#h)=0
HVT > vV 1 c o s s o
_ 0 Multiple 23(25)Te miF)=0
Gps > W*W 1 P 0 Matiple 24(26)To =500 Gev
Grs — 1t 1 e, . Wit 5569
g t i h [ Multilei2h. 14(1.7) To) miE)0
Zygp — tt 1 e . Wtz 05089 st Pty
. — 1 § ifi
V4 - it (IR o Muitplei2b 316 (365 T
o i b 8
zl;l St 1 2en otjels 066 (0.84) To miE)=0
! e S S8 Bey 01 jets 092 (1.15) Te miE)=0
Zsgy = £ 1 _ i SE vttvawn i Tew 2ajas2s 108012070 -0
: 83
Zooy = T 1 TR 2en 0970 mE)=150, 250 GeV
SSM
w. ’ 1 2ep Tiet 025 (0.36) Te)
ssm = TV a4 2 2en tiet 042 (0.55) T
Wy = £v 1 = é 2, tiet 021(035) o
Wy, - tb - bbev 1 H Zen o 086 (108 7o
] 1 2 [ETaee
. - 3 2r, Hlen) 0.47 (0.65) Te) 3
v Majorara _, qq' % @ 2n, o) 081 (118) TV myE)=0, miz,)-m(ry)
v Heawy (my = mg) 1i e . ;sam ut Tiet a::z(;<7.;z V\ﬁno-l\ke?
oo, 1 60 iggsino e £
&~y 1 -
2 Disapp. trk 1jet 0.88 (0.9) Te! ‘Wino-like DM
LQ(pair prod.) - bt 0 == . MSSM, Elctoweak DM Disapp. trk. 1jet 20(2.1) T Winoike DM
(pair prod.) {... HE-LHC B rcomson w1 omoare  ommmin
LQ - tu 0 Vsi=27TeV,L=15ab"’ §§ voow cocromsaon D 1 Tt |ovmass 055 09) T igosino e DM
LQ -ttt 0 & Rehadron, 3-rqgf] 3 Motile |2 [r(@)=04-3ns] 3470 m)=100 Gev
g g H i HL-LHC 2 Rhadton, -] o Wulio 2670
HOH e e (NH)O V5= 14 TeV, L =3 ab™ ouspi0 s : oz cretommn
H™H™™ = 1y ¢7¢7 (IH) 0 I
([ =e ll) 4 6 8 10 12 14 axi 107" 1 Mass scale [TeV]

Mass scale [TeV]

En la mayoria de los escenarios BSM, HL-LHC aumenta el alcance de masa en 20-50%
(mejora sobretodo en produccion EW con bajos ritmos de produccion).
Materia Oscura: Mejorara la sensibilidad a masas de los mediadores en un factor 3-8.




Potencial de HL-LHC en busquedas directas

Projected MAX gluino limits

0 50 100 150 200 250 300 1000 3000
3000 ———————— :

We are here -

T ’
A R B 7
2500f e

-
-
-
-
-
-
-
-

4
2000 7

Mgluino [GeV]
\\

-
~
~~.

mes=sit
9102 d3HDI
7102 PUOLOf

ICHEP 2016

1500}

8 TeV

0 50 100 150 200 250 300 1000 3000
Line [f67']

* HL-LHC: Un factor 16 en luminosidad respecto a hoy.

» Doblar la luminosidad ahora es cuestion de afios (no de dias como al
inicio) - Descubrimientos llevaran tiempo.

* Nuevas ideas y desarrollos pueden suponer mejoras importantes.

* Mejorar la precision (experimental y tedrica) sera la clave.




Potencial de futuros colisionadores en precision del Higgs

HL-LHC FCC-ee | FCC-hh
S / T (%) SM | 1.3 tbd
OQgHzz / gHzz (%) 1.5 0.17 tbd
dgnww / grww (%) 1.7 0.43 tbd
SGHob / GHob (%) 3.7 0.61 tbd
SGHce / Ghoe (%) ~70 1.21 tbd
SQHgg / GHag (%) 2.5 (gg->H) 1.01 tbd
SGHrr / Griee (%) 1.9 0.74 tbd
OGHu / Qruu (%) 4.3 9.0 0.65 ()
SGHyy / GHyy (%) 1.8 3.9 0.4 ©)
SGHtt / Gritt (%) 3.4 ~ ~10 (indirect) 0.95 ()
dgHzy / GHzy (%) 9.8 - 0.9 )
OQHtH / G (%) 50 _ ~44(indirect) 5

BRexo (95%CL)  BRiy<2.5% <1% ___BRiny <0.025%




Model Ky Ky Ky

Singlet Mixing ~ 6% ~ 6% ~ 6%
2HDM ~1% ~10% ~1%
Decoupling MSSM ~ ~ —0.0013% ~1.6% ~—4%

Composite ~ —3% ~-B-9% ~-9%
Top Partner ~ —2% ~—2% ~ +1%
e H 2
g 1TeV
Y ~1+0% (
Z wWwzH & L A
Factor 22 Factor 25 Factor 210 Years from T, v R
g CLIC380 9 6 4 —=— FCC-ee (Baseline, 2IPs)
ol Initial || FCC-ee240 10 8 3 9 - BEARt
2l run CEPC 10 8 3 10 o o —— cuc
e ILC250 10 7 3 1 E
8 FCC-ee365 10 8 6 15 3
g 27d/3rd || cLIC1500 10 7 7 17 s
3| Runee |[HELHC 1 0 0 20 g
8 ILC500 10 8 6 22 £ 1
o hh CLIC3000 1 7 7 28 =
| ee,eh & hh | Fcc-eereinn 12 11 10 >50 1
100 1000

Vs [GeV]

Acoplamientos de Higgs: Aumento importante de precision respecto a HL-LHC - Motivacion para una factoria de Higgs
durante 2040-2060 con colisionadores de leptones (junto a produccion Z, WW, ttbar).

Busqueda de nueva fisica: Colisionadores hadrénicos mas potencial para descubrimientos directos (protones 100 TeV ~
leptones de 14 TeV), mientras que los leptonicos tienden a ser mejor en busquedas indirectas (complicado identificar la
fuente de nueva fisica):
FCC-hh 100 TeV: masas de gluinos hasta 17 TeV, masas de s-tops hasta 10 TeV, masas de particulas escalares
de un segundo doblete de Higgs hasta 5-20 TeV.
CLIC 3 TeV: puede buscar particulas con interaccion EW hasta el limite cinematico (1.5 TeV para produccion de
pares).



Circular or linear ete- colliders?

Circular e*e- colliders | & wmmmmrme=— ] | Linear e*e- colliders
- 102 T CEPo, 21, pover v com] |17
(D g |LC baseline [arXiv:2203.07622] -
* FCC-ee, CEPC % EEERERE | ] |+ ILC, CLIC, CP ewidea)
‘: 10 %+ CLIC luminosity upgrade [dito]
e Circumference: 90 - 100 km 2 NG * Length
8 B ILC: 250 GeV—1Tev: 20.5- 40 km
* High luminosity & power € 1E \ CLIC: 380 GeV -3 TeV: 11.4 > 50 km
efficiency at low energies; = E
- huge rates at Z pole (table below) * High luminosity & power

107!

10 1 efficiency at high energies;
+ Less luminosity at higher Ecu Center-of-Mass Energy [TeV]
(synchrotron radiation) * Longitudinally spin-polarised
1073 beams

qa(q = u,d,s,c,b)

» Muiltiple interaction regions
» Long-term energy upgrades possible

* Very clean: little beamstrahlung

=]

= - longer tunnel, same technology

- and/or
per detectorin e "z #B #t | #charm | #ww ° - replacing accelerating structure with
LEP 4x10¢ 1x108 3x10° | 1x108 2x10 advanced techno|ogies
e T e o o (R camticsivinlichen gravients;

plasma acceleration?)

Slide from Karl Jakobs



Stage 2: FCC-hh

1E+36

High energy frontier exploration machine, — x} ECCHb
reaching 100 TeV pp collisions P 1E+35
g
o . ) 2, 1E+34 —-HE
Performance increase by an order of magnitude in energy 2
and luminosity w.r.t. LHC i N €T
L k= ® ISR o RHIC evatran
g 1E+32
Planned to accumulate ~20 ab™' per experiment, - .
ot
over 25 years 8 i
S 1E+30
0.01 0.1 | 10 100 1000
c.m. energy [TeV]
Large challenges: - High bending power = high-field magnets with field strength of 16 — 20 T;
- Costs (linked to magnets)
_ via large R&D programme .. to high-field, high performance,
From LHC technology via HL-LHC technology (e.g. FNAL 14.5 T Nb3Sn industrially mass-produced
8.3 T NbTi dipole 12 T Nb3Sn quadrupole dipole demonstrator, 2019) FCC-hh dipole magnets
’ ?
16-20T
High-field magnets,
HTS technology?
(High Temperature
Superconductors)

- accelerator R&D roadmap

Slide from Karl Jakobs



Coste Futuros Colisionadores

Luminos Cost-estimate
Value*

ity -
[1E34] [Billion]

FCC- (to be ~ 100 <30
NbTi filled)

FCC- CDR  ~ 100 <30 580 24 or ~16
C hh +17 (aft. ee)
[BCHF]
C SPPC  (tobe 75— TBD TBD TBD 12-
FCC- CDR  0.18- 460 — 260 — 10.5 +1.1 10-20
ee 0.37 31 350 (0.4-0.8)
[BCHF]
CEPC CDR  0.046 - 32~ 150 — 5 20 - (40)
ee 0.24 5 270 (0.65)
(0.37) [BS]
ILC TDR 0.25 1.35 129 4.8-5.3 31.5-
L update  (.1) (- 4.9) (-300) (for 0.25 TeV) (45)
[BILCU] (1.3)
C CLIC CDR 0.38 1.5 160 5.9 72-100
(=] (-3) (-6) (-580) (for 0.38 TeV) (12)
[BCHF]

A. Yamamoto, 190513bb



Futuros Colisionadores

Luminosity Consumption
& ' = wer vs Energy o u;um e':e' t; ;rs —
E ‘\ Luminosity vs Energy of Future e*e” Colliders §l B A_C.:O FCCeeE oy ol cold ]
,_0 02 —e— FCCee E 600 || —— cerc
(7] 1 | —a— CEPC — | [ == ILC baseline 4
t"r) = ‘ =s— ILC baseline (0] -«& = ILC luminosity upgrade
b | «es= ILC upgrade ; B «wae ILC 10 Hz operation =
‘_: l\ e ILC 10 Hz operation 8 ol ———"
:;,;; -\\ w CLIC 400 ..... .
o (@) L / E
E 10 :_“‘I'\ : 3 < - _/ . E
3 “\i‘ '''''''' E | ._-//_—._—- /,‘/‘9 i _.
. L — S 200 3 —
= oe— N S e -
1 I i
- A . : . : : . : i : . } ; - 0
0 1 2 k

3 1
Center-of-Mass Energy [TeV] Center-of-Mass Energy [TeV]

Linear Colliders ILC/CLIC: 250/380 GeV CM (Higgs Factory) extendable to ~ 1/3 TeV CM
Circular Colliders: Higher Luminosities < 250 GeV
Polarisation (ILC) >80% e-, 30-40% e* (effective factor 2.5 in Luminosity)



Coste Futuros Colisionadores

[ Proton collider

Possible scenarios of future colliders

M Electron collider
] Electron-Proton collider

=== Construction/Transformation

c DA 12118 |LC: 250 GeV 500 GeV 1Tev > Preparation
% 20km tunnel 2 ab1 5 4 ab-t ~4-5.4 ab1 [
= m tunnel 40 Km tunnel
© o
(= ——— SppC aim similar to FCC-hh
= 100km tunnel
(@) 11 years
= FCC hh: 150 TeV =20-30 ab-1
FCC-e
8 years 90/160/ 10. 5
100km tunnel 150/10/5 ab-1
8 years 15 years
100km tunnel
=
ﬁ - HL-LHC: 13 TeV 3-4 ab-!
U -
2years 6years |LHeC: 1.2TeV ) ; Num berS N boxeS
e (LT represent prices in Gunits
5 years 7 years o CHF $ s
CEC 5 9 — 5 q fe= 7 3 [ (f ] ]
11 km tunnel 1.5ab s . o
- 29 km tunnel 50 km tunnel
|| [ ] [ ] || | | L] ||
2020 2030 2040 2050 2060 2070 2080 2090




A Scientific Mission for the 21st Century

HL-LHC (Runs 4-6)

LHC Run 2 2029-2041 13.6 - 14 TeV and
2014-2018 13 TeV 2x
100% to 2x Nom. Lumi, PU Nominal Luminosity, PU 140 -
40 Int. Lumi.190 fb-1 200 Int. Lumi. 3000 fb-1
di-Higgs boson production
Higgs couplings to and Higgs self coupling
Fermions of the third and precision Higgs
generation (top, physics!

bottom and taus)!
LS2 CLIC 380 GeV- 3 TeV
2018-2022
Experiments ILC 250 GeV - 1 TeV

Phase-l and

ig;fdr:;or Cool Copper Collider 250 - 550 GeV

2010 2020 2030 2040 2050 2060 2070
= FCC-ee 90 - 265 GeV FCC-hh 100 TeV
2012-204 2026-2029 HL-LHC

S installation and major
Consolidation of exp. upgrades
i CopC 90 240 Gov D
interconnections
LHC Run 1
2009-2012 7-8 TeV LHC Run 3
75% Nom. Lumi, PU 30- 2022-2026 13.6
40 TeV
it Lo 0o &oint Lumi. 450
60 Int. Lumi. 450 fo-1 Muon Collider
Discovery of the Higgs Higgs couplings to
Boson, measurements Fermions of the
of Higgs Boson second generation
couplings to bosons (muons) and more rare
(gluons, photons, W and decays

LHC Ultimate Precision e*e™ Ultimate Energy (pp, U*U™)

Slide from Marumi Kado



FCC-ee feasibility study

Slides from Marumi Kado

collective meetina

EW Precision
Key measurements:

- mZ o 10_6, My ~ 10_5,

Feasibility study to be completed by March 2025.
Choice of baseline layout (90.7 km) - discussions with
local authorities, environmental investigations and civil
engineering designs well under way.

Power consumption

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

- Replace 5800 quadrupole and 4672 sextuple normal
conducting magnets by Hight Temperature
Superconductive CCT magnets

- x10-50 Improvement on all EW observables

FCC-ee is much, much more - Up to x10 improvement on Higgs observables
than a Higgs factory!

- Indirect discovery potential up to 70 TeV

4 5 :
My, ~ 10 Superb precision achieved and .
) sing N 3'10_6’aQED(m%) ~ 10-5,  uncertainties are dominated by - x10 improvement on Belle Il stats for b, c and 7
5 NW 104 systematic uncertainties! - Huge direct discovery potential for feebly
5 interacting particles in the 5-100 GeV range



Neutrino physics

Search for neutrino-less double beta decays |
2vBP decay OvPP decay T I;BOVI C ]
—= — B p, B TN N Double Chooz Nature Physics 16 (2020) 558-564
5 H = \ =
2 € / \, 1.3
/,<: Z @:: . 0.4k // ,\BB2V ‘\ | —4— FD/NDData 1
n i > p n il > p H 3 ,/ W 11 | No oscillation I:
Y CE—— on s =0 % 0.
(ZA) = (Z+2AY 26 +2V  (ZA) = (Z+2,A)F 2¢ ozl /I N i 1.2 R O e R S S
. Y [ wmutti Detector uncertainty
~ 21 25 g \\ T Uncertainty Is the root of the covarlance matrix terme
Tl/z 10 y T1/2>10 y I/ 1 1 : | 1§ 1 1 1 \ﬁ\ % 1 (‘a 1.1 - o
0.5 1 L i
T+ T)Qpg =
< Sensitivity of upcoming experiments: E gl 1,
g 1024 o b I» _
; ®° O (:-ow\ ég .(\’\'Q © OQS' 10§|S|o E
£ & & & 3 TS 1307 | 8 0.9
2 & YN elc
B I RS ’9;\0" @0 N 136xa g DoubleChooz IV
2 102 s F ) Far (818 days) + Near (258 days)
4 S ° 0.8l i
> S 1 2 3 4 5 6 7
% o Visible Energy (MeV)
9 1014 &
3 :
§ B Completed & sin2(2013) = 0.105 + 0.014 (stat + sys)
[e2) 7 Ri i
B 07y pcoming NO (m3 - 0 T y2/dof = 182/112 (D2MC result)
E T T T
103 104 10°
sensitive exposure [mol yr]




Neutrino physics

(slides from Ines Gil)
Oscillation probability

Neutrino oscillations

. w1 .o [AmEL
Pyosuy (L, B) = bag — 4 ) Re [UsUpiUa;Up; | sin iE
i>j

3 23 Im [U3UpUa; Uz, <AmffL)
- Y - m aiV B - | sIn.
3 neutrino mixing: |v, >= E L Ualvi> 2 iUa;Us; 25

Ay =md -

) . ) Neutrino mass spectrum
Pontecorvo, Maki, Nakagawa, Sakata (PMNS) 3x3 mixing matrix

0 —id 0 [N .y, Ve
Ve I R I i
v |=[0 ¢yn suf O 1 0 |[-s, ¢, Ofv, v1 I 1
v,) \0 =553 cufl-s,¢° 0 ¢ NO 0 1)v,
Am3; >0 Am3, <0
623 B13, &cp 012 *
A ZI v . e
T — G7n v I— 130
Atmospheric + LBLacc.  SBL reactors + LBL acc. Solar + KamLAND

Normal Ordering  Inverted Ordering

Unknown parameters: mass ordering (sign of Am2,,), 8ap, 0Ctant of 8,5

* B23 octant is not resolved yet (slight preference for
the second octant)

* The sign of Am232 is unknown (Normal Ordering
preferred at ~2.50)

¢ dcp unknown: Some tension between current LBL
and atm experiments in NO. CP-violation for IO at ~30
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Cosmology Evolution of Dark Energy

Earl G 4
- Early Unlverse
57.4_,; b L1
R, pI'O es B BOSS+KV450 (Troster et al. 2020)
— = I DES Y13 x 2pt (DES Collaboration 2018)
o) | BN KiDS-1000+BOSS+2dFLenS 3 x 2pt
- — | 0 MM Planck TTTEEE+lowE
| Early
736'33 | 094
Miras ‘
nyy | I
HoLiCow ‘
i 038 -
Late time \
probes mm
SBF 07 -
TR | -
73333 Combining al 570 |
e, ‘ Late
—Z35t0 win Gepheiss = | 0.6 | Credit: Heymans+ (2021)
. T T T
25, WitnTRGB a1 | » - o -
. Q Q N Q-
73955 With Miras 460 ‘
Credit: Verde+ (2019) | [e
Credit: NASAMWMAP 3 3 7 7 [ 7 78 %
H, (km s™" Mpc™)

H, « Q Q o n

m S

i Carment Matter densit Baryon densit DarkiEnergy Clumpiness* ?rﬁfl icri]gr?:itOf
Expansion of expansion rate y ry Y density MUMP y

Universe at different fluctuations
distances

Amount of matter and
clustering

w, (0,




Direct dark matter searches
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