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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









THE STANDARD MODEL




..ITS BIGGEST QUESTIONS...
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..AND ITS MORE SUBTLE ONES !

The “strong CP problem”: Why does QCD preserve CP symmetry?

Within the SM, the QCD vacuum structure introduces a CP violating term in the Lagrangian:

g2

Lg = 9327T2 FI'Y Fouu
while require that the vacuum angle 6 is tiny!

dy= (0.0 £ 1.14, £ 0.2,,5) x 1026 e-cm.
In other words,

The “strong CP problem”: Why no measurable neutron EDM?
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[XAMPL[ THE ATLAS DETECTOR
IN NUMBERS

v Weights 7 ktonnes ( /A )
V' 2-4 T superconducting magnets iy
v Position of particles recorded "5;\ |

with an accuracy of O(10 p.m) q,
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

v 20 billion events collected (2015-2018)
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(Aspects relevant for all LHC detectors)

Fast and radiation hard sensors
Stability and accuracy of constructed structures
— X8 HH B Extremely fast readout systems for low latency
7 S i ‘ I processing
5 A / § §- f &8 S Computing infrastructure to process enormous amounts
nermost pixel tracker installation S _'ff 3 of data
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THE ATLAS COLLABORATION

Status: October 2020
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EXPERIMENT

3558438

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

SIATLAS

Run



O THE CMS COLLABORATION
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THE LHGB GOLLABO
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THE ALICE COLLABORATION
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RUNZ2, RUNS ...
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RUNT, RUNZ, RUNS AND BEYOND

a Runt Run2 Run3
S 450
:_'; /
s . Up to this point:
£ 7/8 TeV only 10-15% of the
3 data planned for the
55 lifetime of the LHC!
E = ) mMm
T % 4 4
o
) 13 TeV 13.6 TeV . \1}6—mTMI
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THE LANDSCAPE OF PARTICLES




THE STANDARD MODEL STUDIED IN DETAIL

Standard Model Production Cross Section Measurements

Status: February 2022
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M ASS [S Extracted by

I LEP Combination
PR. 532, p119-244, (2013)

DO (Run 2)
PRL 108, p151804 (2012)

CDF (Run 2)
Science 376, 6589, p170 (2022

LHCb 2022
JHEP 01, 036 (2022)

ATLAS 2017
EPJ-C 78-2, p110 (2018)

ATLAS 2023

this work

80200

ATLAS Preliminary = ~®7 =
Vs=7Tev,48f0"
m @ mm
101
(] -
@ Measurement : _ ® ==
[[]stat. Unc. R .
B Total Unc. L]
' ISM Prediction -.-
| i
80300 80400
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2023-004/ My, [MeV]

Overview of m,, Measurements

to distributions and measurements that depend on the mass

“This measurement, M;,=80,433.5+9.4 MeV, is more precise than all previous measurements of M,,, combined.
A comparison with the SM expectation of M;,=80,357+6 MeV [... ] yields a difference with a significance of
7.00 and suggests the possibility of improvements to the SM calculation or of extensions to the SM.”

https://www.science.org/doi/10.1126/science.abk1781 @


https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2023-004/
https://www.science.org/doi/10.1126/science.abk1781

THE HIGGS BOSON

Intense efforts to asses its properties with high precision

T I T I I
ATLAS

T T |
~Total [ Stat. only

Run 1: Vs = 7-8 TeV, 25 fb™, Run 2: s = 13 TeV, 36.1 fb Total  (Stat. only)
Run 1 H—4l] = 124,51+ 0.52 ( +0.52) GeV
Run 1 H—yy H———e——-  126.02 +0.51 (£ 0.43) GeV
Run 2 H—4l —— 124.79 + 0.37 ( £ 0.36) GeV
Run 2 H—yy -—ol—- 124.93 £ 0.40 (£ 0.21) GeV
| Runts2Ho4 = 124714030 (£0.30) GeV
Run 142 H-yy ———— 125.32+0.35 ( £ 0.19) GeV
| RuniCombined ~ t—e—h 12538 £041 (£0.37)GeV
Run 2 Combined —— 124.86 £ 0.27 (£ 0.18) GeV
Runis2Combined  me—m T 12497 £024 (£0.16) GeV
| ATLAS+CMSRuni .*_._. """""""""" 125094024 (£0.21)GeV
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PRODUCTION CROSS-SECTION



HI1GGS SEARCHES: PROCESSES NOT YET OBSERVED

* Eg. HH production

* We don’t know if it occurs in rates as the SM predicts
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Recent HH->bbyy results




HI1GGS SEARCHES: PROCESSES NOT YET OBSERVED

* Eg. HH production g
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GENERAL PURPOSE DETECTORS AT THE 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
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WHAT DO WE RECONSTRUCT?

Simplified Detector Transverse View

Muon Spectrometer
Toroids
HadCAL

* Tracks and clusters

Tracker

* Combining those:
 “objects”, i.e. “particles”

Q
[=] e N
ol & 4 = kN
o' o Py =g
(1)
Bosons

Leptons
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MISSING TRANSVERSE MOMENTUM — ME;

I1 III

4.8 MeV | 104 MeV || 4.2 GeV
d| s | Db

Quarks
Bosons

Leptons

05MeV § 16 MeV | 1.8GeV 126 GeV
e B T H

In the transverse plane:
—_—
2ipri =0

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

mISS -
Er™ = —=Xpr;

Simplified Detector Transverse View

Muon Spectrometer
Toroids
HadCAL
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MISSING TRANSVERSE MOMINTUM - ME;

Simplified Detector Transverse View
Muon Spectrometer

Toroids
HadCAL

In the transverse plane:

N
iPTi 0 OR DAkk Mgy,

cANDIDAT[s,
So for what we can’t directly measure (e.g. neutrinos)

miss —
Er™ = —=Xpr;
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SUSY SEARCHES: A PLETHORA OF RESULTS
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Vs=13TeV, 36.1 - 140 fb™ March 2023
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- o bB{f > 3 b-jets [2211.08028] ATLAS Prellmlnary__
- >3 b-jets + >2 lep. SS [2211.08028, 1706.03731]
L G- c@wy® 0 lep. + 1 lep. [2010.14293, 2101.01629)]

[ §-qaz % 2lep. OS SF [2204.13072]

B >7-12jets + 1 lep. + =2 lep. SS

B [2008.06032, 1708.08232, 2307.01094]
5 qallvw)i, via 17 2 lep. OS SF +> 2 lep. SS [2204.13072, 2307.01094]
L > 11 [1808.06358]
> 1y [2206.06012]

 Colours indicate different models
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MANY OTHER SEARCHES...

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

Status: March 2023

ATLAS Ppr

[L£dt =(32.8-139) fb~!

Model Signature  [Ldt [b] Lifetime limit

RPV % — ugq displaced vtx + muon 136 f lifetime I I I 0.003-6.0 m I m(t)=1.4 Te{/

RPV /\7[1) — eev/euv/uuy displaced lepton pair 32.8 ,f? lifetime 0.003-1.0 m m(§)= 1.6 TeV, m(¢9)= 1.3 TeV

RPV 9 - qqq displaced vitx + jets 139 )?‘1’ lifetime 0.00135-9.0 m m(¥%)=1.0 TeV

GGM )?? -ZG displaced dimuon 32.9 )72 lifetime 0.029-18.0 m m(g)=1.1TeV, m({?)= 1.0 TeV

GMSB non-pointing or delayed y 139 ,\7(1’ lifetime 0.24-24 m m(i?, G)= 60, 20 GeV, By=2% 2209.01029

GMSB 7 — (G displaced lepton 139 | 7 lifetime 6-750 mm m(f)= 600 GeV 2011.07812
§ GMSB 7 - G displaced lepton 139 | # lifetime 9-270 mm m(%)= 200 GeV 2011.07812
= AMSB pp — ¥:0, ¥ ¥;  disappearing track 136 )Zf lifetime 0.06-3.06 m m(f;)= 650 GeV 2201.02472

AMSB pp — P03, ¥ v1 large pixel dE/dx 139 )?f lifetime 0.3-30.0 m m({3)= 600 GeV 2205.06013

Stealth SUSY 2 MS vertices 36.1 § lifetime 0.1-519m B(g — 5g)= 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(¢?)= 100 GeV 2205.06013

Split SUSY displaced vtx + E?“'S 32.8 g lifetime 0.03-13.2m m(g)= 1.8 TeV, m({2)= 100 GeV 1710.04901

Split SUSY 0¢,2-6jets +E¥“SS 36.1 g lifetime 0.0-2.1m m(g)= 1.8 TeV, m({?)= 100 GeV | ATLAS-CONF-2018-003

H—-ss 2 MS vertices 139 s lifetime 0.31-72.4 m m(s)= 35 GeV 2203.00587
® H-oss 2 low-EMF trackless jets 139 s lifetime 0.19-6.94 m m(s)=35GeV 2203.01009
2 VH with H — ss — bbbb  2( + 2 displ. vertices 139 s lifetime 4-85 mm m(s)=35GeV 2107.06092
é FRVZH — 2yqs + X 2 u—jets 139 a4 lifetime 0.654-939 mm m(yq)= 400 MeV 2206.12181
é FRVZ H — 4y4 + X 2 p—jets 139 | 4 lifetime 2.7-534 mm m(yq4)= 400 MeV 2206.12181
I H—- Z,Zy4 displaced dimuon 32.9 Z,4 lifetime 0.009-24.0 m m(Zy)= 40 GeV 1808.03057

H—-ZZ, 2 e, p + low-EMF trackless jet36.1 Z4 lifetime 0.21-5.2 m m(Zg)=10 GeV 1811.02542
N »(200 GeV) — ss low-EMF trk-less jets, MS vitx 36.1 s lifetime 0.41-51.5m o x B=1pb, m(s)=50 GeV 1902.03094
L§ (600 GeV) — ss low-EMF trk-less jets, MS vitx 36.1 s lifetime 0.04-21.5m o x B=1pb, m(s)=50 GeV 1902.03094
2 d(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 — N¢, N — tty displaced vtx (uu,ue, ee) + 1 139 N lifetime 0.74-42 mm m(N)= 6 GeV, Dirac 2204.11988

W — N¢,N — tty displaced vtx (uu,ue, ee) + 1 139 N lifetime 3.1-33 mm m(N)= 6 GeV, Majorana 2204.11988
:E:l W — N¢,N — tty displaced vtx (uu,ue, ee) + e 139 N lifetime 0.49-81 mm m(N)= 6 GeV, Dirac 2204.11988

W — N¢,N — tey displaced vitx (uu,ue, ee) + e 139 N lifetime 0.39-51 mm m(N)= 6 GeV, Majorana 2204.11988

MR | gl T | 0l gl L1
0.001 0.01 0.1 10 100 cT [m]
Vs=13TeV  Vs=13TeV
partial data full data ] il ol il ol il T

*Only a selection of the available lifetime limits is shown. 0.001 0.01 0.1 1 10 100

T [ns]




TA N"“A L l S I N G R [SU L]‘S Few tiny excesses in data
some even consistent beween experiments

For example, in Higgs-like di-photon signatures

CMS Preliminary 132.2 b (13 TeV)

3 _||||||||||||||||||||||l||||||||||||||||_ '5‘ 18OI_III||||||IIII|IIIIIIIII ||||||||l||||||l|
o 020 H vy — Observed 1 = 160 ATLAS Preliminary — Observed CL,limit ]
y C N O ~ _ -1 ]
9 0.18 - B Expected + o E 2 40 - f_) 1;; Tev, 140> Expected OL_ limit ]
8016 = Expected + 26 _] /;_c” ny -
C N ] — E ted + 1 ]
S b ~owxB_ ] 1200 [ Epeced 1o 3
p 014E . \ :E - Expected+2 ¢ -
- = 100 .
= 012 1.350 global @ g 1.76 local at
0.1 80 .
X (2.90 local) at ¢ ) m 95.4 GeV
© 0.08 60 X = .
my = 95.4 GeV .
0.06 Wy aob AT A AN
"""""""""" 20 .
OI 111 | 111 | L1 11 | 1111 I 1111 | 1111 |§I 1 11 I 111 1 | 1111
70 75 80 8 90 95 100 105 110
100 105 110
m,, (GeV) m,, [GeV]

Only more data will tell if only stat fluctuation, or something exciting!
(remember: early Run2 750 GeV di-photon saga)



1 Strongly interacting

heavy particles
ENERGY FRONTILR

LHC
PUYSICS

103

Feebly interacting
light particles

INTENSITY FRONTIER
x / X
MeV\__~"  GeV TeV

Mass of new particle (m)

Coupling to known particles (€)

Improve instrumentation [ diversify experimental methods

Get more data

Look at higher energies







VERY FORWARD EXPERIMENTS
AT THE LHC
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ORWARD SEARCH [XPERIMENT AT THE LHC _zasaz.

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

SPS TUNNEL




ORWARD SEARCH [XPERIMENT AT THE LHC _zass7.

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

* Produced in decays of light mesons (e.g. i, K), abundantly
present in p-p collisions, primarily in large pseudorapidity

* FASER acceptance:

20 cm diameter, 480 m from ATLAS IP
(ONLY 10°% solid angle)

but still 0(10%) 1t in Run3!

SPS TUNNEL




ORWARD SEARCH [XPERIMENT AT THE LHC _zase3.

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

* Produced in decays of light mesons (e.g. i, K), abundantly
present in p-p collisions, primarily in large pseudorapidity

* FASER acceptance:

20 cm diameter, 480 m from ATLAS IP
(ONLY 10°% solid angle)

but still 0(10%) 1t in Run3!

100 M rock et e— 480 M

But also: measurements of properties of neutrinos
at the highest man-made energies ever recorded!




FEEBLY INTERACTING PARTICLES (

* Due to interacting feebly, they are linked to a “hidden sector”

)

* Couplings between SM and hidden sector result from “portal” operators

* Large number of specific models; can be simplified to the following:

9

. New pseudo-scalar: ALP; coupling to SM suppressed —_1

(Axion Like Particle)

(Heavy Neutral Lepton)

_ New fermion: HNL; coupling to LH SM and h « yy

* The masses of the new particles can span several orders of magnitude

SM [ N oo Dark SM Dark
wS + ANS“)H'H S A € F! RV A
Higgs h Higgs S EM A A 2cosOw = v Y Ap EM A,
L New scalar: Dark Higgs; couplings to SM u, A L New vector: Dark photon; coupling to SM « €
SM | 2V Bl ALP SM HNL
YOF2f| Df - 22iiyy . o Hy |V — ynhlvp — N oy




An example physics case: Dark Photon A/

* New massive gauge boson in a dark sector with dark matter candidate X

* Spin 1, couples weakly to SM fermions (€Qs coupling, small €) through mixing with the photon
* Will be searched for via its decay to an electron-positron pair

For m,=100 MeV, € ~ 10~ and E~TeV, can travel long distance before decay

A’ at the IP (300 fb1)

pa [GeV] d [m]
104 YA EPOS-LHC {103
R ma=100 MeV ; SM A A Dark sector
103} %ﬁ@'—% 10 EM D EM, X
110
'1 . / /
Production Y A U, e
10! P ,fﬁ »
N v* ; w
1072 p - - p
10_3 A, g \QQQQ/ U

05 104 102 102 101 1Z

2
@
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HIGHLIGHTS FROM RECENT RESULTS




FIRST DIRECT DETECTION OF COLLIDER NEUTRINOS

e ==y 153 events = > 50 significance 6 8 events = > 50 significance
@ Background ~ 0.2 events CAD Background < 0.1 events

]
L£=3541b" FASER L£=3541b" SND@LHC
110- , - GENIE .g 6_||||||||||ll||| |||||||| ||||||||||| ||||||||||| I_
A 10 w0 4 Neutrino-like Events < | —4— pata |
H L
o L N v o _
E. 120 05 | N 5 & Neutrino simulation
£ 8 I e Neutral hadron simulation |
— ) - at5 c limit
3 100 - . E 4l |
L & c F :
- % LE 151 S 3 —»— n
8 10! @ w §
= E3 :
% 601 10+ %
% 2+ : —— —]
5 401 51 o A
I ; l 1 { § —— —— —
20 A 0-— - - v + - - T - N .
—-1.00 —0.75 —0.50 —0.25 0.00 0.25 0.50 0.75 1.00 >
£ [GeV‘l] x1072 0 %R\ x N ﬁ( %\\L s ] T ]
0 100 p” 0 100 200 300 400 500 600 700 800 900 1000
First evaluation of properties Number of SciFi hits

arXiv: 2303.14185, PRL arXiv: 2305.09383, PRL @



This specific event:

A very clean high-energy v, candidate
Energy of electron ~1.5 TeV

...

Emulsion detector data

Candidates available, including v, events

Discovery of v, established using emulsion data
CERN-FASER-CONF-2023-002



https://cds.cern.ch/record/2868284

SEARCHES FOR DARK PHOTONS

L AdSER

L = 27.0 fb™

----------- Expected Limit (+16,,,, 90% CL)
Observed Limit (90% CL)
NA62 (up) Limit
P BaBar Limit

KLOE Limit

LHCb Limit

NA48 Limit
B \As4 Limit
B 41 Limit
_ Orsay Limit

NuCal Limit

E137 Limit

I CHARM Limit

\RelicTarget m, =0.6m,, a,=0.1

_§ Region probed last
Lo Lol back in the 90s!
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WHAT’ S BEYOND LHC RUNJ ?



RUNT, RUNZ, RUNS AND BEYOND

Integrated Luminosity (/fb)
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o
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Run1

\/

2010

7/8 TeV

2012

LS1

2014

Run2

13 TeV

2016

2018

Run3

/

Up to this point:
only 10-15% of the
data planned for the
lifetime of the LHC!

LS2
S

7 ~

13.6 TeV 13.6 - 14 TeV

2020
2022
2025
2028



Required HL-LHC detector upgrades

Unprecedented challenges :

Development of :

amounts of radiation (~ 2x10" ny,/cm?) - AT LAS

data rates (> 5 GHz p—p collisions) N "\ ! ‘. Be EXPERIMENT

datavolume (~ 350 PB of RAW data/year) = HL-LHCtictavent n ATLAS ITK
g — \ ' at <p>=

radiation hard detectors
fast electronics

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

| 12 000 tracks in
| the tracker acceptance!




NEW ( FORWARD) PROJECTS IN THE HORIZON

*:

A diverse programme that is complementary to the energy frontier is an essential part of the European
(0 particle physics Strategy. Experiments in such diverse areas that offer potential high-impact particle physics

programmes at laboratories in Europe should be supported, as well as participation in such experiments in
other regions of the world

Recommendation of the 2020 European Strategy Update

The full physics potential of the LHC and the HL- LHC [...] should be exploited.
1st recommendation of the 2020 European Strategy Update

Our highest immediate priority accelerator and project is the HL-LHC, [...] including the construction
of auxiliary experiments that extend the reach of HL-LHC in kinematic regions uncovered by the
detector upgrades.

Snowmass 2021 Energy Frontier Report

L—




A TEASER FOR THE PROPOSED [O RWARD P” YSICS [ACI 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 from 2028-2040s

Lol expected by around
the beginning of 2024

More: Submitted to P5 just in April 2023
Lol for SNOWMASS-2021
arXiv:2203.05090

FPF — Kickoff worksho
FPF — 5t worksho
FPF — 6th workshop just last week!

arXiv:2203.05090


https://pbc.web.cern.ch/sites/default/files/2023-04/FPFSummary_final.pdf
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/

HE PHYSICS PROGRAMME OF [P

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

# interacting in ~1000 ~20000 ~10
FASERv Tungsten

# interacting in ~105 ~106
FASERv Tungsten

lepton

universality Unprecedented numbers of detectable neutrinos, at
v 14 . °
::Ez tau energy ranges where there is currently no available data!

eutrinos

neutrino

MCs Increased BSM physics case just increased luminosity

o loerdlysics Wiy

nuclear { \ ol | 1 2\
I y -y < Tl 1 I N
PDFs ! i : RN
\\\~\I\~"v\ /I:\ Ii E v S N
o N AN | M \\ X\ \\
scattering Q . L ) ST
c 1
inelasti intrinsic O
f meDa'; ic charm ) O

forward
hadron
__ production

inflaton

DM
indirect
detection

jpd-jeuly” Asewwns4d4/v0-£20¢/s9|14/3neep/sals/yd uiad gamaqd//:sdiy wou4

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. 1 N events
https://europeanstrategy.cern/european-strategy-for-particle-physics FCC-ee ere 90 GeV (Z'pOle) 150 5X1012 VA
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) 1.5 106 tt
Conceptual design report (2020) Fcc-hh | pp 100 TeV 30 5%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
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VLCTOR PORTAL — REACH FOR DARK PHOTONS
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Complementarity of collider and other accelerator experiments .




REACH FOR HNLS IN FUTURE EXPERIMENTS
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Constrains from past
Lexperiments

Lower bound from
the requirement to
explain light neutrino

o/ Jeerc
q \ \\\_—-—/‘
Low-scale Leptogenesis A\ CLD/IDEA
10712 4 weven 2 HNLs, thermal M\
q . ey —— 2 HNLs, vanishing
Different initial T 3 HNLs, thermal
conditions in 0™ 1 —— 3 HNLs, vanishing P
M [GeV]

. Losullatlon data B

FCC-ee running at the Z-pole has the potential to exclude the
region of masses and couplings down to the see-saw limit .
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THE LANDSCAPL OF NEW PARTICLES @ COLLIDERS

- 2
Observed (i e mx
g Bredicted Surviving DM density: QX X e‘i—
o) A —
w1 _ ~ngly interacting
S Too light avy particles
t to be good RGY FRONTIER
Q. DM
§ 103 candidates
e Simple mechanism for 2
DM evolution: “freeze out” j‘? Too heavy
o to be good
X SM T 106 light DM
3 INTENSITY candidates
S RS

Y M MeW GeV TeV

Mass of new particle (m)
71



