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IForce carriers: Bosonsl
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2013 NOBEL PRIZE IN PHYSICS
Francois Englert
Peter W. Higgs

Le prix Nobel de physique 2013 a été décerné conjointement
a Francois Englert et Peter W. Higgs

« pour la découverte théorique d'un mécanisme qui
contribue a notre compréhension de |'origine de la masse
des particules subatomiques, et qui a récemment été
confirmé par la découverte de la particule fondamentale
prédite, grace aux expeériences ATLAS et CMS menées au
Grand collisionneur de hadrons du CERN ».




Le boson de Higss, ¢’est quol ?

Le boson de Higgs = la signature observable du champ de Higgs

Le champ de Higgs = un champ invisible present partout dans I’éspace
Les particules qui interagissent avec ce champ acquiérent une masse
Toutes les particules n’interagissent pas de la méme facon

Plus 'interaction est forte, plus la masse est grande

—
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Forte interaction: grande masse

-

Faible interaction: petite masse
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Le boson de Higgs = la signature observable du champ de Higgs

Le champ de Higgs = un champ invisible present partout dans I’éspace
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Faible interaction: petite masse



...Juste une piece du puzzle cosmique
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Théorie de la gravitation . Lois du mouvement
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Détection indirecte
ANNIHILATION DE LA DM
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Drawings from
https://wwwé.slac.stanford.edu/news/2016-02-08-three-ways-bust-ghostly-dark-matter



momentum transfer

| MeV |10MeV I00MeV | GeV 10GeV 100GeV [TeV  [0TeV

direct indirect LHC
detection detection searches
q q X g 9 %;g< X
N U

https://arxiv.org/pdf/1810.09420.pdf
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Comment “voit-on” les plus petites particules?

* Les atomes mesurent environ 107" metres

* Les protons mesurent environ 107" metres

* Les particules élémentaires (comme les quarks et les
électrons) sont encore plus petites — possiblement
ponctuelles, avec des tailles inférieures a 107 metres.

Nous ne les “voyons” pas directement — a |a place, nous
déduisons leur taille et leur structure grace a des collisions de
particules a haute énergie et des expériences de diffusion.




Petite distance <=> Haute energie

Longeur d’onde A associée a une \ = constant
particule de quantité de movementp: - »
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Petite distance <=> Haute energie

Longeur d’onde A associée a une \ = constant
particule de quantité de movementp: - »

Regle générale: On ne peut pas voir dgobjets plus
petits que la longueur d’onde de |la sonde que I’on utilise

Pour détecter des objets plus petits, il faut des longueurs
d’onde plus courtes, ce qui implique une quantité de
mouvement et une energie plus élevées.




Petite distance <=> Haute energie

Longeur d’onde A associée a une \ = constant
particule de quantité de movementp: - »

Cell (~10-¢m) Atom (~10-1°m) Proton (~10-15m)

Regle générale: On ne peat pas voir des oE)jets'plus
petits que la longueur d’onde de |la sonde que I’on utilise

Pour détecter des objets plus petits, il faut des longueurs
d’onde plus courtes, ce qui implique une quantité de
mouvement et une energie plus élevées.
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¢ Anneau de 27 km N [y
de circonférence

® ~ 100 M sous terre

® ~0300 aimants
supraconducteurs a
1,9 K (-271°C) pour
guider et focaliser
les faisceaux

® Protons etions
accélérés a
plusieurs TeV puis
mis en collision.




Quelle énergie d’un Proton dans le faisceau du LHC ?

\ Energie d’'un moustique qui vole

“\ masse =2mg =2 x10°kg

o’ vitesse =1m/s
%% Energie cinetique du moustique =% mv2=10°J =6.25 TeV

~ 1021 fois plus léger !
~ 108 fois plus rapide !

Energie d’un proton au LHC: 6.8 TeV
O masse = ~1027kg
vitesse = ~300 000 000 m/s = ~ ¢ (vitesse de la lumiere)
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I’experience ATLAS au LHC










Le detecteur ATLAS en chifires

v Poids: 7 kilotonnes =\

v Aimants supraconducteursde2a 4 T

v Position des particules enregistrée avec
une precision de I'ordre de 10 um

v 100 millions de canaux

v 1 milliard de collisions par seconde
v 1000 événements par seconde enregistrés
v 1.2 EB de données sur disque et sur

b an d €  1EB=102MB=~250000 000 films HD =~ 1.7 milliards de CD-ROM

v 0.5 millions de coeurs CPU utilisées 7/24

v 100 milliards d’événements collectés
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de déclenchement (trigger)
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Capteurs rapides et résistants aux radiations
Stabiliteé et précision des structures

Systemes de lecture extrémement rapides
Infrastrucuture informatique capable de
traiter des volumes de données gigantesques
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Scientific authors
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40

Countries

La collaboration ATLAS

Status: November 2024

Argentina Netherlands
Armenia Norway
Australia Palestine
Austria Philippines
Azerbaijan Poland
Brazil Portugal
Canada Romania
Chile Serbia
China Slovakia
Colombia Slovenia
Czech Republic  South Africa
Denmark Spain
France Sweden
Georgia Switzerland
Germany Taiwan
Greece Turkiye
Israel UAE

U Collaboration

Mongolia CERN 177 institutions (243 institutes) from 40 countries
Morocco JINR

Institutions
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3000

Scientific authors

La collaboration ATLAS

ﬁﬁ@ N OB 5 éi%? s 3 Status: June 2022
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40

Countries

Afghanistan  India Romania
Algeria Indonesia Russia
Argentina Iran Rwanda
Armenia Iraq San Marino
Australia Ireland Saudi Arabia
Austria Israel Senegal
Azerbaijan Italy Serbia
Bahrain Japan Slovakia
Bangladesh Kazakhstan Slovenia
Belarus Kenya South Africa
Belgium Kyrgyzstan South Korea
Botswana Latvia Spain
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Canada Madagascar Sweden
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Denmark Morocco UAE
Ecuador Nepal Uganda
Egypt Netherlands UK

Ethiopia New Zealand Uruguay
Finland North Macedonia USA
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Germany Palestine Vietnam
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Un peu d’histoire ...
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PRIX NOBEL

DECOUVERTE DU
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L’ EXPERIENCE
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Dans une collision proton-proton

geef & poke

LATELY INSIPDE THE LHC:
2 PROTONS 0.0000000000000000001 SEC BEFORE THE COLLISION







La collision proton-profon

Paquets de protons
~ 1.8 X 10" protons par paquet
Espacement entre paquets: 25 ns



La collision proton-profon

_mﬁ _

~ 1.8 X 10" protons par paquet
Espacement entre paquets: 25 ns

Jusqu’a 60-70 collisions proton-proton par croisement de paquets



La collision proton-profon




La collision proton-profon




La collision proton-profon

Les “partons” (constituants of the protons) de chaque proton peuvent interagir
Par exemple ici: deux gluons




La collision proton-profon




La collision proton-profon

L’interaction parton-parton conduit a la production de particles
Par exemple ici: le boson de Higgs

0

La fréquence a laquelle certaines particules sont produites
dépend de probabilités calculables dans le cadre théorique



La collision proton-profon

Le boson de Higgs se désintegre
presque instantanément
Par exemple ici: en deux photons

photon

photon Le mode de désintégration de chaque particule dépend

de probabilités calculables dans le cadre théorique




Déetecteurs a usage general au LHC

Beam 1

Endcap

Simplified Detector Longitudinal View
Muon Spectrometer

Barrel

Endcap

HadCAL

Tracker

Beam 2

Simplified Detector Transverse View
Muon Spectrometer
Toroids
HadCAL

Tracker



Comment observer les particules dans le detecteur?

Vue transverse simplifiée du détecteur

Muon Spectrometer
Toroids
HadCAL

Bosons

Leptons




...t 1e hoson de Hi89s .. cx potons

Vue transverse simplifiée du détecteur
Muon Spectrometer

Toroids
HadCAL

TRT
SCT

Background

# events

Relevant quantity




.61 1¢ Doson de Higos?

Vue transverse simplifiée du détecteur

Muon Spectrometer
Toroids
HadCAL

TRT
SCT

Events / GeV
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Status: June 2024
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Et 1a Matiere Noire?




La collision proton-profon

D’une maniére similaire on peut avoir
la création de nouvelles particules (X)
qui se désintegrent a des

particules de matiére noire &

7\

Particule de
Matiere noire

quark quark

Particule de gluon
Matiere Noire @

Plusieurs théories proposent ces phenomeénes!



Missing 'l‘l‘ﬂllfSVOl‘Sﬂ Momentum - ME;

Simplified Detector Transverse View

Muon Spectrometer
Toroids

TRT

In the transverse plane:

“UNDIpATs
So for what we can’t directly measure (e.g. neutrinos)

miss —
Er™ = —=Ypr;



# events

Background

Relevant quantity

# events

Background

Relevant quantity

Cﬂllllllﬂlll “yoir” la Matiere Noire a ATLAS?

Vue transverse simplifiée du détecteur
Muon Spectrometer

Toroids
HadCAL

TRT
SCT



ATLAS .. ...

Event:

EXPERIMENT 2017-10-05 10:36:30 CEST jet p, = 1.9 TeVv

Projection
transverse

Un candidat de Matiere Noire
traverserait le détecteur

2546139368 E. 1.9 Tev

sans interagir avec

Validation faite au
Modéle Standard
(neutrinos)
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2015 — now

2012

2010-2011

2000’s

1980’s

LHC 13 - 14 TeV

[ ]
LHC 8 TeV
LHC 7 TeV
Tevatron
3 Squark-gluino-neutralino model, m(x?) = 0 GeV
SppS

Exclusion for m(g) = m(q)

500 1000 1500 2000
Excluded Gluino Mass (GeV)

..

La matiere noire reste I'une des plus grandes questions ouvertes de la science.
Des résultats comme ceux-ci nous rapprochent de la veritable réponse.



SUNY searches: A plethora oI results

2500

2000
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1000

500

Vs=13TeV, 36.1 - 140 fb™ March 2023
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> a@i’ 0 lep. [2010.14293] . ]
g bE%i) > 3 bjets [2211.08028] ATLAS Prellmlnary__
>3 bjets + > 2 lep. SS [2211.08028, 1706.03731]

G- q@WZ° 0 lep. + 1 lep. [2010.14293, 2101.01629)]

3 qaz % 2lep. OS SF [2204.13072]
>7-12jets + 1lep. + 22 lep. SS
[2008.06032, 1708.08232, 2307.01094]

G qaIvv)E via IV 2 lep. OS SF + 2 lep. SS [2204.13072, 2307.01094]
> 11 [1808.06358]

> 1y [2206.06012]

Colours indicate different models
Observed limits at 95% CL
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A, G-aaqxl, X3 -y, 4L, arXiv:2103.11684

A, d-aqi?, X2 -1qq, 1L+jets, arXiv:2106.09609

A, G-qaqix, ¥$ - Lqq, SS/3L, arXiv:2307.01094

A", d-qqx3. X2 - qqq, Multijet, ATLAS-CONF-2023-049
A", § - ttg0, 0 - ths, 1L+jets, arXiv:2106.09609 i

[ == QObserved Limit

Expected Limit

ATLAS Preliminary
Vs =13TeV, 140 fb~! ]
All limits at 95% CL
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1800 2000 2200

August 2023



Many other searches...

ATLAS Heavy Particle Searches* - 95% CL Upper Exclusion Limits

ATLAS Preliminary

*Only a selection of the available mass limits on new states or phenomena is shown.
+8mall-radius (large-radius) jets are denoted by the letter | (J).

Mass scale [TeV]

Status: March 2022 f-[: dt = (3.6 — 139) fo! V5 =8,13TeV
miss _ ..
Model £y Jetst ET™ [rdifo) Limit Reference
T T T —TT T T T T —TT T T T —TT
@ | ADD Gkk +g/q Oepu1,y 1-4j Yes 139 Mp 11.2TeV n=2 2102.10874
S ADD non-resonant yy 2y - - 36.7 Ms 8.6 TeV n=3HLZNLO 1707.04147
2  ADDQBH - 2] - 37.0 | Mu 89TeV n=6 1708.09127
[0} ADD BH multijet - >3j - 3.6 Mn 9.55TeV n =6, Mp =3TeV, rot BH 1512.02586
.§ RS1 Gkk — vy 2y - 139 Ggk mass 4.5 TeV k/Mp =0.1 2102.13405
© Bulk RS Gk - WW/ZZ multi-channel 36.1 Gkk mass 2.3 TeV k/Mp = 1.0 1808.02380
S BukRS Gyx —» WV - tvqq 1eu 2j/1J  Yes 139 | Gkkmass 2.0 TeV k/Mp = 1.0 2004.14636
Ll>.<l Bulk RS gk — tt 1eu >1b,21J/2] Yes 36.1 gkk Mass 3.8 TeV r/m=15% 1804.10823
2UED / RPP 1eu >2b, >3] Yes 36.1 KK mass 1.8 TeV Tier (1,1), B(AWY - tt) =1 1803.09678
SSM Z7 — ¢t 2e,pu - - 139 Z’ mass 5.1 TeV 1903.06248
SSM Z" - 17 27 - - 36.1 Z’ mass 2.42 TeV 1709.07242
€ Leptophobic 2’ — bb - 2b - 361 |z mass 2.1 TeV 1805.09299
@  Leptophobic Z’ — tt Oeu  21b2>2J Yes 139 | Z’ mass 4.1 TeV r/m=12% 2005.05138
8  ssMwW -y Teu - Yes 139 | W’mass 6.0 TeV 1906.05609
) SSM W’ — v 17 - Yes 139 W’ mass 5.0 TeV ATLAS-CONF-2021-025
S SSMW' - tb - >1b>1J - 139 | W’ mass 4.4 TeV ATLAS-CONF-2021-043
§ HVTW — WZ - {vggmodel B 1e,u 2j/1J  Yes 139 | W’ mass 4.3 TeV gv =3 2004.14636
V) HVT W’ — WZ — ¢v ¢ model C 3 e pu 2j(VBF) Yes 139 W’ mass 340 GeV gven=1,g=0 ATLAS-CONF-2022-005
HVT W’ — WH model B Oeu  21b22J 139 | W’ mass 3.2 TeV gv =3 2007.05293
LRSM Wk — uNgr 2u 1J - 80 Wg mass 5.0 Tev m(Ng) =0.5TeV, g, = gr 1904.12679
8: ??qq » - 2j - 37.0 A 21.8TeV 1703.09127
. qq e u - - 139 A 35.8TeV ., 2006.12946
O | Cleebs 2e 1b - 139 | A 1.8 TeV g=1 2105.13847
Cl uubs 2u 1b - 139 A 2.0 TeV g =1 2105.13847
Cl tttt >1eu >1b,>1] VYes 36.1 A 2.57 TeV |Carl = 4 1811.02305
Axial-vector med. (Dirac DM) Oeu 1,y 1-4j Yes 139 ] 2.1 TeV g4=0.25, g, =1, m(x)=1 GeV 2102.10874
S Pseudo-scalar med. (Dirac DM) O e, u, 7,y 1-4j Yes 139 Mped 376 GeV gq=1, g¢=1, m(x)=1 GeV 2102.10874
Q Vector med. Z’-2HDM (Dirac DM) 0O e, u 2b Yes 139 Mied 3.1 TeV tanB=1, gz=0.8, m(y)=100 GeV 2108.13391
Pseudo-scalar med. 2HDM+a  multi-channel 139 Mmed 560 GeV tanpB=1, g,=1, m(x)=10 GeV ATLAS-CONF-2021-036
Scalar LQ 1%t gen 2e >2j Yes 139 LQ mass 1.8 TeV p=1 2006.05872
Scalar LQ 2": gen 2pu 22j Yes 139 tg mass 1.7 TeV B=1 2006.05872
Scalar LQ 3™ gen 17 2b Yes 139 , mass 1.2 Tev B(LQY — br) =1 2108.07665
S scaarLase gen Oep  22),22b Yes 139 |LQ;mass 1.24 TeV BLQ§ - tv) =1 2004.14060
Scalar LQ 3™ gen >2epu, 217 >1j,>1b - 139 | LQ? mass 1.43 TeV B(LQY - tr) =1 2101.11582
Scalar LQ 3™ gen Oe,u, 217 0-2j,2b  Yes 139 | LQS mass 1.26 TeV BLQJ - bv) =1 2101.12527
Vector LQ 3™ gen 17 2b Yes 139 LQ; mass 1.77 TeV B(LQY — br) = 0.5, Y-M coupl. 2108.07665
VIQTT - Zt+ X 2e/2u/>3eu >1b,>1j - 139 T mass 1.4 TeV SU(2) doublet ATLAS-CONF-2021-024
gajg VLQ BB —» Wt/Zb+ X multi-channel 36.1 B mass 1.34 TeV SU(2) doublet 1808.02343
3 8§ VLQ Ts/3TspslTs3 > We+ X 2(SS)28eu>1b>1j Yes 361 Ts)3 mass 1.64 TeV B(Tsj3 > Wi)= 1, c(TesWt)= 1 1807.11883
T 8_ VLQ T — Ht/Zt 1eu >1 b, 23]_ Yes 139 T mass 1.8 TeV SU(2) singlet, k7= 0.5 ATLAS-CONF-2021-040
VLQ Y - Wb leu 21b21] Yes  36.1 Y mass 1.85 TeV B(Y — Wb)=1, cr(Wh)=1 1812.07343
VLQ B — Hb Oepu 22b 21j,21J — 139 B mass 2.0 TeV SU(2) doublet, k= 0.3 ATLAS-CONF-2021-018
Ee) ‘é’ Excited quark ¢* — qg - 2j - 139 q* mass 6.7 TeV only u* and d*, A = m(q*) 1910.08447
g S Excitedquark ¢* — qy 1y 1j - 36.7 q* mass 5.3 TeV only u* and d*, A = m(q") 1709.10440
g £ Excited quark b* — bg - 1b1]j - 36.1 b* mass 2.6 TeV 1805.09299
W @ Excited lepton ¢* 3epu - - 20.3 A=3.0TeV 1411.2921
Excited lepton v* e, T - - 20.3 AN=16TeV 1411.2921
Type Il Seesaw 234eu >2] Yes 139 | N9 mass 910 GeV 2202.02039
LRSM Majorana v 2u 2j - 36.1 Nr mass 3.2 TeV m(Wg) = 4.1TeV, g = gr 1809.11105
. Higgstriplet H** - W*W=* 23,4 e, (SS) various Yes 139 H** mass 350 GeV DY production 2101.11961
_8 Higgs triplet H** — ¢¢ 234¢e,u(SS) - - 139 H** mass 1.08 TeV DY production ATLAS-CONF-2022-010
3 Higgs triplet H** — {7 3eut - - 20.3 DY production, B(H;* — (1) =1 1411.2921
Multi-charged particles - - - 36.1 multi-charged particle mass 1.22 TeV DY production, |g| = 5e 1812.03673
Magnetic monopoles - - - 34.4 monopole mass 2.37 TeV DY production, |g| = 1gp, spin 1/2 1905.10130
V_=13TeV 1/':13TeV raaal " 1 PR S R S I | 1 " a3 gl N 1 PR
partial data full data 107! 1 10



Many other searches...

ATLAS SUSY Searches* - 95% CL Lower Limits

ATLAS Preliminary

March 2022 \s=13TeV
. 1 .
Model Signature  [Ld:[fb™] Mass limit Reference
3G, G—gks Oep 2-6jets  Ep* 139 |IGINHXIBXIDEgeN] 1.0 1.85 m(¥))<400 GeV 2010.14293
» mono-jet  1-3jets EP™ 139 | g [8x Degen.] 0.9 m(g)-m(¥7)=5 GeV 2102.10874
)
S & F-q¥) Oe,u 2-6jets  EP™ 139 | g 23 m(t1)=0GeV 2010.14293
S z Forbidden 1.15-1.95 m(¥})=1000 GeV 2010.14293
&S 2 z—ggWh 1eu 2-6 jets 139 |2 2.2 m(¥})<600 GeV 2101.01629
QL g 7-4q(COx) e, it 2jets  EP® 139 |2 2.2 m(t})<700 GeV CERN-EP-2022-014
B gz, goqqWzt) Oe,u 7-11jets  EP™ 139 |2 1.97 mm’) <600 GeV 2008.06032
% SSe,u 6 jets 139 |2 1.15 m(&)-m(¥})=200 GeV 1909.08457
S 38, g1 0-1e,pu 3b EP™ 798 4 2.25 m(¥)<200 GeV ATLAS-CONF-2018-041
SSe,u 6 jets 139 (4 1.25 m(g)-m(¥})=300 GeV 1909.08457
biby Oe,pu 2b EPS 139 | B 1.255 m(¥1)<400 GeV 2101.12527
by 0.68 10 GeV<Am(b; ¥1)<20 GeV 2101.12527
w = biby, b—b¥S — bhit) Oe,u 6b ER™ 139 | By Forbidden 0.23-1.35 Am(¥3,7%)=130 GeV, m(¥})=100 GeV 1908.03122
-5 S 27 2b EPs 139 | B 0.13-0.85 Am(©5,7)=130 GeV, m(¥})=0 GeV 2103.08189
o
2 ih, i) O-teu  >ljet EMS 139 |7 1.25 miE))=1 GeV 2004.14060,2012.03799
: g i, 1= WhES Teu Bjetsb EPFS 139 |7 Forbidden ' 0.65 m(¥))=500 GeV 2012.03799
8] 5 Ol =Ty, 7 —-16 1-27 2jets/t b EPS 139 f Forbidden 14 m(71)=800 GeV 2108.07665
s L AfLfoct) /e, k) Oe,pu 2¢  Epe 36 |@ 0.85 m(E)=0GeV 1805.01649
(e} Oe,u mono-jet EMSS 139 | f 0.55 m(f,&)-m(¥))=5 GeV 2102.10874
fif, -89, X3 —Z /W% 12ep 14p  EF™ 139 |A 0.067-1.18 m(¥2)=500 GeV 2006.05880
hiy, bl +Z 3e,u 1b EPS 139 |4 Forbidden 0.86 m(¥})=360 GeV, m(7;)-m(¥))= 40 GeV 2006.05880
0 viawz Multiple ¢/jets . E%"” 139 )Zz/)?g 0.96 m(¥?)=0, wino-bino 2106.01676, 2108.07586
ee, puu >1jet EPS 139 X1 1%, 0.205 m(¥7)-m(¥})=5 GeV, wino-bino 1911.12606
XX viaww 2eu EMs 139 | A7 0.42 m(¥)=0, wino-bino 1908.08215
XS via Wh Multiple ¢/jets EMSS 139 | ¥;/%y  Forbidden 1.06 m(¥})=70 GeV, wino-bino 2004.10894,2108.07586
> 5 XX vial/v 2e,pu EP 139 | &7 1.0 m(Z,7)=0.5(m(¥)+m(¥})) 1908.08215
oS # ol 27 Ems 439 [ FL#RL 056%0:3] 0.12-0.39 m()=0 1911.06660
S firlig, -0 2e.p Ojets  Em 139 |7 0.7 m()=0 1908.08215
ee, up >1jet Eps 139 |7 0.256 m(?)-m(¥})=10 GeV 1911.12606
HH, H—hG|ZG Oe,u >3b E%‘ 36.1 )4 0.13-0.23 0.29-0.88 BR(Y) — hG)=1 1806.04030
4eu Ojets  Ep> 139 | f 0.55 BF‘V?'& - 7G)= 2103.11684
Oepu >2large jets EF™ 139 i 0.45-0.93 BR(Y| — ZG)=1 2108.07586
Direct ¥} ¥; prod., long-lived X7 Disapp. trk 1 jet Eps 139 ):(: 0.66 Pure Wino 2201.02472
o Xy 0.21 Pure higgsino 2201.02472
[}
g % Stable g R-hadron pixel dE/dx EP'S 139 4 2.05 CERN-EP-2022-029
SE Metastable g R-hadron, g—ggf} pixel dE/dx EPs 139 |z @@ =10ns] 2.2 m(¥)=100 GeV CERN-EP-2022-029
S g o, -G Displ. lep Ep™S 139 | é&a 0.7 (?)=0.1ns 2011.07812
~ T 0.34 7(() =0.1 ns 2011.07812
pixel dE/dx EP'S 139 & 0.36 7(f)=10ns CERN-EP-2022-029
YT IR Wi ze—teee Be.p 139 | &%) [BR(Z1)=1, BR(Ze)=1] 0.625 1.05 Pure Wino 2011.10543
TEXTIXS — wwyzeetewy 4ep Ojets  EMs 139 |70 i 2 000 20] 0.95 1.55 m(¥})=200 GeV 2103.11684
28, 2—qa¥1, ¥ - qqq 4-5 large jets 361 | & [m@})=200 GeV, 1100 GeV] 1.3 1.9 Large 17, 1804.03568
= i, i—tX |, X — ths Multiple 36.1 i [,=2e-4,1e2] 0.55 1.05 m(¥})=200 GeV, bino-like ATLAS-CONF-2018-003
& 77, i-bXT, X7 — bbs > 4b 139 |7 Forbidden 0.95 m(t¥)=500 GeV 2010.01015
fify, ii—bs 2jets +2b 36.7 T lqq, bs] 0.42 0.61 1710.07171
niy, i—ql 2e,u 2bh 36.1 i 0.4-1.45 BR(f, —be/bu)>20% 1710.05544
Tu DV 136 | fi [e-10< 2}, <1e-8,3e-10< 4}, <3e-9] 1.0 1.6 BR(71—qu)=100%, cosf,=1 2003.11956
XA, X0 ,—tbs, X1 —bbs 1-2epu >6 jets 139 | &} 0.2-0.32 Pure higgsino 2106.09609
. . o 1
Only a selection of the available mass limits on new states or 10 1 Mass scale [TeV]

phenomena is shown. Many of the limits are based on
simplified models, c.f. refs. for the assumptions made.



searches for exofic signatures




Non-conventional Signatures
¢.9. Signatures of long-lived particles

The SM contains a large number of metastable particles AN N
1 Detector-Prompt c = c Detector-Stable T
] p = E dt T
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Non-conventional Signatures

* Many interesting possibilities of exotic particles
* Unique challenges in reconstruction
* Possible with good understanding of detector
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Objectifs
physiques
du HL-LHC:
Precision &
Exploration
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Certains aspects
fondamentaux —

restent a explorer

Nouvelle physique

Standard Model Production Cross Section Measurements
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F 2030 ) Cinq fois plus de données qu’aujourd’hui, permettant . . .
rom HL-LHC de rechercher des phénomeénes beaucoup plus rares nomalne l“exl]lore! >
2015-now  LHC 13— 14 TeV >

2012 LHC 8 TeV
2010-2011 LHC 7 TeV
2000’ Tevatron

Lo50 B [| Squark-gluino-neutralino model, m(x?) = 0 GeV

i SPpS Exclusion for m(g) = m(q)

| | | |

0 500 1000 1500 2000

Excluded Gluino Mass (GeV)



W |
v o1 Strongly interacting
%o S heavy particles
@_ﬁg 5 Energy Frontier
C LHC

g Physics
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3 \n ensity Fron ler/

>
MeV_~  GeV TeV

Mass of new particle (m)

@ Améliorer 'instrumentation [ diversifier les méthodes expérimentales

@ Collecter advantage de données

@) Explorer des énergies plus élevées







Les experiences
tres avant
(“very forward”)
du LHC
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searches ior DARK Photons

Phys. Lett. B 848 (2024) 138378

Phys. Rev. Lett. 133 (2024) 111802
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https://inspirehep.net/literature/2687000
https://inspirehep.net/literature/2687000
https://arxiv.org/abs/2312.12055
https://inspirehep.net/literature/1773005
https://inspirehep.net/literature/1773005
https://inspirehep.net/literature/1773005
https://inspirehep.net/literature/1773005
https://inspirehep.net/literature/1773005
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Reach for heavy Neutral Leptons

In future experiments
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En bref: .
La recherche de la Matiere Noire au CERN

- Le Modele Standard est un cadre remarquable qui explique une grande
partie de I’'Univers connu — mais il est incomplet.

e L’un des plus grands mystéres: qu’est-ce que la Matiére Noire?

* Pour explorer les constituants les plus fondamentaux de la nature, nous
devons atteindre des énergies toujours plus élevées, grace a des
collisions de particules extrémement énergétiques.

* Ces collisions peuvent produire des candidats de matiere noire, que les
experiences du CERN recherchent activement.

* La prochaine grande decouverte en physique est peut-étre toute proche
— et il faut étre prét a la reconnaitre.

* En chemin, nous stimulons des InNovations technologiques de pointe dont
I’impact dépasse le domaine de la physique des particules.
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Indirect detection
DM ANNIHILATION

>

M

M~ < M

Direct detection
DM-NUGLEON SCATTERING

COLLIDER SEARCHES

Drawings from
https://wwwé.slac.stanford.edu/news/2016-02-08-three-ways-bust-ghostly-dark-matter
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https://arxiv.org/pdf/1810.09420.pdf
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Simplified Detector Transverse View
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HOW DO WE “SEE” THE SMALLEST PARTIGLES?

e Atoms are about 107" meters in size
* Protons are around 107 meters
« Elementary particles (like quarks and electrons)

are even smaller — possibly point-like, with
sizes below 107 meters.

’- We don’t “see” them directly — instead, we infer their size and structure
§ through high-energy particle collisions and scattering experiments.




SMALL DISTANGE <=> HIGH ENERGY

Wavelength A associated with a particle of momentum p: A\ = constant
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SMALL DISTANGE <=> HIGH ENERGY

constant

Wavelength A associated with a particle of momentump: )\ =

Rule of thumb: You can't see things smaller than the
wavelength of the probe you're using.

To detect smaller things, you need shorter wavelengths,
which means higher momentum and energy!




SMALL DISTANGE <=> HIGH ENERGY

constant

Wavelength A associated with a particle of momentump: )\ =

£ AATAVAR AV

Cell (~10-¢°m) Atom (~10-1°m) Proton (~10-15 m)

Rule of thumb: You can't see things smaller than the
wavelength of the probe you're using.

To detect smaller things, you need shorter wavelengths,
which means higher momentum and energy!




Everyday Applications

The search for answers to fundamental questions about the properties of matter
and the forces of nature requires state-of-the-art research and development,
which often leads to innovation. Here are a few examples of how ATLAS' knowledge
and technological innovation have been applied to everyday life:

Retina project

Based on the silicon microstrip detector technology used in
ATLAS, a recording system for large-scale neural activity has
been developed. Experiments are able to understand how
living neural systems process and encode information. This
could one day give artificial sight for the blind.

Superconducting magnetic energy storage

S : . Augmented reality
ATLAS' knowledge of the fabrication of super-conducting coils

may enable the manufacture of high-performance energy ATLAS s investigating innovative pattern recognition
storage systems. technologies, a key building block for augmented reality

applications, which enables personnel involved in delicate
maintenance operations to virtually visualize working
procedures, minimizing the time of intervention and risk of
errors. This technology has several industrial applications.

Hadron therapy

Diamond sensors developed for the ATLAS detector’s upgrade are
used to monitor hadron therapy beams, which are more effective
than x-rays or electron beams in destroying tumours while sparing
healthy surrounding tissues.

Sound reproduction

Precision optical image processing methods used to
measure and align each of 16000 silicon detectors of the
ATLAS SemiConductor Tracker can be applied to measuring
precisely the shape of the grooves on mechanical sound
carriers such as phonograph discs and cylinder records. This
technology is being developed for use in recorded sound
archives and collections to restore and preserve delicate or
damaged samples and historical sound recordings.

Medical imaging

3D silicon sensors developed for the ATLAS detector’s
upgrade make visualisation of x-rays possible with enhanced
resolution. Most medical imaging techniques require detection
of photons in different energy ranges.

https://cds.cern.ch/record/2155753/files/CERN-Brochure-2016-001-Eng.pdf @



log size (PB)
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Figure 2.3: Big Data sizes. Bubble plot of the orders of magnitude of data produced by important big data players. The balloon areas illustrate the amount of data
and the text annotations highlight the key factors considered in the estimates. Average per-unit sizes are reported in parentheses, where italic indicates measures
reconstructed based on likely assumptions because no references were found.

https://clissa.github.io/BigData2021/BigData2021.html @



Theory — bejore the discovery
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Production mechanisms
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Higgs Decays

H-> vy

8) 9) 10) 11) 12)

One-loop diagrams of the W-boson loop contribution in the Higgs boson decay into two
photons. Crossed diagrams are not shown. Curved, wiggled, dashed, dashed with arrows
and dotted lines correspond to the photon, W-boson, Higgs scalar, Goldstone bosons and

the Faddeev—Popov ghosts, respectively. arxiv:1804.04852



https://www.sciencedirect.com/topics/physics-and-astronomy/bosons
https://www.sciencedirect.com/topics/mathematics/goldstone-boson
https://arxiv.org/abs/1804.04852

The Higgs Discove
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Higgs discovery (in photon linal States)

among those used to discover the Higgs boson...
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...and still used to keep on studying its properties, e.g. its mass
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Assume Run2 : 150/fb
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What stats ol Higgs available?
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How can the Higgs be further studied?
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