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The Dark Matter Mystery

Overwhelming evidences and known properties
are through gravitation effects.

- Galaxy rotation curves
- CMB
- Large Scale Structure formation

MACS J0152.5-2852 MACS J0717.5+3745.

- Galaxy cluster collisions

What is it (or made of), how does it couple to
SM and what is its mass?

' X-Ray, and grayitatiorial lerising images

ABELI»370 . ABELL 2744 | 2ZwCl 1358+62

The Range of Possibilities is Overwhelming!

10723 eV 100 M
~90 orders of magnitude ! Primordial Black Holes

Galactic size wavelength |
or Exotic DM models



From Ultra- to Very-Low Masses

10723 eV 1 keV 100 TeV 100 M,

Galactic size wavelength PBHs or Exotic DM models

- 107%% eV de Broglie wavelength not lower than
galactic size (in order for these structures to form),
and constraints from PTAs, gravitational, and I Solar v -
cosmological experiments. soune T Globular elusters — D¥iese
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- Below keV, DM should be bosonic also Particle s
physics motivated scenario (one of the three MM
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The Thermal Dark Matter Window

10723 eV

Galactic size wavelength

Thermal eq. before FO
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DM SM

DM SM

Relic abundance

1 keV 100 TeV Challenging to set the DM 100 M@

relic abundance

Warm DM WIMP paradigm PBHs or Exotic DM models

- For high masses >100 TeV challenging to set the DM relic abundance In
tension with perturbative unitarity

- Candidates in this mass range primordial Black Holes (PBHSs) or exotic
particle DM models

- Thermal Dark Matter is also bounded from below at ~keV “free streaming
limit” where DM moves too fast to form small observed structures.



WIMP Cosmological Coincidence and Miracle

10—23 eV 1 keV 100 TeV Challenging to set the DM 100 M@

relic abundance

Galactic size wavelength Warm DM WIMP paradigm PBHs or Exotic DM models
Cold Dark Matter

- Coincidence of cosmological scale and a DM mass at EWK scale 100 GeV and

PDM — Pobs - ; 1
(ov) 23 x 107°° cm® /s Qpar ~ 0.1 ~
nDM<O'U> ~ H(Tfo) MpiX < 0V >Weak

- The miracle : SUSY postulated to address profound TH questions but provided the existence of a stable
WIMP - the Neutralino!

- Gauge hierarchy - naturalness problem

SUSY remains hlghly motivated - Unification of COUplingS DM candidate!
...strongly experimentally constrained,

in particular by LHC - Local SUSY gravitino



Direct Detection

—23 Challenging to set the DM
10 eV 1 keV Thermal DM 100 TeV relic abundance 100 M®

Galactic size wavelength Warm DM WIMP paradigm PBHs or Exotic DM models
Cold Dark Matter

Nobel liquid have best overall sensitivity (in

Direct detection of DM 10771\ &, _ particular for Sl processes - e.g. Higgsino)
from the local halo % Experiments
Lret R QROCOD! |+ E e dare now
S\ S\ E. o reach_mg the
5 neutrino fog! .
g 10739 é %
DM DM E ==
g e+ % %
Key ailspect IS that_ 1545+ S
elastic cross section
Sl is coherent - scales 10748 { fom
with A’ 102

Pure electroweakino (Bino and Wino) would
not give coherent scattering so evade limits.

WIMP Mass [GeV/c?]




Indirect Detection

10723 eV

Galactic size wavelength

Indirect detection of DM
annihilation

DM SM

DM SM

In some cases strong <o'v>
enhancement - a NR advantage!

~0

X

1 keV 100 TeV Challenging to set the DM 100 M@
relic abundance
Warm DM WIMP paradigm PBHs or Exotic DM models

Cold Dark Matter
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Thermal relic fixes the mass of the pure state!



Dark Matter at Colliders

10—23 oV 1 keV 100 TeV Challenging to set the DM 100 M@

relic abundance

Galactic size wavelength Warm DM WIMP paradigm PBHs or Exotic DM models
Cold Dark Matter

Requires casting a wide net to make sure that all possible final state

SM DM  SM SA"//,’ scenarios are covered. TH guidelines are very important.
Mediator
Colliders
SM - .
SM oM SM ey Three main approaches for DM searches:

(1) SUSY - (2) Generic DM - (3) Dark Sector

At colliders DM produced from
SM providing opportunities to

understand its detailed nature. Typical event topologies have missing transverse momentum

but not only!



Defining Moment for High Energy Collider Physics

Snowmass community study (2021) - link!

Explorin

~E5‘Samumg The 2023 P5 report Lin

Universe

=

A strong consensus on “pathway” for HEP

Immediate priority is HL-LHC!

Higgs factory (EW and HF) precision

Several options circular (FCC-ee and
LEP3) or linear (LCF, CLIC)

(At least) 10 TeV pCOM collider
Several options (pp, Ui, ee or yy)

Which specific path to get there?

European Strategy
for Particle Physics

CERN-ESU-2025-002 Link
l \ December 2025 Link

September 2024 community called to make a
strategic decision

The next CERN flagship collider project is the FCCee

The chosen path: FCC-ee — FCC-hh

Immediate priority remains HL-LHC!

Decision by CERN Council expected in 2028

The Searches for Dark Matter, despite not being mentioned
explicitly, are a pilar of the collider physics program!



https://www.usparticlephysics.org/2023-p5-report/index.html
https://www.slac.stanford.edu/econf/C210711/SnowmassBook.pdf
https://www.usparticlephysics.org/2023-p5-report/index.html
https://www.usparticlephysics.org/2023-p5-report/index.html
https://cds.cern.ch/record/2950671/files/CERN-ESU-2025-002.pdf

A Scientific Mission for the 21st Century
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A Scientific Mission for the 21st Century
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LHC Run 3 LS3 HL-LHC (Runs 4-6)
2022-2026 13.6 TeV 2026-2029 HL-  2029-2041 13.6 - 14 TeV
2x Nom. Lumi., PU 60 LHC installation  and 2x Nominal Luminostty,

Int. Lumi. 450 fb-1 and major exp. PU 140 - 200
upgrades Int. Lumi. 3000 flo-1

‘-------
4 m = Em E E E E N E N NN

Operations HL-LHC

-------------------------------------------------------------------------------

‘--

Discussions Project Construction

CERN press release CERN bids farewell to the LHC and enters Long
Shutdown 3

LHC completed at 13.6 TeV and entering the (inverse)
attobarn era.

The Run 3 has ~330 fb~! at 13.6 TeV entering
the attobarn era with 0.5 ab™! (per experiment)

Experiments and the machine now in full swing in LS3
to ensure to restart in 2030.



https://home.cern/cern-bids-farewell-to-the-lhc-and-enters-long-shutdown-3/

Natural Dark Matter at the LHC

Strong SUSY produced dark matter (throught squarks and gluinos)

A fairly light top partner key to preserve naturalness

Stop searches (main channels)
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Not so natural SUSY: Stops >
1.2 TeV ~Tuning of factor 20, but
these exclusions are under
specific conditions, and there are
unexcluded corridors.
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Natural Dark Matter at the LHC

Lighter squarks and gluinos searches (main channels)

Vs=13TeV, 36.1-140 fb March 2023
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Electroweak-Produced Natural SUSY

Weak production of charginos,

neutralinos and sleptons
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More Challenging (typical) Wino-like Cases
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Pushing the limits

Exploring further new physics possibilities at the LHC, at lower energies and smaller couplings through

unconventional signatures at the LHC
(HL-) LHC

disappearing or
displaced kinked tracks
multitrack vertices \ J -
non-pointing
e (converted) photons

displaced leptons, / P

lepton-jets, or
lepton pairs

emerging jets

trackless,
| low-EMF jets

quasi-stable

: . . charged particles
multitrack vertices in the Q

muon spectrometer

>

Image from H. Russell
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~ 0 . . ~0 0
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M Prelimina
C S e ry arXiv:2309.16823

Soft 2| and 3l
EX0O-23-017

N Seen g Isolated Soft Track
. SUS-24-012
Observed (138 fb'")

95% CL Upper Limit
Expected (138 fb")

95% CL Upper Limit

with Run 2 syst. uncert.

l

- = = Expected (400 fb")
— Expected (3000 fb')
-+ = Expected (6000 fb")

- Radiative corrections

400

m._. [GeV
X

Unconventional sighature also helped in setting lower on
neutralinos covering the nightmare compressed SUSY
scenarios!



Pushing the limits

Exploring further new physics possibilities at the LHC, at lower energies and smaller couplings through
unconventional signatures at the LHC

0
(H L_) LHC k) June 2025
| I I | |
\ 14 TeV, 3 ab-1 Disappearing Track
— -1 arXiv:2309.16823
displacel ~  _{ ¢ + |  ° > _U_\ ______ St 2l Soft 2 and 3|
multitrack v B W 100 Tev, 30 ab EX0-23-017
Isolated Soft Track
. SUS-24-012
The FCC-hh will Observed (138 fb')
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o be able to bring ... Expected (138 fb")
displaced le =) conclusive 95% CL Upper Limit
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thermal DM
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. search!
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| I | | |
400 :
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Unconventional sighature also helped in setting lower on
neutralinos covering the nightmare compressed SUSY
scenarios!
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Hints of Inelastic DM in LZ?

LZ puzzling event: Imagine a 1 TeV Higgsino DM (link) Higgsino above the fog? (Fan and Reece link)
Disappearing Track
Wino
0
- 50 discovery, FCC-hh, ¥s=100 TeV, 30 ab™
200 Expected exclusion, HL-LHC (ATLAS), Vs=14 TeV, 3 ab™
. Higgsino - 5o discovery, HL-LHC (ATLAS), Ys=14 TeV, 3 ab"'
400 %
gi \\\ Observed exclusion, ATLAS, Ys=13 TeV, 36.1 fb
= | | |
600 2 3 4 5
' a Chargino mass [TeV]
800
1000 Wino and Higgsino DM discovery reach (M. Saito, R.

407
Reconstructed r? [cm?]

0% 20 302

Sawada, K. Terashi, S. Asai link)

Higgsino disfavoured by IceCube! (link) Other inelastic
scenarios possible.



https://arxiv.org/pdf/2609.01504
https://arxiv.org/pdf/1901.02987
https://arxiv.org/abs/2609.02775
https://arxiv.org/pdf/2609.02823

Very Large Number of SUSY Searches
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|

2 TeV 3 TeV
Example from ATLAS (similar for CMS) :'é‘{ '2‘258\;'?




Very Large Number of SUSY Searches

]
] . .
) - - My (95% CLexdusion) . . .« .
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6)'-.(:3 Metastable g R-hadron, g_)qq,\-;(l) pixel dE/dx E;r‘uss 140 g [r(g) =10 ns] 1 0.6 |075I TV }'bggSan‘ilkE X |‘ 4.1
S g 77, t—tG Displ. lep Epis 140 | é&n 1 0=0. ATLAS-CONF-2024-011 1
~ . T 0.36 7(€) =0.1ns ATLAS-CONF-2024-011 Y . . 1i 0.88 (0.9) TeV . Y 1.
pixel dE/dx ErTmss 140 7 0.36 1 ()= 10ns 2205.06013 MSSM, Blectroweak DM DYS@ tri jet 1 { ) Te Wino-ike DM 413
1 o  MSSM, Blectroweak DM Disapp. trk. 1jet ! 2.0 (2.1) TeV] Wino-ike DM 413
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Example from ATLAS (similar for CMS) :'é‘{ '2‘238\;'?




Projections at Future Hadron Collider

European Strate

All Colliders: Top squark projections ( g»

(R-parity conserving SUSY, prompt searches) ' ' . . . .
| | ]
. ! Hadron Colliders: gluino projections '
Model JL dt[ab™] Vs [TeV] Mass limit (95% CL exclusion) 1 Conditions . . European Strategy,
. : —————————— . . — - (R-parity conserving SUSY, prompt searches) .
i, ot 3 14 1.7 TeV m(¥})=0 L. .
0 1, hotk : : Model JLdt[ab™"] Vs [TeV] Mass limit (95% CL exciusion) Conditions
= hf, Ao)/3body 3 14 0.85 TeV Am(f;, ¥1)~ m(t) 3 T T T T T T T T " T T T T
5 ' . 3 14 1 3.2 TeV m(¥})=0
T , ) D)=
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-~ ~0 ~0 1 =0 — |
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= = e o~ ==l ~0
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w 1 ]
T - -
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-~~~ i) 1 T\ _ (ax - | ~
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ul r ; 1 1 ) ~ m(¥)
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— . . ” NUHM2, gt 15 27 ' 5.9 TeV m(¥})=0
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1 1 = 1
o . .
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O |
-~~~ o ol 1 ~0
g i AbE 5 30 | 'oorsTev m(¥})~350 GeV I 30 100 ' 11.0 TeV m(¥1)=0
‘3’ ffy, Fi—bY 1E) 5 3.0 : : 1.5 TeV Am(f, 1)~ m(t) A 5 575 1 4 TeV @)=0 ()
© gé’ g_)q- 1 . 1 . e m(Y,)= >k
ff), [—bU ) 5 3.0 I (15-¢Tev Am(fy, X1)~ 50 GeV 8 . | .
: L 28, 9% 15 375 I 3.6 TeV m(g) ~ m(X1)+10 GeV (**)
& ih, hot) 30 100 10.8 TeV m(¥})=0 w 1
L 1 — &_0 1 ~0
8 ffy, f—tt1/3-body 30 100 : 100 TeV m(¥}) up to 4 TeV 88, §—1x 15 37.5 : - : : - : : L : - . 7.6,TeV mx1)=0 (*)
L ) (*): extrapolated from HL- or HE-LHC studies 10 ! Mass scale [TeV]
fif, t'l—»o\”l)/4-body 30 100 \ . N NP | ., 5.0TeV | Am(f, ¥1)~ 5 GeV, monojet (*) ]
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- y | . . ic limit /5
ILC 500: discovery u; all scenarios up to kinematic limit +/s/2 1 5 Tev
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(*) indicates projection of existing experimental searches
(**) extrapolated from FCC-hh prospects

€ indicates a possible non-evaluated loss in sensitivity

CLIC - LHC

To go above the 10 TeV scale SUSY will require a future hadron collider (100 TeV)
or a 10 TeV Parton COM energy machine.



Generic Searches for Dark Matter
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ATLAS

EXPERIMENT

Run: 302393
Event: 738941529
2016-06-20 07:26:47 CEST

Jet with pT of 1707 GeV. The
ETmiss of 1735 GeV is shown
as the white dashed line. No
additional jets with pT above
30 GeV is found.

Simplified model approach:
Dark matter part. is a Dirac
fermion and s-channel
production of DM particles.

Model parameters:

- Couplings gom gq

- Masses of DM mediator
- Nature of mediator

DM Forum benchmarks link



http://arxiv.org/pdf/1507.00966.pdf

Generic Searches for Dark Matter

Through simplified models also SM processes can be used
to constrain DM

A wealth searches for DM at the LHC:

- Mono-jet, mono-V (leptonic and hadronic), Mono-
Higgs (various modes), Mono-photon, Mono-top

- VBF-like signatures

- Associated production-like signatures

Example: interpretation in Axial Vector Mediator

o _ ST 10 ' Dilepton
- Invisible Higgs searches 5 [ ATLAS Preliminary T 19!
%l B T A11|-L|A|S| SI_I T I| 1:l- T |P| |I| |. L L B B R ] [— 10— 'é_ \/g — 13 TeV’ 293_140 fb—]_ EL"Bt796 (2019) 68
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- Mono-jet 187 b, 2016-2018 (13 TeV) ,1400- mierion eIy - = = October 2025 203140 fi!
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8 i CMS Background only fit £ 1200— Axial-Vector Mediator :(:sys oo 45 10 : \ : PRD 110 (2024) 032002
< 10 7+ et i - Dirac Fermion DM e sys ] 3 / \ : PRL 121 (2018) 081801
n . J 2 1000 exp. sys. x1/2, th. sys. x1/2 | cC 40 7 \ 1 JHEP 03 (2020) 145
E E :l W & Jet E B gq = 0'25’ gx =1 ———— exp. sys. x1/4, th. sys. x1/4 ] >I< 10_ E \ -§' Emiss+x
%’ 103E 1 Other - ~ Projection from Run-2 data ] ~ \ -’ . Y o
T 3 ; 800 \ _- : 139 fb
i ¢ Data . Q 10-41 L v - A JHEP 02 (2021) 226
102F 600~ - o v M= ’,” PRD 103 (2021) 112006
£ \ - 1 XENONxT
- 400 - 10742L N - 4 PRL 131 (2023) 041003
z : S : LZ
3 200} . K ] PRL 135 (2025) 011802
100 E_ . O 111111111111111111111111 10_43 ? ?
X 0 500 1000 1500 2000 2500 3000 - ]
10-"f — H(inv), BR = 25% m, [GeV] 1044 / N\ '
F — Axial, Mmeq = 2 TeV, my = 1 GeV —|:||_ A Zn E_——
10-2 T O ] i Axial-vector mediator, Dirac DM
10_45 L gq=02 g|=005 gX=1
o 2 T T T T T T T T T T T T T T T T T T T T T T ? ATLAS Iimits at 95% CL
= L | i Others at 90% CL
EO-.--_-———-—-——_ 10 o o o
o i i
82 00 600 800 1000 1200 1400 10~ 10” 10” L
a i
N p7= [GeV] m, [TeV]

In all these channels, the background
control as well as the resolution on the
measurement of the MET are key!

In the non-relativistic limit is purely spin-dependent.

—Z;L(gDMQ_CYu?’sX+8foJ;Yu75f)

Interesting scenario limits impact of collider searches as the interaction



Generic Searches for Dark Matter

A wealth searches for DM at the LHC: Through simplified models also SM processes can be used

- Mono-jet, mono-V (leptonic and hadronic), Mono- to constrain DM
Higgs (various modes), Mono-photon, Mono-top

- VBF-like signatures Scalar O(gpm XX —8grL¢yrff/V2)

- Associated production-like signatures

. . — -38 T T -
- Invisible Higgs searches o 107E T ' ™3 —CRESSTII
g a9 - || S arXiv:1904.00498
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102 © - . 3 = Argo-3000 (proj.)
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: 2 3 European Strate
control as well as the resolution on the 1 10 10 10 P 9
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measurement of the MET are key!



Generic Searches for Dark Matter

A wealth searches for DM at the LHC:

- Mono-jet, mono-V (leptonic and hadronic), Mono-
Higgs (various modes), Mono-photon, Mono-top

- VBF-like signatures

- Associated production-like signatures

- Invisible Higgs searches

- Mono-jet 137 fb~1, 2016-2018 (13 TeV)
- ) 10 E L L L L e e e e g
G | CMS Background-only fit -
o 10%E B Z+jet -
€ 0 W +jet :
= 10°% [ Other -
¢ Data .
102
10! 3
100;—
=
10~k — H(inv), BR = 25%
F — Axial, Mmeq =2 TeV, my = 1 GeV _|:__
10—2 | 1 | L L L | L 1 L | L 1 1 | L 1 L | 4 " ]
Q 2 A A T L N O L
3o
o n
é _2 | L I L L L | 1 1 1 | 1 1 L | 1 1 L I L 1 L
S 400 600 800 1000 1200 1400
- pT'** [GeV]

In all these channels, the background
control as well as the resolution on the
measurement of the MET are key!

Through simplified models also SM processes can be used
to constrain DM

Pseudo-scalar _igDM¢9_675X_igCI% Z
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1020 - - T — Fermi (bb only)
Astrophys. J. 834 (2017) no 2, 110
1 0'21 — HESS (bb only, proj.)
XX PRL 117 (2016) 111301
1 0'22 — CTA GC (bb only, proj.)
arXiv:1508.06128 _

1 0'23 i Fermi+LSST (bb only, proj.)

2 4 Fe‘ arXiv:1902.01055
10° — HL-LHC, 14 TeV, 3 ab™!

25 _________________ HL/HE-LHC Report: arXiv:1902.10229
10° HESS (projection) 4 = HE-LHC, 27 TeV, 15 ab™

_ 26 ______________ - HL/HE-LHC Report: arXiv:1902.10229
10 CTA GG (projection) 3 —FCC-hh, 100 TeV, 100 ab"
1 0-27 ] PRD 93 (2016) 054030

HL-LHC, 14 TeV, 3 ab" =
1072
HE-LHC, 27 TeV, 15 ab"
10729 o
1 0'30 FCC-hh, 100 TeV 100{ .
’ ’ Pseudoscalar model, Dirac DM
10731 9y=1,9.=1
10_32 o AII Iilmiltslalt 95°{o CL . o l \
1 O 1 02 1 03 1 04 European Stratng
Mpm [G eV]

Essential Collider and CTAO ID complementarity to reveal nature of DM!



The Higgs portal and Invisible Higgs Decays

Searches for invisible decays of the Higgs boson in several channels!

To be precise: upper limit on the H—invisible
branching of 0.107 (0.077) at the 95% CL

0.2

Monojet ttH ZH

z 1 | | | | | | = g J ] X

1 09F ATLAS — Observed  — ’ ’,<
% O 8 E_ Vg =7TeV, 4.7 fb1 ..... Expected _E t H X / X
o CF /s =8 TeV, 20.3 ft' ER® = t ""< .
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In the SM the H—invisible branching of 0.1%



The Higgs portal and Invisible Higgs Decays

Searches for invisible decays of the Higgs boson in several channels!

To be precise: upper limit on the H—invisible Current LHC limit 10% (90% CL)
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In the SM the H—invisible branching of 0.1%
Expect to reach 2% level at HL-LHC!



The Higgs portal and Invisible Higgs Decays

Searches for invisible decays of the Higgs boson in several channels!

To be precise: upper limit on the H—invisible
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In the SM the H—invisible branching of 0.1%
Should reach 0.3% level at FCC-ee and 0.02% with FCC-hh!



Dark Sector Searches

CMS-EXO-23-007

Feebly Interacting Particles - “the WIMPless miracle!”* : i :
y 9 Scouting triggers . PARKING 3.5 KHz

Selected L1 Triggers AR

Initially motivated by Dark Matter to investigate small couplings! _ | v, AN . |
feed |nt0 Stream W|'th ® S " delayed availability for analysis

higher HLT rate and
1 Already 2 5 KH
. reduced content s, .2« NORMAL .5 KHz
Discovered e bt % o .
even‘ts fOr SpeCIfIC L o2 normal availability for analysis
signatures (two
1073 FIPs same cosmological streams: jets and . S SCOUTING 20 KHz
coincidence muons). P
normal availability for analysis
10~ inaccessible Reconstruction of muons with Reconstruction of di-jets with thresholds
thresholds down to p > 3 GeV down to p+ > 500 GeV instead of 1.1 TeV
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https://arxiv.org/abs/2403.16134

The Dark Photon Portal

Searches for new light vector particles (Dark Photons) which

mixes with the hypercharge field. € F I»,W Bu v

2 cos OBy,

Also used in search for
_ pseudo scalar case.

q n
Zn . Beam dump experiment (SHiP) will provide sufficiently high
< } a < > intensity to explore very small coupling (but relatively low mass)
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The birth of Collider Neutrinos (at the LHC) and more...

magnets p-p collision at IP

O”C,
SND ‘ “np, Charged
, . e/ .
particles
e, - Neutrinos
SCATTERINGAND ‘------i---i-----“-"------- . /%
NEUTRINO DETECTOR ’ - - -. --------- - a.
Residual hadrons
A - i | HE
= 100 m rock
o
- +
=
?% 7.2<1n<8.4 480 m

Faser and SND experiments at LHC

First observation and measurement of cross sections of
electron and muon neutrino production at collider!

charged particles (P<7 TeV)

EETET forward jets

neutrino, dark photon

LHC magnets

of ATLAS < 480 m

) 100 m of rock 1
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’Be Anomaly and PADME

The ATOMKI institute
observes the long

standing SBe anomaly,
observed also in *He

and '°C, i.e. a
significant excess
compatible with new
particle of 17 MeV
mass.

Significance of ~7¢

Y 2Be

*Be* §+@
(f@ y* @z_‘@ ‘

ATOMKI PAIR
SPECTROMETER

32

DADNE Beam Test Facility only facility with a positron beam at
282 MeV (yielding 17 MeV COM collisions w/ fixed electron!)

PADME experiment (Positron Annihilation into Dark Matter Experiment)

Positron Spectrometer

Electromagnetic

Calorimeter ‘i

ERANTLAN o
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M P P Py g P e

ot
e’ | e TimePix3 Beam

Monitor ’

Active Diamond e~ :

Target :

Electron Spectrometer

There is a ~20

excess seen at 17
MeV by PADME.

...alsoisa~2c0
exclusion by MEG I

Charged Particle
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Scalar and HNL Portals

33

Searches for new neutral fermions (Heavy Neutral Leptons or
Sterile Neutrinos) which mix with left handed SM fermions.

(US+ Ay oS )H'H yNLHN

Electron coupling dominance: Uf: Ufl: Uz=1:0:0

The scalar portal
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LHC covering higher mass range - FCC-ee high statistics
covers lower masses (along with SHiP).



Axion Like Particles at Colliders .
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Searches for a light pseudo-scalar particle (Axion or Axion
like particle) through Dimension-5 operators Ja J a

~ 107
> K N\
D) 9 European Strategy,
o 107
= N
-3
< 10771
C0 |
\" PbPb,5.52 TeV, 20
— =€

el R R E E ' E Y

FCC-hh,Z —»>ya

FCC-ee,e e —7va

10 10° 10° 10%
m, (GeV)

1072 107" ]



A Spectacular Heavy lon Event

ATLAS

EXPERIMENT

Run: 366994
Event: 4537656063
2018-11-26 18:32:

| |

03 CEST

Observation of Light-by-light scattering (Central
Exclusive Production)

Events / GeV

« log| linear scale —

PbPb (5.02 TeV) — vy, observed
PbPb (5.02 TeV) — vy, expected

10 20 30 40 50 60 70 80 90 100
m, (GeV)

ATLAS
Pb+Pb |/s,, = 5.02 TeV

—e— Data 2018, 1.7 nb™

[ Signal (yy — vv)
[ JCEPgg — vy
vy — ee

Constraints on
ALP (Axion Like
Particles)
assuming sole
coupling to
photons.




Colliders have a very broad DM search program,
aiming at leaving no stone unturned, however . =
search reach towards higher masses limited by
available u_ er energy! 7 &
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Beautiful synergy between collider, DD, and
Cherenkov Telescopes to fully cover WIMP D
scenarios. ‘ ~
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LHC Machine Towards Major LS3 Upgrades

NEW TECHNOLOGIES FOR THE HIGH-LUMINOSITY LHC CERN sit

Front page of the CERNCOURIE .

January/February 2024 cernco rnational high-energy physics

CIVIL ENGINEERING “CRAB” CAVITIES CERN Courier says | HIGH-LUMINOSITY LHC
2 new 300-metre service 16 superconducting “crab” cavities for \

. - I M .
tunnels and 2 shafts near the ATLAS and CMS experiments to It al I | ‘

ATLAS and CMS. tilt the beams before collisions.

LS3 installation
fully on track!

Nb3Sn series magnets manufactured at
Fermilab arrived at CERN! See CERN News.

FOCUSING MAGNETS

12 more powerful quadrupole magnets
for the ATLAS and CMS experiments,
designed to provide the final focusing

of the beams before collisions.
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o
SUPERCONDUCTING LINKS COLLIMATORS CRYSTAL COLLIMATORS '
Electrical transmission lines based on a high- 15 to 20 additional collimators and New crystal collimators in the
temperature superconductor to carry the very replacement of 60 collimators with IR7 cleaning insertion to improve
high DC currents to the magnets from the improved performance to reinforce cleaning efficiency during
powering systems installed in the new service machine protection. operation with ion beams.

tunnels near ATLAS and CMS.



https://home.cern/science/accelerators/high-luminosity-lhc/technologies
https://home.web.cern.ch/news/news/accelerators/hi-lumi-news-first-magnet-us-accelerator-upgrade-project-shipped-cern

ATLAS Towards Major LS3 Upgrades

A new ATLAS for the high-luminosity era Feature link

18 January 2023 | By Stefan Guindon, Christian Ohm, Caterina Vernieri
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improved muon coverage new and upgraded forward

and luminosity detectors ,
trigger and DAQ

increased readout rates
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ITk — the new all-Si tracker

new High-Granularity
Timing Detector (HGTD)



https://atlas.cern/Updates/Feature/High-Luminosity-ATLAS

ATLAS Towards Major LS3 Upgrades

ACCELERATORS | FEATURE

CMS prepares for Phase 11

9 January 2023

Trigger/HLT/DAQ

e Track information in L1-Trigger
e L1-Trigger: 12.5 ms latency - output 750 kHz
* HLT output 7.5 kHz

New Endcap
Calorimeters

¢ Rad. tolerant — high granularity
® 3D capable

New Tracker

e Rad. tolerant — high granularity -
significant less material

® 40 MHz selective readout (pT>2 GeV)
in Outer Tracker for L1 -Trigger

e Extended coverage to h=4

MIP Precision Timing Detector

e Barrel: Crystal +SiPM
® Endcap: Low Gain Avalanche Diodes

From CLASSE (Cornell)

CERN Courier
article link

Barrel ECAL/HCAL

* Replace FE/BE electronics
* Lower ECAL operating temp. (8 °C)

6x APxF (VU13P) 6x APd) (VUSP)

’

Muon Systems

' ® Replace DT & CSC FE/BE Electronics
® Complete RPC coverage in region 1.5<h<2.4
® Muon tagging 2.4<h<3

J
J



https://cerncourier.com/a/cms-prepares-for-phase-ii/
https://www.classe.cornell.edu/NewsAndEvents/CLASSENewsCMS180129Ryan.html

tan 3

Reaching SUSY from its extended Higgs sector

The MSSM Higgs sector at tree level is governed by

only two parameters (mA and tan /).
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hMSSM, 95% CL limits
Run 2, Vs =13 TeV

— Observed
--- Expected

ATLAS Preliminary -

1000

m, [GeV]

[ gg/bb H/A, HA — T
139 fb™
Phys. Rev. Lett. 125 (2020) 051801
[ tb)H', H — 1v,36.1 b
JHEP 09 (2018) 139
[ b(b) H/A, H/A — bb
27.8 fb”
Phys. Rev. D 102 (2020) 032004
[ H - ZZ - 4livy, 139 fb’!
Eur. Phys. J. C 81 (2021) 332
[ ] A—>2Zh h—bb, 139 fb"
JHEP 06 (2023) 016
t(o) H', H - tb, 139 fb™!
JHEP 06 (2021) 145
0 H— WW — Iviv, 139 fbo”
ATLAS-CONF-2022-066

I H — hh — 4b/bbyy/bbtr

126 - 139 fo
arXiv:2311.15956

=== h couplings [k, &, k4]
36.1-139 fb™
arXiv:2402.05742

[ ttH/A, H/A — tt, 139 fb
ATLAS-CONF-2024-002

[ gg H/A, H/A — tt, 140 fb
arxiv:2404.18986

2000

hMSSM: trade the value Mh = 125 GeV against the radiative corrections where
the Higgs mass is used as proxy for the leading stop sector corrections.

[Maiani, Polosa, Djouadi et al. link]

SUSY could modify the couplings of the Higgs
From the combination of all Higgs coupling measurements
channels presented, mostly from constraints on up versus
down Yukawa and coupling to vector bosons.

Direct searches for additional Higgs bosons
(neutral and charged) have been performed:

- Neutral heavy Higgs to tau tau
- Charged Higgs to tau neutrino
- Heavy neutral Higgs to ZZ

- Charged Higgs to tb

- Heavy neutral Higgs to ZH

- Heavy Higgs boson to HH


https://arxiv.org/pdf/1307.5205

Still Room for Discoveries at HL-LHC?

At HL-LHC still a factor of effectively 20 in luminosity Still room for discoveries w.r.t. Exclusions?

~ 9 . Depends on analysis purity (s/b)
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% ) system mass [TeV] for 13.00 TeV, 1300.00 fb! system mass [TeV] for 13.00 TeV, 651.00 fb-1
&
;C:) 1 Up to ~600 GeV improvement Up to ~1 TeV improvement
2 ) ) ) ) ) )

w0 O | | | | | |

0 1 ) 3 4 5 6 7 Performance can be improved!

system mass [TeV] for 13.00 TeV, 140.00 fb! - New ideas and developments (e.g. ML techniques, Trigger,
Scouting, etc...).

Still nearly up to 2 TeV of Exploration (exclusion)!! - Improving precision and ancillary measurement!



The FCC in a nutshell

FCC-ee Intensity Frontier

Ultimate Precision and discovery potential
Goal Luminosity 144 X 10°* cm2%s~1

One LEP1 every few minutes !!!
At the Z peak (per IP) - 4 IPs

Z, WW, ZH and tf COM energies

L o S EIRUWALRTESN  Continuous beams
Yearly energy ¢ - | = . ‘. Yearlyenergy No Pile Up
consumption ' §:* “consumption :
20 - 2.5 TWh i i) NG 15 Years of operations
FCC-hh Energy Frontier 25 Years of operations
85 TeV (baseline COM energy) Yearly electrical energy consumption 1.9K <2.5TWh
. 1 Magnet temperature 45K <2.0 TWh
Target luminosity 20ab
14T Nb3Sn magnets Possibly lower energy consumption and
Luminosity 30 X 103* cm=2s~! - 4 IPs higher COM Energy with HTS!
PU / bunch crossing up to 1000! also an ion collider

Stored energy/beam 6.5 GJ (compared to 0.7 GJ at HL-LHC



