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THE STANDARD MODEL
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THE STANDARD MODEL
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2013 NOBEL PRIZE IN PHYSICS
Francois Englert
Peter W. Higgs

The Nobel Prize in Physics 2013 was awarded jointly to
Francois Englert and Peter W. Higgs

"for the theoretical discovery of a mechanism that
contributes to our understanding of the origin of mass
of subatomic particles, and which recently was
confirmed through the discovery of the predicted
fundamental particle, by the ATLAS and CMS
experiments at CERN's Large Hadron Collider”
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THE STANDARD MODEL STUDIED IN DETAIL

Standard Model Production Cross Section Measurements
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Status: February 2022
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-..ONE PIECE IN THE PUZZLE
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Indirect detection
DM ANNIHILATION
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Drawings from
https://wwwé.slac.stanford.edu/news/2016-02-08-three-ways-bust-ghostly-dark-matter



momentum transfer

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

direct indirect LHC
detection detection searches
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https://arxiv.org/pdf/1810.09420.pdf
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POUVOIR SPECIAL

Particule hypothétique qui constitue la
MATIERE NOIRE, une sorte de matiere qui
semble dominer notre Univers.

Charge - 10—+l

Particule non découverte
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HOW DO WE “SEL” THE SMALLEST PARTICLES?

 Atoms are about 10" 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
Q) through high-energy particle collisions and scattering experiments.
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SMALL DISTANGE <=> HIGH ENERGY

: : : constant
Wavelength A associated with a particle of momentump: A =




SMALL DISTANGE <=> HIGH ENERGY

: : : constant
Wavelength A associated with a particle of momentum p: A =




SMALL DISTANGE <=> HIGH ENERGY

Wavelength A associated with a particle of momentum p: A =

constant




SMALL DISTANGE <=> HIGH ENERGY

constant

Wavelength A associated with a particle of momentum p: A =

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 momentum p: A =

AL AW

Cell (~10-¢m) Atom (~1071°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!
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LHC

i}
26.7 km circ.
In: 450 GeV — Out: ~7 TeV
Magnets with superconducting cables
12’000 A = 8.33 Tesla
Temperature: 1.9 K

$PS
6.9 km circ.

In: 26 GeV — Out: 450 GeV
First underground machine

P H

The CERN accelerator complex
Complexe des accélérateurs du CERN

LINAC 4

Neutrino
Platform

33 m length
In: 90 keV — Out: 50 MeV
Protons from H2

BOOSTER

157 m circ. —4 rings ’
In: 50 MeV - Out: 1.4 GeV

2010 (27 km)

SPS ™ N: up to 3.4x10%3 protons per pulse
. \IAWAI{E Defines brightness,
: .
HiRadMaT i.e. number of protons per bunch in
TT66 transverse dimension
MEDICIS
AD ELENA
[ 2020 31.m) | ISOLDE
BOOSTER A Hd~—> B oo .
- e REX/HIE- | FastArea |
ISOLDE i ;
_ 2001/2015 : /-l—C :
n_TOF H e :
Em ' PS PN
< 1959 (628 m) frmmmmmmmmmmmmmmees g
' LINAC 4
A ; CLEAR
LINAC 3 . 1 EI

lons

(hydrogen anions) ) ions P RIBs (Radioactive lon Beams) p n (neutrons) P} p (antiprotons) p e (electrons) } p (muons)

628 m circ.
In: 1.4 GeV — Out: 26 GeV
N: up to 3.3x10*3 protons
Defines beam time structure

LHC - Large Hadron Collider // SPS - Super Proton Synchrotron // PS - Proton Synchrotron // AD - Antiproton Decelerator // CLEAR - CERN Linear
Electron Accelerator for Research / AWAKE - Advanced WAKefield Experiment // ISOLDE - Isotope Separator OnLine // REX/HIE-ISOLDE - Radioactive
EXperiment/High Intensity and Energy ISOLDE // MEDICIS // LEIR - Low Energy lon Ring // LINAC - LINear ACcelerator //
n_TOF - Neutrons Time Of Flight // HiRadMat - High-Radiation to Materials // Neutrino Platform
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EXAMPLE: THE ATLAS DETECTOR
IN NUMBERS

v Weights 7 ktonnes (Lﬁg{\ )
v/ 2-4 T superconducting magnets 4
V' Position of particles recorded /|

with an accuracy of O(10 p.m) |
v/ 100 M channels

v/ 1 Giga collisions/second

v/ 1000 events/second stored
v/ 500 PB data on disk & tape
v 0.5 M CPU cores used 24/7



GENERAL PURPOSE PETECTORS AT THE LHG

Simplified Detector Longitudinal View
Muon Spectrometer

HadCAL
Tracker
Beam 2

Endcap Barrel Endcap

Simplified Detector Transverse View
Muon Spectrometer
Toroids
HadCAL

Tracker

Beam 1




WHAT DO WE RECONSTRUCT?

Simplified Detector Transverse View
Muon Spectrometer

Toroids
HadCAL

* Tracks and clusters

Tracker

* Combining those:
» “objects”, i.e. “particles”
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MISSING TRANSVERSE MOMENTUM — ME,

IT III

4.8MeV | 104 MeV | 4.2 GeV
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In the transverse plane:
—
2ipri =0

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

mISS g
Er™ = —X,pr;

Simplified Detector Transverse View

Muon Spectrometer
Toroids
HadCAL
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MISSING TRANSVERSE MOMENTUM - ME;

y

Simplified Detector Transverse View
Muon Spectrometer
Toroids

TRT

In the transverse plane:
—
2ipri =0

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

miss —
Er™ = —Xipri

H6
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g Silicon strip tracker assembly &
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(Aspects relevant for all LHC detectors)
Fast and radiation hard sensors
Stability and accuracy of constructed structures
Extremely fast readout systems for low latency
processing
B R N == Computing infrastructure to process enormous amounts
Trigger CPU =3 of data
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LHC®Sciencel
data
~200EPB

LHC® 2016
50@BFawlat
awHiata Googlel
searches
98B
Google
Interneti@rchive
~15FB

SKA@PhaseR2 mid-2020’s
~1FEBRcience@ata

Yearly@lata@olumes

Few years old alread?/‘o’
E.g. by now google is

I at least 3-5x larger!
uploads SKARPhasell 35 ger:
180B 2023

~300@PB/yearl
science@lata

HL-LHC® 2026
~600@PBRawRlata

HL-LHCE- 2026
~1EB@PhysicsEata



log size (PB)

10M

100 T objects stored
in S3 up to 2021 (5 MB)

140 M hours/day
of streaming (1 GB)

71k B e-mails sent from
2020-10 to 2021-09 (75 KB)

240k photos/min.

shared in 2021 500 EB
60k B spam (2 MB) (total)
e-mails(5 KB) 51.1k PRY ':'3 @‘
60 GB/s WLCG — HL-LHC real 40k EB/yr
transfers in 2018
5.4k PBYy 65k pho n. 1.9k PBly data expected in 2026
shared in 2021
LHC real .
3 YouTube (2 MB) data in 2018 1200 PBly
733 PBly \ 800 PB/Yy
HL-LHC Monte Carlo
300 PB/y 263 PBly 252 PBly [@ G 240 PBly data expected in 2026
160 PBYy
‘H'""‘-n_
720k hours/day 68 PBly 62 PBly 30+ B web pages
of video uploaded (1 GB) 98.83 M new users in 2021 (2.15 MB) LHC Monte Carlo © Luca Clissa (2022)
+ 1.17 M paid subs in 2020 data in 2018

(1.5 GB and 500 GB, respectively)
source

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
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THE ATLAS COLLABORATION

Status: October 2020
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Collaboration

180 institutions (235 institutes) from 38 countries
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Run Number: 152166, Event Number: 467774
Date: 2010-03-30 13:31:46 CEST

http://atlas.web.cern.ch/AtIas/puinc/EVTbISPLAY/events.htmI




Z->U event;
2011 data.

(s )

Track pT > 0.5 GeV

WATLAS

% EXPERIMENT

=3

Run Mumber: 180164, EBeent Number: 14635 1064

Cate: 2011-04-24 $1:43:3% CEST




CATLAS | otta |
3 EXPERIMENT

A
Run Mumber: 180164, EBeent Number: 14635 1064

Cate: 2011-04-24 $1:43:3% CEST

Track pT > 2 GeV

11 reconstructed vertices




1% EXPERIMENT

i

Run Wumber: 180164, Esent Number: 14635 1004

Cate: 2011-04-24 $1:43:3% CEST

i ¥ o o e Yo 5 - <4 Tae:> B - i

11 reconstructed vertices

Z->U event;
2011 data.

Track pT > 10 GeV
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ATLAS

EXPERIMENT

Run: 355848
Event: 1343779629
2018-07-18 03:14:03 CEST



ATLAS

EXPERIMENT

HL-LHC tt event in ATLAS ITK
at <u>=200

N

3



B THE CMS COLLABORATION
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THE LHCB COLLABORATION
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THE ALICE COLLABORATION
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A bit of LHC history

using CMS as an example

5 MORE DATA

% T0 PROBE RARE PHENOMENA
& UNRAVEL

NATURE$ SECRETS

APPROVAL OF PROJECT



{¢0¢

€57
Gqcoc
>
£ &
> O
e vy
2207
sl 020T
Q10T
>
. * A 910¢
()
= bLoz
p— 1S
o=
_ > 2102
=~ 3 S
—_— =
-— 0102
o=
- : 0
P W a - >
— (g4/) Ansourwin pajes3aiy|
o=



7

/

0J
3000 - 4000 [fb
/

RUNT, RUN2, RUN3 AND BEYOND

Run2

Run1

ell
2ED
...LtrH
nr.l..ml_
‘= O Q
o - 2
po/oe._L
Sﬁ nr.m
‘— c
L.mn_uhae
Q= o F
>3 8  £S]
o c o @
D O T =
w
[t
\Q
M
1
(4
o
[t
M
1
1S
w
[t
o0
—
N~

500

o
i

100

(q4/) Ansoujwin pajes3aqu

VN

{¢0¢

[q4o)d

0¢o¢

g1L0¢

910¢

174XeYd

clo¢

0l0c¢



THE LANDSCAPE OF PARTICLES




THE STANDARD MODEL STUDIED IN DETAIL

Standard Model Production Cross Section Measurements
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Status: February 2022
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THE HIGGS BOSON

Intense efforts to asses its properties with high precision

L O i B L B B e e e T - W AU ' L A A I
ATLAS ~-Total | |Stat. only &I 90E ATLAS — SMo (pp—>H,m,, = 125.09 GeV) E
Run 1: ¥s = 7-8 TeV, 25 fb™', Run 2: G|=13 TeV, 36.1 fb” Total  (Stat. only) g g Y H—oyy b H—ZZ*—4l QCD scale un'certainty g
Run1H—4l ‘ 12451+ 0.52 ( + 0.52) GeV o 80;_ ¢ CombinedH—yy + H—4l Total uncertainty (scale ® PDF+ct,) ]
Run1H-yy W——e——1  126.02 +0.51 ( +0.43) GeV 70F :
Run 2 H—4l -—-I—- 124.79 + 0.37 ( + 0.36) GeV 60 ;_

Run 2 H—yy — 124.93 +0.40 (£ 0.21) GeV -
| Runt+2Ho4l e 12471+ 0.30 (+0.30) GeV 50 3
Run 1+2 H—yy . 125.32 +0.35 ( +£0.19) GeV 40F :
| Run1Combined ~  $#—e—n 12538 £ 0.41 (+037) GeV 30E - E
Run 2 Combined ——m 124.86 +0.27 ( £ 0.18) GeV - \s=7TeV, 45 fb11 ]
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MASS PRODUCTION CROSS-SECTION



SEARCHES




HI1GGS SEARCHES: PROCESSES NOT YET OBSERVED

* Eg. HH production
* We don’t know if it occurs in rates as the SM predicts

OggrF+veF (HH) [fb]
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ATLAS —— Observed limit (95% CL)
Vs=13TeV, 139 fo~1 ---- Expected limit (95% CL) |
" HH—bbyy ’ Expected limit +1c |

(—

1 Expected limit +2c
E== Theory prediction
iﬁ( SM prediction

________________
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~~~~~
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Recent HH->bbyy results
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2015 - now

2012

2010-2011

2000's

1980'’s

LHC 13 - 14 TeV

LHC 8 TeV

LHC 7 TeV

Tevatron

SppS

Squark-gluino-neutralino model, m(xY) = 0 GeV

Exclusion for m(g) = m(q)

| | | |
500 1000 1500 2000

Excluded Gluino Mass (GeV)



SUSY SEARCHES: A PLETHORA OF RESULTS
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MANY OTHER SEARGHIS...

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

ATLAS Preliminary

Status: March 2022 [£dt = (3.6-139) fb! V5=8,13TeV
Model (,y Jetsi ET™ [rdim) Limit Reference
g ADD Gyk + g/9q Oeu, 1,y 1-4j Yes 139 Mp 1M12TeV n=2 2102.10874
k= ADD non-resonant yy 2y - - 36.7 Ms 8.6 TeV n =3 HLZ NLO 1707.04147
£  ADDQBH - 2] - 37.0 | Mu 89TeV n=6 1703.09127
© ADD BH multijet - >3j - 3.6 Mqp 9.55TeV n=26 Mp=3TeV, rotBH 1512.02586
E | RSt Gk — v 2y - - 139 | Gick mass 4.5TeV K/ Mp =01 2102.13405
© Bulk RS Gy — WW/ZZ multi-channel 36.1 Gkk mass 2.3 TeV k/Mp =1.0 1808.02380
g Bulk RS Gxx — WV — fvgq Teu 2j/1J Yes 139 Gkk mass 2.0TeV k/Mp =10 2004.14636
ukj Bulk RS gk — tt 1e,u  21b =102 Yes 36.1 Bkk Mass 3.8 TeV r/m=15% 1804.10823
2UED / RPP 1e,u 22b,23] Yes 361 KK mass 1.8 TeV Tier (1,1), B(AMY — tt) =1 1803.09678
SSM 2" — & 2epu - - 139 Z' mass 5.1 TeV 1903.06248
» SSM Z’" - 171 27 - - 36.1 Z’ mass 2.42 TeV 1709.07242
(= Leptophobic Z* — bb - 2b - 36.1 Z’ mass 2.1 TeV 1805.09299
2 Leptophobic Z* — tt Oep  21b22J Yes 139 Z' mass 4.1 TeV M/m=12% 2005.05138
8  ssMw v e - Yes 139 | W’ mass 6.0 TeV 1906.05609
[ SSM W' — 1v 17 - Yes 139 W’ mass 5.0 TeV ATLAS-CONF-2021-025
D  SSMW' - tb - >1b21J - 139 | W’ mass 4.4 TeV ATLAS-CONF-2021-043
[ HVT W' — WZ — fvgqgmodel B 1 e,u 2j/1J  Yes 139 W’ mass 4.3 TeV gv =3 2004.14636
O] HVT W' — WZ — fv{'f" modelC 3e,u 2j(VBF) Yes 139 W’ mass 340 GeV gvew = 1,8 = ATLAS-CONF-2022-005
HVT W’ — WH model B Oeu =1b22J 139 W’ mass 3.2Tev gv = 2007.05293
LRSM Wgr — uNg 2pu 1J - 80 W mass 5.0 TeV m(Ng) =0.5TeV, g, = gr 1904.12679
Cl gqqq - 2j - 37.0 A 21.8TeV 1703.09127
— Clttqgq 2eu - - 139 A 35.8 TeV m 2006.12946
O Cl eebs 2e 1b - 139 A 1.8 TeV g.=1 2105.13847
Cl upbs 2p 1b - 139 | A 2.0 TeV g =1 2105.13847
Cl tttt 2leu 21b21] Yes 36.1 A 2.57 TeV [Cat = 4n 1811.02305
Axial-vector med. (Dirac DM) Oeu, 7,y 1-4j Yes 139 Mped 2.1 TeV £2,=0.25, g, =1, m(y)=1GeV 2102.10874
b= Pseudo-scalar med. (Dirac DM) Oe,u, 1,% 1-4j Yes 139 Mimed 376 GeV £q=1, g,=1, m(y)=1 GeV 2102.10874
Q Vector med. Z’-2HDM (Dirac DM) 0 e, u 2b Yes 139 Mined 3.1 TeV tan =1, gz=0.8, m(y)=100 GeV 2108.13391
Pseudo-scalar med. 2HDM+a  multi-channel 139 Mined 560 GeV tanp=1, g,=1, m(x)=10 GeV ATLAS-CONF-2021-036
Scalar LQ 1% gen 2e >2j Yes 139 LQ mass 1.8 TeV =1 2006.05872
Scalar LQ 2" gen 2pu >2j Yes 139 | LQmass 1.7 TeV g=1 2006.05872
o ScalrLQ 3 gen 17 2b Yes 139 | LQj mass 1.2 TeV B(LQY — br) =1 2108.07665
= Scalar LQ 3™ gen Oeu  22j,22b  Yes 139 | Lol mass 1.24 TeV BLQY = tv) =1 2004.14060
Scalar LQ 3™ gen >2eu,>11t>1j,21b - 139 Lad mass 1.43 TeV BLQY - tr) =1 2101.11582
Scalar LQ 3" gen Oeu,>17 0-2j,2b Yes 139 L %mass 1.26 TeV BLQI — bv) =1 2101.12527
Vector LQ 3" gen 17 2b Yes 139 | LQy mass 1.77 TeV B(LQ; — br) = 0.5, Y-M coupl. 2108.07665
VLQTT —» Zt + X 2e/2p/>3eu 21b,21] - 139 | T mass 1.4 TeV SU(2) doublet ATLAS-CONF-2021-024
¢ VLABB - Wi/Zb+ X multi-channel 36.1 B mass 1.34 TeV SU(2) doublet 1808.02343
@ 'g VLQ Ts/3 Ts3lTs3 = Wt + X 2(SS)/23 eu>1b,>1] Yes 36.1 Ts/3 mass 1.64 TeV B(Tsj3 — Wi)=1, o TssWt)=1 1807.11883
:?:’ g VLQ T — Ht/Zt 1epn >1b,23] VYes 139 T mass 1.8 TeV SU(2) singlet, k7= 0.5 ATLAS-CONF-2021-040
VLQy —» Wb Tep 21b,21] Yes 36.1 Y mass 1.85 TeV B(Y — Whb)=1, ca(Wbh)=1 1812.07343
VLQ B — Hb Oeu =2b 21,21 - 139 B mass 2.0 TeV SU(2) doublet, kg= 0.3 ATLAS-CONF-2021-018
-8 g Excited quark ¢° — qg - 2] - 139 q" mass 6.7 TeV only u” and d*, A = m(q") 1910.08447
2 E Excited quark ¢* — qy 1y 1j - 36.7 q* mass 5.3 TeV only v and d*, A = m(q") 1709.10440
§‘) E Excited quark b* — bg - 1b 1] - 36.1 b* mass 2.6 TeV 1805.09299
I @ Excited lepton £ 3eu - - 20.3 A =3.0TeV 1411.2921
= Excited lepton v* 3ept - - 20.3 A=16TeV 1411.2921
Type Ill Seesaw 234ep >2j Yes 139 | N mass 910 GeV 2202.02039
LRSM Majorana v 2u 2] - 36.1 Ng mass 3.2Tev m(Wg)=4.1TeV, gL = gr 1809.11105
».  Higgstriplet H** — W*W= 234 e, (SS) various  Yes 139 | H** mass 350 GeV DY production 2101.11961
2 Higgstriplet H** — ¢¢ 234 epu(SS) - - 139 | H** mass 1.08 TeV DY production ATLAS-CONF-2022-010
& Higgs triplet H** = £ eyt - - 203 DY production, B{H[* — {7) =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
'\!§=13T8V ﬁ=13T8V raaal - " " PR S SR | L L e g gl " " PR
partial data full data 10 1 10 Mass scale [TeV]

*Only a selection of the available mass limits on new states or phenomena is shown.

+Small-radius (large-radius) jets are denoted by the letterj (J).



MANY OTHER SEARGHIS...

ATLAS SUSY Searches* - 95% CL Lower Limits ATLAS Preliminary

March 2022 \Vs=13TeV
. 1 _—
Model Signature  [L£adr () Mass limit Reference
T T T —TTT T T T T —
G, G—gt) Dep 2-6 jels F'A'l‘“ 139 1.85 m(¥!)<400 GeV 2010.14293
@ monojet  1-3jets EMS 139 | [8x Degen] 0.9 m(g)-m(¥))=5GeV 2102.10874
S e a—gat) Oepu  2-6jets EFP™ 139 |E 23 miF)=0GeV 2010.14293
& z Forbidden 1.15-1.95 m(t')=1000 GeV 2010.14293
% &2, E—ggWi| 1epu 2-6 jets 139 |2 22 m(E))<600 GeV 2101.01629
O gz, iogglOF] ee. iyt 2jets  EPS 139 |z 2.2 m(¥})<700 GeV CERN-EP-2022-014
& @ F-agWZt Oepp Tljets EFP™ 139 |2 1.97 m(¥}) <600 GeV 2008.06032
= SSepu 6 jets 139 | & 1.15 m(z)- mm =200 GeV 1909.08457
S g gt 0-1e.p 3b EPs 798 |& 2.25 )<200GeV ATLAS-CONF-2018-041
SSe,u 6 jets 139 4 1.25 m(g)- m(,\)‘l' =300 GeV 1909.08457
bby Oep 2b Eps 139 | b 1.255 miFy) <400 GeV 2101.12527
by 0.68 10 GeV<Am(b ¥} )<20 GeV 2101.12527
w o bby, bi—bts — bht! Oepu &b E;,}‘]‘*f 139 | b Forbidden 0.23-1.35 Am(¥3, ¥1)=130 GeV, m(¥])=100 GeV 1908.03122
E S 27 2b EFs 139 | b 0.13-0.85 Am(¥s, ¥1)=130GeV, mu?'.’):o GeV 2103.08189
§--§ i, f._»u?‘,‘ 0-1e.pu >ljet EP 139 fi 1.25 m(¥))=1GeV 2004.14060,2012.03799
g i L— Wb tep  3jetsb EP= 139 |G Forbidden ~ 0.65 m(¥})=500 GeV 2012.03799
@-g i, FI—'?Ib‘ﬂ #1716 127 2jets b EP™ 139 |4 Forbidden 14 m(7))=800 GeV 2108.07665
T S s Oe.p 2c .&5‘“ 36.1 i 0.85 m(f'i):o GeV 1805.01649
© T Oe.p mono-jet  EF* 139 | § 0.55 m(f,&)-m(¥))=5GeV 2102.10874
fifL, fi—rs, B —Z/hi) 12ep 1-4b  EPS 139 |7 0.067-1.18 m(E%)=500 GeV 2006.05880
iy, h—i +Z 3eu 1b EP® 139 | & Forbidden 0.86 m(F\)=360 GeV, (i, )-m(¥)= 40 GeV 2006.05880
YN viawz Multiple ¢/jets ‘ Eg}}-“ 139 )g;,':" 0.96 m(¥])=0, wina-bino 2106.01676, 2108.07586
ee, > ljet EP™ 139 | K /Xf 0.205 m(¥)-m(¥})=5 GeV, wino-bino 1911.12606
¥R viaww 2e.pu Epss 139 | & 0.42 m(¥})=0, wino-bino 1908.08215
FER via wh Multiple ¢/jets Eps 139 | #i/¥  Forbidden 1.06 m(¥})=70 GeV, wino-bino 2004.10894, 2108.07586
= § XiX7 via f, /v 2ep EPss 139 J_F,‘ - 1.0 m(Z,7)=0.5(m(¥7)+m(i})) 1908.08215
2 #rort) 27 EPS 139 |7 [Fr. #rL] N0HE0:E 0.12-0.39 mFy)= 1911.06660
A A AN 2e.p 0 jets Ei‘“ 139 |7 0.7 miF})=0 1908.08215
ee, up =1ljet  EP™ 139 i 0.256 m(@)-m(¥))=10 GeV 1911.12606
HH, H—hG[ZG Oe.p =3b  Epe 361 | A 0.13-0.23 0.29-0.88 BR(T) — hG)=1 1806.04030
3 e 2:) jets ba::“ 139 i 0.55 BR(Q — Z6G)=1 2103.11684
e = 2large jets EF™ 139 i 0.45-0.93 BR(F} — ZG)=1 2108.07586
Direct ¥ ¥ prod., long-lived '} Disapp. frk  1jet  Ems 139 x; 0.66 Pure Wino 2201.02472
Xy 0.21 Pure higgsino 2201.02472
1]
§ % Stable ¢ R-hadron pixel dE/dx Epis 139 I3 2.05 CERN-EP-2022-029
ST Metastable z R-hadron, §—qqgt| pixel dE/dx EFs 439 | & [(@) =10ns] 2.2 m(¥?)=100 GeV CERN-EP-2022-029
S8 Wi~ Displ. lep Emss 439 | &p 0.7 n#)=0.1ns 2011.07812
| ‘ 7 0.34 ) =0.1ns 2011.07812
pixel dE/dx EPS 139 |7 0.36 i) =10ns CERN-EP-2022-029
VY szescee e 139 Pure Wino 2011.10543
B - WW[Z({[{VV dep Ojets  EP™ 139 1.55 m(¥)=200 GeV 2103.11684
. s—wq)(n W qaq 4-5large jets 36.1 19 Large 1), 1804.03568
> i, i—t¥), ¥\ = ths Multiple 36.1 m(¥})=200 GeV, bino-like ATLAS-CONF-2018-003
% i, i—b¥], X7 — bbs > 4b 139 Forbidden m(E;)=500 GeV 2010.01015
fify, i —bs 2jets+2b 36.7 0.61 1710.07171
hiy, h—gl 2e.u 2bh 36.1 0.4-1.45 BR(f) —be/bu)>20% 1710.05544
1 DV 136 1.6 BR(f1—qu)=100%, cost/=1 2003.11956
IR, 1) tbs, X] —>bbs 12eu  26jels 139 | 0.2-0.32 Pure higgsina 2106.09600
L L 1 L N PR | L L 1 " N
. ‘ - -1
Only a selection of the available mass limits on new states or 10 1 Mass scale [TeV] 88
phenomena is shown. Many of the limits are based on

simplified models, c.f. refs. for the assumptions made.



SEARCHES FOR EXOTIC SIGNATURES




NON-CONVENTIONAL SIGNATURES
[.6. SIGNATURES OF LONG—LIVED PARTICLES

The SM contains a large number of metastable particles AN N
] Detetc_tor—Prompt Ei Ei Ei Detector-Stable dt - ?
(o} H 7‘71 Ei ?
10° 1 o = ti 1'1)5 tji
| wiz o i _ —t/T
/ I =\ (t) = /V, O@( /T)
o l |
= § |
10°  gego
; ] . o8 1B 4 tracker
= JV | :Di/DOE 3 exp(-x / ct)
I I (g}
Q 0 | : | : -
=B 5 o 1%, N n calorimeter  &¥P(*/5¢)
£ ¢ a1 i KK ° P
I (B muon system
nd: * outside
102 4 ¢ | ¢ .IJ
5 | | : e
| : ™
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L Distance travelled x
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N

NON-CONVENTIONAL SIGNATURES

DISAPPEARING OR

DISPLAGED . |
MULTITRACK VERTIGES ~ “INKEDTRACKS 2
/ NON-POINTING PHOTONS

DISPLACED Lmoms,?'
LEPTON-JETS _—r

OR LEPTON PAIRS

==
"""""
-----
----

i TRACKLESS
LoW-EME JLT$

* Many interesting possibilities of exotic particles QUASI-STABLE
* Unique challenges in reconstruction MULTI-TRACK VERTICES CHARGED PARTICLES

* Possible with good understanding of detector IN THE SP[CTROMET[R

Sketch: H. Russell



MANY OTHER SEARGHIS...

ATLAS Long-lived Particle Searches* - 95% CL Exclusion

ATLAS Preliminary

Status: March 2023 [£dt = (32.8-139) fb~! V5 =13TeV
Model Signature  [£dt[b] Lifetime limit Reference
RPV % — uq displaced vtx + muon 136 f lifetime I l l 0.003-6.0 m I m(F)=1.4 Te{/ 2003.11956
RPV)”(‘{ — eev/euv/uuv  displaced lepton pair 32.8 ,?g lifetime 0.003-1.0 m m(§)=1.6TeV, m({9)=1.3 TeV 1907.10037
RPV %2 - qqq displaced vix + jets 139 i‘l’ lifetime 0.00135-9.0 m m(%)=1.0TeV 2301.13866
GGM {2 —» ZG displaced dimuon 32.9 ,\72 lifetime 0.029-18.0 m m(g)=1.1TeV, m(#})= 1.0 TeV 1808.03057
GMSB non-pointing or delayed y 139 ,\?2 lifetime 0.24-24m m(P3, G)= 60, 20 GeV, By=2% 2209.01029
GMSB? - ¢G displaced lepton 139 | 7 litetime 6-750 mm m(F)= 600 GeV 2011.07812
§ GMSB 7 — 7G displaced lepton 139 | 7 lifetime 9-270 mm m(f)= 200 GeV 2011.07812
@ AMSB pp — ¥i4%, ¥ %7  disappearing track 136 );f lifetime 0.06-3.06 m m(F7)= 650 GeV 2201.02472
AMSB pp — 7%, 1 i1 large pixel dE/dx 139 ,ﬁ lifetime 0.3-30.0 m m(f7)= 600 GeV 2205.06013
Stealth SUSY 2 MS vertices 36.1 § lifetime 0.1-519 m B(g — §g): 0.1, m(g)= 500 GeV| 1811.07370
Split SUSY large pixel dE/dx 139 | g lifetime >0.45m m(g)= 1.8 TeV, m(i})= 100 GeV 2205.06013
Split SUSY displaced vtx + E{“‘SS 32.8 g lifetime 0.03-13.2m m(g)= 1.8 TeV, m(¢3)= 100 GeV 1710.04901
Split SUSY 0f, 2-6jets +EI™  36.1 g lifetime 0.0-21m m(g)=1.8 TeV, m(¥?)= 100 GeV | ATLAS-CONF-2018-003
H-ss 2 MS vertices 139 s lifetime 0.31-724m m(s)=35 GeV 2203.00587
° H-ss 2 low-EMF trackless jets 139 s lifetime 0.19-6.94 m m(s)= 35 GeV 2203.01009
9— VH with H — ss — bbbb  2¢ + 2 displ. vertices 139 s lifetime 4-85 mm m(s)=35 GeV 2107.06092
% FRVZH — 2y4 + X 2 u—jets 139 | ya lifetime 0.654-939 mm m(yq)= 400 MeV 2206.12181
é FRVZ H — 4y4 + X 2 p—jets 139 | va lifetime 2.7-534 mm m(yq)= 400 MeV 2206.12181
E H—- Zy2Zy4 displaced dimuon 329 Z4 lifetime 0.009-24.0 m m(Zy)= 40 GeV 1808.03057
H— 7274 2 e, u + low-EMF trackless jet36.1 Z4 lifetime 0.21-5.2m m(Z4)=10 GeV 1811.02542
N (200 GeV) — ss low-EMF trk-less jets, MS vix 36.1 s lifetime 0.41-51.5m o x B=1 pb, m(s)= 50 GeV 1902.03094
§ $(600 GeV) — ss low-EMF trk-less jets, MS vix 36.1 s lifetime 0.04-21.5m o X B8=1pb, m(s)= 50 GeV 1902.03094
2 ®(1 TeV) — ss low-EMF trk-less jets, MS vix 36.1 s lifetime 0.06-52.4 m o x B=1pb, m(s)= 150 GeV| 1902.03094
W — NE, N — ey displaced vix (uu.ue, ee) +p 139 | N lifetime 0.74-42 mm m(N)= 6 GeV, Dirac 2204.11988
W — NE,N — tty displaced vix (uu.ue, ee) + u 139 N lifetime 3.1-33mm m(N)= 6 GeV, Majorana 2204.11988
:E:‘ W — NE,N — tty displaced vitx (uu,ue, ee) + e 139 N lifetime 0.49-81 mm m(N)=6 GeV, Dirac 2204.11988
W — Ne,N — ¢ty displaced vix (uu,ue, ee) + e 139 | N lifetime 0.39-51 mm | | m(N)=6 Ge\ll, Majorana 2204.11988
0.01 0.1 10 100 CcT [m]
Vs=13TeV  ys=13TeV
partial data full data 1 L taaanl el il L ol sl L
*Only a selection of the available lifetime limits is shown. 0.001 0.01 0.1 1 10 100

7 [ns]
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Improve instrumentation / diversify experimental methods

Get more data

Look at higher energies







VERY FORWARD EXPERIMENTS
AT THE LHC
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ORWARD SEARGH EXPERIMENT AT THE LHC _zaszz.

Primary goal: Searches for new weakly interacting light particles,
coupling to SM via mixing with SM “portal’” operator

SPS TUNNEL




ORWARD SEARGH EXPERIMENT AT THE LHC _zaszz.

Primary goal: Searches for new weakly interacting light particles,
coupling to SM via mixing with SM “portal’” operator

SPS TUNNEL
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NAGA

New area dedicated to NA64
prepared by CERN during LS2

BEAM
INJECTION CHAIN
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 GigaTracker (silicon pixel 4D tracker) operations and DQ

Involved in DAQ upgrade and software trigger
Significant participation to GigaTracker reconstruction




HIGHLIGHTS FROM RECENT RESULTS



100

“Pika—v” EVENT



“Pika-v” EVENT

* Avery clean high-energy v, candidate
* Energy of electron ~1.5 TeV
* Vertex with 11 tracks .

* electron-like track from vertex /
Back-to-back topology




SEARCHES FOR DARK PHOTONS

FASER . NAGZ
L =27.0 fb” \5/1

___________ Expected Limit .
(1 04y, 90% CL) .
Observed Limit (90% CL)

NAB2 (ee) Limit
BaBar Limit
KLOE Limit
LHCb Limit
NA48 Limit
I  NA64 Limit
I E141 Limit
© Orsay Limit
NuCal Limit
E137 Limit
CHARM Limit
Relic Target m_=0.6m,, 0,=0.1

"Sagpmas

Region probed last
back in the 90s!

| T I ‘ | T I
10° 10°
m, [MeV]

—
o


https://inspirehep.net/literature/2687000
https://arxiv.org/abs/2312.12055
https://inspirehep.net/literature/1773005

WHAT’ S BLYOND LHC RUN3 ?
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Required HL-LHC detector upgrades
N\

N

Unprecedented challenges :
- amounts of radiation (~ 2x10 n,/cm?) 0 =\, AT L AS
- datarates (> 5 GHz p—p collisions) S \\\\ \ Se EXPERIMENT

- data volume (~ 350 PB of RAW data / year) HLLHE aver kn ATLASIIK
at <pu>=

Development of :

- radiation hard detectors
- fast electronics

- new detection methods, e.g. use of timing
- new software & computing approaches

12 000 tracks in
the tracker acceptance!




SHIP . °°':::=“‘:::::::::::::‘::31:::::::....

New project approved last
year, to be constructed
and start physiscs data
taking in Run 4

Vi

BEAM
INJECTION CHAIN




A TEASER FOR THE PROPOSED [O RWA R[) P” YS'CS [AC| I_lTY

The rich physics program in the far-forward region strongly
motivates creating a dedicated Forward Physics Facility to
house far-forward experiments for the HL-LHC era

Document to be submitted
to european strategy

Lol for SNOWMASS-2021
arXiv:2203.05090

FPF — Kickoff workshop

FORMOSA FPF — 5™ workshop

FPF — 6™ workshop
PF — 7" workshop in February 2024



https://zenodo.org/record/4009641
https://arxiv.org/abs/2203.05090
https://indico.cern.ch/event/955956/contributions/4022176/
https://indico.cern.ch/event/1196506/
https://indico.cern.ch/event/1275380/
https://indico.cern.ch/event/1358966/

HE PHYSICS PROGRAMME OF |

DM
scattering

inelastic
DM

inflaton

Available | Mass of v Vv \Y) \Y,
lumi detector

# interacting in ~1000 ~20000 ~10
FASERv Tungsten

# interacting in ~105 ~106
FASERv Tungsten

lepton

universality Unprecedented numbers of detectable neutrinos, at
14 ¢ . o
tands ::EE tan energy ranges where there is currently no available data!

eutrinos

neutrino

MG Increased BSM physics case just increased luminosity
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Dark Higgs

Astroparticle Physics
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WUAT® S BEYOND HL-LHC ?







THE FCC PROJECT

2020 EUROPEAN STRATEGY UPDATE

' An electron-positron Higgs factory is

@ the highest-priority next collider. For

the longer term, the European particle
physics community has the ambition
to operate a proton-proton collider at
the highest achievable energy.

Collisions

CME

N events

https://europeanstrategy.cern/european-strategy-for-particle-physics FCCee |e'e 90 GeV (Z-pole) | 150 5X10"* Z
160 GeV (WW) |10 108 WW
@Aims at pushing both energy and 240 GeV (HZ) |5 106 HZ
intensity frontiers of particle colliders 365 GeV (tt) 1.5 10 tt
Conceptual design report (2020) FCC-hh | pp 6 T 30 %10 H
Technical and financial feasibility study 3x107 HH
due for next EU strategy update (2027) | | Fcceh |ep 3.5 TeV

Runs with heavy ions not included

@ 07S990°€0TTAIXIE — SSBLUMOUS 03 3ndul — M3IADI JUDDY



REACH FOR HEAVY NEUTRAL LEPTONS
IN FUTURE EXPERIMENTS

' LHC pro/mp‘c
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Different initial | & 3 HNLs, thermal explain light neutrino
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M [GeV]
FCC-ee running at the Z-pole has the potential to exclude the
region of masses and couplings down to the see-saw limit o
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IN BRIEF:
SEARCHING FOR DARK MATTER AT CERN

* The Standard Model is a brilliant framework that explains much of the
known universe — but it’s incomplete.

* One of its biggest mysteries: What is dark matter?

* To explore the smallest building blocks of nature, we need to reach
hi%her and higher energies, which we do through powerful particle
collisions.

* These collisions may create dark matter candidates, and CERN
experiments are actively searching for them.

* The next breakthrough in physics could be just around the corner — we
must be ready to recognize it!

* Along the way, we drive cutting-edge technological innovation with
impacts far beyond particle physics.
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THE LANDSCAPE OF NEW PARTICLES @ COLLIDERS
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