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Collision event recorded by the ATLAS detector at an energy of 13.6 TeV, featuring two candidate displaced electrons



LHC Large Hadron Collider

the world's highest-energy particle accelerator

Atom Nucleus Proton

W protons are accelerated to ~13 — 13.6 TeV
W Kkinetic energy Is transformed into matter at the collision
W new particles are being produced

Quarks
and
Gluons
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= A proton-proton collider in Geneva &
13 Tera-electronvolts
27 km of circumference
40 million collisions/second
1 MB /event
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ATLAS detector for Run3 ATLAS-PHOTO-2022-055-1
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https://cds.cern.ch/record/2837191

Studies of elementary particles at highest energy

N Focus Energy into tiny spot - produce new matter / energy E = mc?

Standard Model of Elementary Particles

three generations of matter interactions / force carriers
(fermions) (bosons; )
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W The Standard Model — the current best framework to describe the most basic
building blocks of the universe.

W Successfully explained almost all experimental results and precisely predicted a
wide variety of phenomena, including the Higgs boson

W 2012: Discovery of Higgs bosons at the LHC at the mass 125 GeV
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Many open questions

W What is the origin of the Higgs? s
N What is the origin of dark matter and dark energy? Dok
“ Matter and almost no antimatter “
W What is the origin of ~20 free parameters of Standard Model?

N What is origin of fine tuning in the Standard Model?

Particles
Example: }
Higgs mass is a measured parameter, but it mass 9 9 !

should be very large if we calculate it from a theory , 9 9 P
large contributions from quadratic diverges due to
radiative corrections.

Dark
Energy
71.4%

Supersymmetric “shadow” particles

In order for the Higgs boson mass to be finite, a fine tuning (cancellation) of various loops is
required (“hierarchy problem”). New particles can cancel such divergencies and will lead to
the finite 125 GeV mass
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Current LHC status: From Run2 to Run3
Higgs discovery We are here

LHC

e 13.6 TeV

13 TeV
Diodes Consolidation
8 TeV splice consolidation cryolimit LIU Installation , ,
T TeV button collimators inferacton . ) inrer triplet
R2E project regions Civil Eng. P1-P5 pikat beam radiation limit
T e | zors | aoe | o | e B
ATLAS - CMS
e::perirr_nent upgrade phase 1
beam pipes orminal Lumi M ALICE - LHCb | 2 x nominal Lumi

75% nominal Lumi H’_'_/—_' upgrade

Abbreviations:
LHC pp collision timeline: e LS1,2: - Long Shutdowns 1 & 2
W Runl: 2011 -2012 - 7 & 8 TeV collisions * EYETS - Extended Year-End-Technical-Stop

W Run2: 2015 - 2018 - 13 TeV collision
W Run3: 2022 - 2026 - 13.6 TeV collisions (ongoing)
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Run3 data taking Link to ATLAS public plots

W 2022-2024: LHC is delivering as scheduled, at 13.6 TeV
W Expected total: ~500 fb™ —
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https://twiki.cern.ch/twiki/bin/view/AtlasPublic/LuminosityPublicResultsRun3

Collision environment &

_ JINST 19 (2024) P05063
detector improvements for Run3

I

ATLAS Online

(=] 2011—12:(u>/uMPV=18/14
(5=7,8TeV,2641b"

[ 2015-18: (u)/uMPV =34/29
5=13TeV, 147 1b"

B 2022-24: Wy, = 54/63

{5 =13.6TeV, 1831b"

W LHC had p=63 for Run3
(x2 larger than for Run2)

W ATLAS was running at 94%
recording efficiency

Recorded Luminosity [pb “/0

20 30 40 50 60 70 80

C h an g es | n pe rfo rmance fo r Run3 Mean Number of Interactions per Crossing

N Muon New Small Wheel system included in data
resulted in increased efficiency for muons in 2023

W Improved Large Radius Tracking (LRT) for Run 3

W Calorimeter timing information to reject contributions
from pileup to topoclusters (used for jets)

W Machine-Learning (ML) entering all stages of the
reconstruction/calibration chains

W Improved flavor tagging using ML ("“GN27)
W Improved trigger menus to address larger pileup
N .. etc.
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https://arxiv.org/abs/2305.16623

Physics program at the LHC

Improving our knowledge of what we have
already discovered, understanding
Standard Model fundamental parameters

% Search for new physics

Searching for deviations from our
expectations — discovering unusual effects
and new particles
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Precision Standard Model (SM) measurements

“ Improving our knowledge of what we have
already discovered and understanding Standard
Model (SM) fundamental parameters
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Tests of Standard Model at Run3

CERN-EP-2024-069
CERN-EP-2023-114

N Basic tests of energy dependence of cross sections at Run3 before anything else

W Agreement with the expectations for Z, W and Higgs bosons at 13.6 TeV
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https://arxiv.org/abs/2403.12902
https://arxiv.org/abs/2403.12902
https://arxiv.org/abs/2306.11379

Tests of Standard Model at Run3

CERN-EP-2024-069

N Basic tests of the energy dependence before anything else
N Double boson production (ZZ) is excellent probe for new scalar bosons,

off-shell production of the Higgs boson etc.

W Measurements of figucial ZZ cross section in lepton decays:

25

| LHC Data 2022 {s=13.6 TeV
| e ATLAS ZZ- il (m, 66-116 GeV) 29 b’

| LHC Data V5 = 13 TeV ATLAS
- CMS ZZ Il (m 60-120 GeV) 137 fb"
20|~ e ATLAS zZ-> llll (m, 66-116 GeV) 36.1 b

I~ LHC Data Vs = 8 TeV
I~ m CMS ZZ— Il (m 60-120 GeV) 19.6 fio! H
I~ @ ATLAS ZZ— Ii( II/VV m 66-116 GeV) 20.3 b’

15— | LHC Data s = 7 TeV
| m CMS ZZ— llll (m 60-120 GeV) 5.0fb"
| e ATLAS ZZ- Ii( II/VV m 66-116 GeV) 4. 6’

- Tevatron Data Vs = 1.96 TeV
L m CDF ZZ-s Ii(ll/vv) (on-shell) 9.7 fb”
10\~ e DO ZZ-» li(I/vv) (m 60-120 GeV) 8.6 fb”
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Sherpa qqZZ NLO.QCD + ggZZ LO.QCDx1.7(*)
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Agreement with the SM expectations
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https://arxiv.org/abs/2403.12902

Top-quark production associated with

other quarks

After the discovery of top quarks at
TEVATRON, and precision
measurements at the LHC,
main focus - on final states
with top and multiple quarks (c, b).

Data total/stat. uncertainty

- {t Powheg+Pythia8

-+ tf Powheg+Herwig7

Omeas [PD]

—i —te—

t+jets| (47.1£2.3) % 0.1 3 > L
tf +light| (36.0£1.8) x 0.1 : |
— —— |
tf+1c[6.4+0.9 - e !
- ——
ti+ >2c| 1.28£0.25 __ | |

——i— —ei-

+ similar diagrams replacing c-quarks —y e
by b-quarks tt+ > 1b| 3.46+0.24 : -
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tf Powheg+Pythia8 pfa'd = 1

tt Powheg+Pythia8 hgamp = 3m:

-

e

e

tf MadGraph5_aMC@NLO+Herwig7

{f + bb Powheg+Pythia8
tf + bb Powheg+Pythia8 phard = 1

tf+ bb Powheg+Pythia8 hyyq = 2

tf + bb Powheg+Pythia8 dipole recoil

tf + bb Powheg+Herwig7
tf+ bb Sherpa 2.2.10

ATLAS
V5=13TeV, 140 fo~’

simultaneously tag c-jets and
NLO+PS predictions for tt

observed values.

A custom flavor tagging tailored to

b-jets.
+ =2

and tt + 1 are largely consistent with the
measurement, though all underpredict the
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Fiducial cross section [pb]

MC / Data

Essential for precision
measurements of rare
SM processes

CERN-EP-2024-242
CERN-EP-2024-191
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https://arxiv.org/abs/2409.11305
https://arxiv.org/pdf/2407.13473

W mass measurements

CERN-EP-2024-074

W W mass is one of the most important parameter of the Standard Model
W Closely related to the masses of heaviest particles - top quark and the Higgs boson

Overview of m,,, measurements
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Phys. Rev. Lett. 108 (2012) 151804
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W ATLAS finds M(W) to be 80366.5 MeV, with an uncertainty of just 15.9 MeV.

W The measured value is 10 MeV lower than the previous ATLAS result but in
agreement with the Standard Model.

W Agrees with a similar CMS measurement of 80360.2 + 9.9 MeV
W Also improvements in the measured width : 2202 + 47 MeV
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https://arxiv.org/abs/2403.15085

Higgs boson pair (HH) production

W Non-resonant pairs of Higgs bosons (HH) - the prime experimental signature of
the Higgs boson self-interaction. Simplest self-replicated process in nature!

W Non-resonant HH arises from several diagrams, dominated by gluon-gluon fusion
(ggF) and vector-boson fusion (VBF)

g ) H
A + VBF (small)
9 H 9 Q00002000000 < fie(Coen) It
bb WW 1T ‘ ZZ ‘ YY
| |
W Some diagrams interfere destructively b Best channels

W - very small rate WwW 25%‘/

N Typical total SM cross section: o~ 35fb T 73% | 27 0.39%
or ~10,000 events for 300 fb 7z 349:/1% 0.33% | 0.069%
0.

W No "golden” channel for HH decays, vw | 026
but there are 3 most promising:
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Higgs boson pair production

Phys. Rev. Lett. 133 (2024) 101801

W Currently, only limits are possible for various channels, but their combination is
already close the the expected SM cross section.

—e— Observed limit (95% CL)
ATLAS Expected limit (95% CL)
Vs =13 TeV, 126—140 fb- (UHH =0 hypothesis)
OSQ,JVII=+VBF(HH) _ 328i§; fb [ Expected I!m!t 1o
[ Expected limit £20
E== Theory prediction
Obs. Exp.
bbit + Efss * 290 400
Multilepton * 490 340
bbbb * 160 240
BBy * 120 160
bbttT + 170 100
Combined * 86 71
| I 1 [LIL1 I I l l I | L1 1 I I l
20 50 100 200 500 1000 2000

OggF + ver(HH) [fb]
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Obs (exp) for signal strength/SM :
2.9 (2.4) x SM

W Best sensitivity from bbTt and bbyy

N Combined results are limited by
statistical uncertainties, but some
channels (bbbb) starting to get limited
by systematics

W Ongoing effort for an ATLAS+CMS
combination
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HDBS-2021-18/

Higgs boson pair production

N Measure the ratio of the Higgs boson
couplings to their SM value:

Combined
ki =Aunn/Any
bb
N Summary of the SM expected (blue) and a
observed (orange) one-dimensional .
intervals at 68% CL on K o
W When profiling k;, other Higgs boson Multilepton
couplings are set to their SM values.
bbbb
W Results are fully consistent with the SM
predictions —
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Phys. Rev. Lett. 133 (2024) 101801

| ! | ! 1 T I ! |
ATLAS

Vs =13 TeV, 126—140 fb™’
HH combination

Observed 68% CL
== Expected 68% CL
Observed 95% CL
Expected 95% CL
—— SM prediction

210 Ky £[-4.4,0.8]

SM prediction (=1)

Ka
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HDBS-2021-18/

3-boson Higgs production (HHH) CERN-EP-2024-285

W Even more challenging analysis o
— 3 boson production to 6-bjets ! e h

N What is the interplay between ks and ks m‘\‘fff,,«" - -"O:‘:: o
couplings? e g

W No evidence for HHH production. e K4

An upper limit of 59 fb is set at 95%
confidence level on the cross-section for

<t 400_ T l T T T T I T T | T l T T T T i § q T T l 5 T T _]
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0 —
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Recent results from the ATLAS experiment. S.V.Chekanov 18


https://arxiv.org/abs/2411.02040
https://arxiv.org/abs/2411.02040

Searches for physics Beyond Standard Model (BSM)

% BSM: Searching for deviations from our

N

Ad dAddddAdAddAdd4

Recent results from the ATLAS experiment.

expectations — discovering unusual effects and
new particles.

< BSM signal models:

SUSY - is an extension of the SM aiming to fill some of

the gaps and predicting partner particles for SM patrticles.

Sequential SM predicting heavy W’/ Z’ bosons
Grand unified theories

Two Higgs Doublet Models (2HDM)

Heavy Vector Triplet (HVT) models

Extra dimensions

Models with CP-violation

Leptoquark (LQ) models

Dark matter (DM) models

.. efc. efc.

S.V.Chekanov
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New particles at collider experiments

Standard Model of Elementary Particles

W Standard Model (SM) is successful for particle collisions e st

I Il mn
nass | =2.2 MeVie*
arge | % u

W Discrepancies may indicate new physics = new particles/fields ~w ‘e 't |[@ | w

|0l @

W Direct observations of new particles —
. . . “r . ” @ |- . @& ' @

W Combine known particles/jets to create “invariant masses e e |

& search for “resonance” enhancements above background ¢ w w "% w

W or observe through unusual signatures in detector e
(anomalously high dE/dx tracks etc) N

W Indirect observations of new particles
W Compare SM predictions with data
W Search for any discrepancy with SM background
W Explain using theoretical frameworks beyond SM (BSM)

M? = (Ey + E2)* — |py + pa’

No evidence yet but no shortage of Invariant mass from known
models predicting exotic heavy particles particle/jet with energy E and p

Recent results from the ATLAS experiment. S.V.Chekanov 20



ATLAS searches for new particles

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

Status: March 2023 IL dt = (35 - 139) ! .\E =13 TeV
Model (y Jetsi ET™ [Ldtjm] Limit Reference
T T — T T T T T T — T T T T T T
ADD Gry + /g Oeprty 1-4j Yas 139 n=2 210210874
ADD non-resonant ¥y 2y - - 8.7 n =3 HLZ NLO 1707.04147
ADD QBH - 2j - 139 n=6 1910.08447
ADD BH multijet - =3j - 36 n =6, My = 3TeV, rot BH 1512.02586
RS1 Gy = ¥y 2y - - 139 kMg = 0.1 210213405
Bulk RS Gyx — WW/ZZ multi-channel 36.1 k/Mpr = 1.0 1808.02380
Bulk RS gxx — tt Te.p 2102123 Yes 361 Iim=15% 1804.10823
2UED/ RPP 1e.p =2b, 23] Yes 36.1 Tier (1,1), B{AY = ) =1 1803.09678
SEM Z° = {f 2ep = = 139 1903.06248
SSM Z' — 1t 2r - - 36.1 1708.07242
Leptophobic 2' — bb - 2b - 36.1 1805.09299
Leptophobic Z° — &t De.p  21b,22J Yes 139 Tim=12% 2005.05138
SSM W’ — v Tep = Yes 138 1906.05609
SSM W — v 1r = Yes 139 ATLAS-CONF-2021-025
SSM W' — th - =1 21d - 139 ATLAS-CONF-2021-043
HYT W’ — WZ model B 0-2ep  2j/1J  Yes 139 & =3 2004.14636
HVT WY = WZ — (v ¢ model G 3e.n 2] (VBF)  Yes 139 gven=1l.g =0 2207.03925
HVT Z' — WW model B lep 2j1d  vYas 139 gv =3 2004.14635
LASM Wi — uNg 2u 14 = B0 m{Ng) = 0.5 TeV, g = go 1904.12679
Cl gggg - 2j = 37.0 21.8TeV w, 1708.09127
Clitgg 2ep - - 139 ' 2006.12946
Cl eebs 2e 1b - 139 g=1 2105.13847
Cl pypabs 2u b - 139 £=1 2105.13847
Cl ettt zlep 21b=1j Yes 361 |Cul = dn 1811.02305
Axial-vector med. (Dirac DM) - 2j - 138 £5=0.25, g, =1, my)=10 TeV' ATL-PHYS-PUB-2022-036
Pseudo-scalarmed. (Dirac DM)  Oep 7y 1-4)  Yes 139 =1, gy=1, miy)=1 GeV 2102.10874
Vector med. Z'-2HDM (Dirac DM) O e, ¢ 2b Yes 139 tanfi=l, g2=0.8, m{y)=100 GeV' 2108.13391
Pseude-scalar med. 2HDM+a  multi-channel 139 tanfel, g =1, m{y)=10 GeV ATLAS-CONF-2021-036
Scalar LQ 1* gen 28 22§ Yas 139 f=1 2006.05872
Sealar LO 2™ gen 2u =2 Yes 139 g=1 2006.05872
Scalar LQ 3™ gen 1r 2b Yes 139 BLQ; — br) =1 2308.01294
ScahrLOS"’gsn Oepn =2j,z2b  Yes 139 BLy =) =1 200414060
Scalar LQ 3™ gen 2ep z17T21)21b = 139 BLQY =) =1 2101.11582
Scalar LQ 3™ gen Oep.217 0-2}2b Yes 139 LYY = bv) = 1 2101.12527
Vector LQ mix gen multi-channel 21j,=1b  Yes 139 B0 = tu) =1, Y-M coupl, ATLAS CONF 2022052
Vectar LO 3" gen 2egpT =1b Yas 138 B(LOY = br) = 1, Y:M coupl. 2303.01294
VLQ TT — 2t + X 2ei2ui=3ep =1b,21) 139 SI(2) doublet 221015413
VLO BB — Wt/Zb+ X multi-channel 36.1 SU(2) doublat 1808.02343
VLA T3 Topal Tz — W+ X 2(SS)=3epu=1b21] Yes 361 B(Tyn — Wis 1, e Ty We)= 1 1807.11883
VLQ T = HE[Zt lep  21b,23) Yes 139 SU(2) singlet, xr= 0.5 ATLAS-CONF-2021-040
VIO Y — Wb fep 2ibzlj 36.1 B(Y — Wh)= 1, cp(Wb)=1 1812.07343
VLQ B — Hb Oep =22b z1)210 - 139 SU(2) doublet, kg= 0.3 ATLAS-CONF-2021-018
VLL v — Zr/Hr multi-channel  =1j Yes 139 SU(2) doublet 2303.05441
Excited quark g* = qg - 2j - 139 only v and d*, A = m{g") 1910.08447
Excited quark g° — gy 1y 1] - 36.7 only u* and d*, A = m{g") 1709.10440
Excited quark 5° — bg - 1b1j - 139 1910.08447
Excited lepton 7° 2t 22] = 139 A= 4.6 TeV 2303.03444
Type Il Seesaw 234 e 22] Yes 138 2202.02039
LASM Majorana v 24 2j - 36.1 m{We) = 41TaV, g = gr 1809.11105
Higgs triplet H** — W*W?* 234 e, ¢ (S5) various  Yes 139 DY production 2101.11961
Higgs triplet H** — £f 234e.p(88) - - 139 DY production 2211.07505
Multi-charged particles - - - 139 DY production, |g] = Se ATLAS-CONF-2022-034
Magnetic monopoles - = - 34,4 DY production, |g| = 1gp, spin 1/2 1905.10130
METErary | I s M

107! 1

10 Mass scale [TeV]

Heavy particles excluded up to 12 TeV mass for ~50 BSM signatures
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ATLAS searches for new particles:

Diboson decays

ATLAS Diboson Searches - 95% CL Exclusion Limits

(URL to the Summary plots)

ATLAS Preliminary

Status: March 2023 L£=139 b7 Vs=13TeV
Model Channel® Strategy* Limit Reference
Bulk RS (knr. = 35, Ag =3TeV) R - WW,ZZ - waqq, tvqq, tlqq resolved, boosted I I I Eur. Phys. J. C 80 (2020) 1165
Bulk RS (karc = 35, Ar = 3TeV) R — WW — evuy resolved ATLAS-CONF-2022-066
» Bulk RS (knre = 35, Ag = 3TeV) R— WW, ZZ - qqqq boosted JHEP 06 (2020) 042
é RSt (k/Mp, = 0.01) Gkk = vy resolved | ] Phys. Lett. B 822 (2021) 136651
é RSt (k/Mp; = 0.05) Gkk = vy resolved Phys. Lett. B 822 (2021) 136651
ISl RSt (k/Mp =0.1) Grr = vy resolved Phys. Lett. B 822 (2021) 136651
g Bulk RS (k/Mp; = 1.0) G — ZZ — bee't’ vt resolved Eur. Phys. J. C 81 (2021) 332
i Bulk RS (k/Mp; = 1.0) Grk — WW — evuv resolved ATLAS-CONF-2022-066
Bulk RS (k/Mp; = 1.0) Gkk = WW, ZZ — vvqq, tvqq, (lqq resolved, boosted Eur. Phys. J. C 80 (2020) 1165
Bulk RS (k/Mp; = 1.0) Grk = WW,ZZ — qqqq boosted JHEP 06 (2020) 042
HVT model A W' — WZ — 't resolved arXiv:2207.03925
HVT model A W' — WZ - vvqq, tvqq, tlqq resolved, boosted Eur. Phys. J. C 80 (2020) 1165
HVT model A W’ — WH — tvbb resolved, boosted arXivi2207.00230
HVT model A W' — WZ - qqqq boosted JHEP 06 (2020) 042
HVT model A W’ — WH — qqbb boosted Phys. Rev. D 102 (2020) 112008
HVT model A Z' - WW — evuy resolved ATLAS-CONF-2022-066
HVT model A Z' - WW - tvqq resolved, boosted Eur. Phys. J. G 80 (2020) 1165
HVT model A Z' — ZH — vvbb, ttbb resolved, boosted arXiv:2207.00230
o HVT model A Z' > WW - qqqq boosted JHEP 06 (2020) 042
§ HVT model A Z' - ZH — qqbb boosted Phys. Rev. D 102 (2020) 112008
8 HVT model B W' = WZ - &'t resolved arXiv:2207.03925
§ HVT model B W' = WZ = vvqq, tvqq, tlaq resolved, boosted Eur. Phys. J. C 80 (2020) 1165
8 HVT model B W’ — WH — tvbb resolved, boosted arXiv:2207.00230
HVT model B W’ - WZ - qqqq boosted JHEP 06 (2020) 042
HVT model B W’ — WH — qqbb boosted Phys. Rev. D 102 (2020) 112008
HVT model B Z' - WW — evuy resolved ATLAS-CONF-2022-066
HVT model B Z' - WW - tvqq resolved, boosted Eur. Phys. J. C 80 (2020) 1165
HVT model B Z’' — ZH — vvbb, ttbb resolved, boosted arXiv:2207.00230
HVT model B Z' > WW - qqqq boosted JHEP 06 (2020) 042
HVT model B Z' - ZH — qqbb boosted Phys. Rev. D 102 (2020) 112008
HVT model C W' - WZ - 't resolved Io 3I-0.34 TeVv . | | . . . | arXiv:2207.03925
0.5 1 15 2 2.5 3 3.5 4 45

HVT model A: gr = —0.55, g = —0.56

HVT model B: gr = 0.14, gy = —2.9

HVT model C:gr =0, gn =1

*small-radius (large-radius) jets are used in resolved (boosted) events
fwith € = p, e

Excluded mass range [TeV]

Heavy particles with VV decays excluded up to 4.5 TeV for several BSM scenarios
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Search for diphoton resonances

N Some models predict new resonances
below the Higgs mass in extended Higgs
sector: two Higgs Doublet Models (2HDM)
or Axion-like particle in SUSY models, etc.

W Slight excess around 96 GeV ( ~1.7 0 )

g Li T T T I T 1 Li T T T T 1 I 1 T T T [ T T L T T T E
© 1 — E
> = ] =
o - 1 <
® i 1 I
g T 1z
— e | o
107 1 x
- ] T
- 1 °

107 ATLAS 3

- p — Observed ]

- Vs=13 TeV, 140 ib ]

L Hoyy i

1072 = —

n L. L L T T B

70 80 90 100 110
m, [GeV]
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Z-boson region

CERN-EP-2024-166

= T T T
© - e Data
© 10000 ‘:LTLAf V. {40fp!  — fotlBackgound 3
% N XSjSWE J14000° Continuum Background ]
- [ =l
E 8000— CC Category P —
6000f—
4000f—

E .
i '
S 2E # ¢ b st o f
: 2 3t 1 ¢
i‘;’, - 70 80 920 100 110 120
myy [GeV]
|1]ll|r]1|||Ir11|||rr1||||r]1|||[r|||||r|
ATLAS — Observed limit
Vs =13 TeV, 140 fb’' N
Hoy Expected limit

All limits at 95% CL . Expected £ 1o

D Expected = 20

II.JlJILIIJIIIIIIIIIIIlIIIIII

|
100 105 110
m, [GeV]

85 90 95
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https://arxiv.org/pdf/2407.07546

Search for SUSY in events with missing transverse momentum

and charm-tagged jets CERN-EP-2024-218
W Reanalyzing Run2 data with improved c c
c-quark tagging and new rec. technique p ) i p :
ti_ X1 23 i

N Top/charm squark masses excluded up to i P
~900 GeV at 95% CL, assuming each squark

" XY - %!
decays into a charm quark and a lightest ’ i 7 i |

supersymmetric particle x}

H# or 641¢4 production, 1/61 — cx§ 5+ LQ |Iml'[S W|th cvV decays (aS d bOnUS)
s IIIIII‘I//I‘I'IIKI r—‘ln"'I""I'"'I""l""l""l----
% 800— ATLAS 222 Observed Limit (+1059SY) | -g_ ATLAS - }
O " Vs=13TeV,139 b1~ ---- Expected Limit (+104,) | —_— —_ _ ABvLQ; " —evy) =05
— [ Limits at 95% CL JHEP 09 (2018) 050 (gbs.) 7 s Vs=13TeV, 139 fb™ —— Observed limit
= | Limits a o CL .- = = JHEP 09 (2018) 050 (exp.) | E “}3 | Limits at 95% CL === Expected limit (+1g} __|
1>< 600 2 JHEP 02 (2021) 143 (obs.) — : B Theors (LO)
= JHEP 02 (2021) 143 (exp.) _| =X eory
. 119
: - = 10!
400 - £
% 41 38
g )
S _ 1 5
200 o - ? 10
\ — o
i o
‘."['| |_ H-IU—E PRI N SR RN T [T TR T T SN [N ST SR ST T T N T v M TR R N T S
200 1000 1200 500 750 1000 1250 1500 1750 2000

m(t1/é1) [GeV] m(vLQ2™) [GeV]
New exclusion regions at 95% confidence level
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https://arxiv.org/abs/2410.16835

Searches for Dark Matter (DM) at the LHC

N LHC collides pp under well-controlled conditions q x [ g, )
N SM particles can radiate other SM particles “X” _ ) M ed |
(via initial-state radiation) 9om
W Undetected DM - imbalance in transverse momentum ¢ ) \ Mou )

Adopt simplified model with a “mediator” V
g, (9,,,) — mediator coupling to quarks (DM)

T«Tm_(m mass of mediator (DM)

med DM) —

ATLAS & CMS: g,=0.25 (S=1), g.=1 (S=0), g,,,=1 [\
M=minimum width formula ATLAS

1% EXPERIMENT

W Due to large number of unknown parameters, the exclusion limits are model
dependent (i.e. assumptions of spin, couplings, masses etc)

25
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Search for high mass dijet resonances

.

Space

JHEP 03 (2020) 145

Resonance
shapes depend

on qq, qg and gg
interactions

Breit-

Physics of Z’/W’ bosons:
(review by P.Langacker Rev.Mod.Phys.81:1199 (2009))

- Similar to the SM W/Z bosons (but heavier)
- Extending SM to group SU(3) x SU(2) x U(1)
- Sequential Standard Model

- Grand unified theories, fine tuning problem

- Extra dimensions

- Dark matter mediator etc. efc.

Wigner

Rate

W Calculate invariant mass from 2 hadronic jets
W Fit with smooth analytic functions (red lines)
N Competitive limits up to ~8 TeV

ATLAS . Data

Vs=13 TeV, 139 fb —— Background fit
Inclusive — BumpHunter interval

g m.,= 4 TeV
q, mq* =6TeV

g, ox10
p-value = 0.89

f(x) = pi (1 — x)Pz xp3+p4 In x+ps(In x)?
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/EXOT-2019-03/
https://arxiv.org/abs/0801.1345

Summary of searches for Dark Matter

o 1

(@)

| ATLAS Preliminary
B June 2024

0.5 m-
0.4+"

0.3
0.2

0.1

0.05F i+ Y
0.04+ Axial vector mediator jet trigger
' =10TeV, g, =1.0 lyial < 0.6

Ll I | I | III|IIIIIIIII|IIIIIIIII|IIIIIII|I|1|I|I|I|I|

R
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1000 2000
my.

[GeV

ATL-PHYS-PUB-2024-010

T T [T1T11 ||||||||||||||||||||||||||||u urr|m11 95°/° CL upper |imits
Vs =13 TeV, 36140fb1 /

— Observed
--- Expected

—— Resolved dijet + ISR
140 fb !
arXiv:2403.08547

—_— Boosted dijet + ISR
36.1 1k

PLB 788 (2019) 316

— Boosted di-b-jet + ISR
80.5fb"
ATLAS-CONF-2018-052

— Dijet TLA
3.6 & 29.3 b’
PRL 121 (2018) 081801

—— Di-bijet

243 & 139 fb"
PRD 98 (2018) 032016

JHEP 03 (2020) 145

Dijet

139 fo

JHEP 03 (2020) 145

Dijet angular

37.01"

PRD 96 (2017) 052004
— tf resonance (1L)

36.11b

EPJC 78 (2018) 565
— tf resonance (OL)

139 fo-

JHEP 10 (2020) 61
— Dijet + lepton

139 b

JHEP 06 (2020) 151


https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2024-010/

Summary of searches for Dark Matter (cont.)

m, [TeV]

—i
&P}

—
N~
I ]

Vs = 13 TeV, 29
June P024 -

1.2

0.8

0.6

o
N

o
()
I,

ATLAS Prelimi

All limits gt 95%

Axial-vector
gq =0. . gl

diator, Dirac DM
0, gx =1

Orm —

S {
. "-.
. A o
‘- .'n
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35 4

m, [TeV]

ATL-PHYS-PUB-2024-010

—— Dijet resonance

* Dijet, 139 fb’'
JHEP 03 (2020) 145

« Dijet TLA, 29.3 f'
PRL 121 (2018) 081801

* Dijet+Lepton, 139 fo'
JHEP 06 (2020) 151

¢ Dijet+ISR, 140 fb'
arXiv:2403.08547

« Boosted dijet+ISR, 36.1 f'
PLB 788 (2019) 316

— tf resonance (1L)
36.1 fb'; EPJC 78 (2018) 565

— ttresonance (OL)
139 fo'; JHEP 10 (2020) 061

— bb resonance
139 fb": JHEP 03 (2020) 145

— ET™%X
* E"+jet, 139 fb’
PRD 103 (2021) 112006
o EM+y, 139 fb
JHEP 02 (2021) 226
 E7*%Z(1l), 139 fb”
PLB 829 (2022) 137066
o ET™4V(qq), 140 fb”
arXiv:2406.01272
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And for low mass resonances too.. CERN-EP-2024-188

| JIHIIIl 1 I\IIIHl

Y
W Searches with S=1 mediator (Z’) g
N Focus on not well explored region of 50-100 GeV g
N For pT>140 GeV, decay products of Z" are collimated
W Use invariant mass of the large-radius jet 7
W No significant deviations from SM i
4 q
L% EATLAsI | | | | ] 6'{0'6"' - ]
@ 1075_ Vs =13TeV, 140fb™ + Bi:\airesonant background 3 ATLAS 95% CL upper limits ]
= E SR central tagged (post-fit) - W B Vs =13TeV, 140fb" —e— Observed -
2 108 y+Z = 0.5 -—-- Expected |
- - e ‘ ﬁ+z,(m,_20GeV) ] Bl Expected +10 |
105? )‘:+Z’ (m;;4OGeV) E 0.4 Expected +20 ]
104;_:.—\% lV/://A] L}jr:;rt(;rilrﬁ;QSGev) x5 3 E
0.3 i

0.2

0.1

lllllllllllll

I||I|||I||IIII||III|I|I||[II|

300 0072550 75 100 125 150 175 200

mz[GeV]
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https://arxiv.org/abs/2408.00049

Displaced leptons. First 13.6 TeV result

W Long-lived particles (LLPs) occur in the Standard Model.

Predicted for many BSM scenarios (SUSY etc)

W LLPs with lifetimes longer than a few picoseconds travel

at least hundreds of microns before decaying.

W New large radius tracking and new boosted decision tree

CERN-EP-2024-257

trigger used to enhance sensitivity % / |

eee—=eC ﬁﬁﬁ—)u& ,’ o
'a‘ |||||||||||||||IIIIIIIIIIIII|||||||||||||||| .3‘ I IIIIIII I |||||||||| I P
%. 10¢L-ATLAS - - Expected limit (£10,,) S qotL-ATLAS - - Expected limit (1 D)
= {s=13 TeV, 140 fb" —— Observed limit e {s=13 TeV, 140 fb™ — Observed limit
= 3 k- 15=13.6TeV, 56.3 fb! = 3L (5=13.6 TeV, 56.3 b’
% All limits at 95% CL RALt2Fepel)0o1R02 % 10 Al limits at 95% GL PRL 127 (2021) 051802

103' NI A RS WS A S W A 10—3 e Lo by o Loy by Ly s by v Bona o Lygag
100 200 300 400 500 600 700 BOO 900 1000 100 200 300 400 500 600 700 800 900 1000
(8)[GeV] m( i ) [GeV]
Improved limits compare Run2 only analysis
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https://arxiv.org/abs/2410.16835

Strategy for “wide” model-independent searches

W Despite very impressive searches using
proposed models, no new physics has been
observed at the LHC.

BSM-specific searches
(~50 signatures)

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

J£ dt = (3.6 -139) o™t V5 =13TeV
Model Ly Jetst EM [ra) Limit Reference
T T
W ADD G 42/ Gepry 1-41 ves 130 [Mg ATV 12 1107
S | ADDronresonant yy 2y S0 ey [
2 | aoocen B 2 - 4% [Ma
. 55| ADDBH multijet b >3j - 36 |Ma
® | RS1Guc— 2y - - 139 | G imass. 45TeV
- £ | BUKRS G+ WW/ZZ muli-chamel 361 | G mass 2370y
W BukRS gicx — ft Teu 2102102 Yes 361 B MaSS. 38Tev m = 15%
3 2ueo . PP Sen  s2bo3) ves s |imss 1870y T 11, B ) =1
2ep 139 2" mass 51TeV.
. . - b 61 [zmass 2a27ev
2 ) 2 - 61 |zmms 2170V
§ Oep  21b,22J Yes 139 mass 41 Tev I 12¢
s Teu S Yes 139 [Wemess 6.0TeV
2 i Yo 139 |wemass 50Tov
g S zimay S 19 [wemes 4aTeV
g 2en 20110 Ys 139 [wemess 4376V =3
. . ded  2iVET) ves 139 |wemiss 340 e Fon=1Ls=0
Teu 20010 Yes 130 |zimas 1970y o
2 T e e 50Tev ) = 050V g, = 5o 0s 12679
. - 2 - o0 [m 21870V 1. 17030127
) ) b ) 2en - e |a wET 7 o, 5548
20 b - 1w | Tov 210513847
. . . 2 b - 1w [a 20Tev 218 12847
Gitae sles 21b310 Yes 361 [ 257Tev 1 02205
~ Asial-vector med. (Dirac DM) - 2j - 139 | 38TeV. M=10TeV  |ATL-PHYSPUB 2022035
= | Pseudoscalarmed. (DiracDM) Oeyr.y 1-4f  Yes 139 | et 376 GeV n(x)=1 GeV 2102.1087:
. y S Vectormed. 2'-24OM (DiacDM) 0.y Ve o139 |ma 20TV : 5.ty o100 GoY o 13001
Psaudo-scalar med. 2HDM+a  multi-channal 139 [my 800 GeV tanfel, g, 1. m(x)«10 GeV ATLAS CONF-2021-036
. Scalar L0 1% gen 2 2] Ws 139 [iomes 1570V o1 200505072
Scalar LQ 2™ gen 2 22j s 139 |LQmass 17TeV. 5 2006.05672
Scalar LO 3" g s 139 13"' 1.49 TeV 2308.01294
. . y y y Q| Scaar 03" gen Vs 130 [tofmess 1240V 2000+
= SealarLQ Y gon = 139 |iotmas 143 ToV 210111582
calr LO G Voo 130 [0 126 ToV ot t252
Vector LQ mix gen Yes 139 LDB mass. 20TeV caupl. ATLAS CONF-2022-052
Vector LQ3" gen Yes 139 | 0¥ mass 1.96 eV ) = 1, Y:M coupt. 2300.01204
VIO TT - 2t X T T 146 Tev 20161
8o VIOBE L WZ4X  mi 361 [Bmass 134ToV.
TS| VIO Ty3TsTes — We+ X 2(SS) 361 | Tapmass 164 TeV. (T We)e 1
S8 warthin 5 o [T s
E‘E e 36.1 Y mass 1.85 TeV.
O 130 |@mase 2070V
mutt-hannol 139 |wimase ssacev SU2) covi
20.000 =
’ E Eciedauariq” - v 367 [ mase saTev aan- ma)
& 8| rctoaquarc o - by 1o [mass 3270y
s = Exctedlpton - 15 |smas asTov A-soTey
PP collisions ~ Wi x (MET, Njets, Nujets., Ne, Ny, N
LRSM Msorana » ; % do1 [Namess a27ev (W)~ 41T, — g oo 11108
1 y jets, jets., ey M3, Y =" Bl L T W sa0then) e e e | —
2 | riog et~ 234euss) o T 139 |Hesmae oaTev O ocuein 1o
Mok charged paricies 130 |mged paicemmes e ey O pocuain.— 5 ATLAS GO 2022034
Magnetio mongpoles 344 | mencpolemass 207Tev O rocuctn g1 - 3g0,spn 12| 160810130
VE=13TeV  V5=13TeV L L L
partial data full data 1 10 Mass scale [Tev]

W So far the LHC studied a small fraction of such exclusive event categories.

W Focus on rejecting known Standard Model events while analyzing
'‘anomalous’' events which may not be covered by specific BSM models ?
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Strategy for “wide” model-independent searches

W Despite very impressive searches using BSM-specific searches
proposed models, no new physics has been (~50 signatures)
observed at the LHC. P —

W For model-agnostic searches, one can ask
about how many exclusive event classes with
leptons, jets, photons, etc., may potentially

contribute to pp collisions. The answer ~ 20,000 e e
(S.C. Universe, 2024, 10(11), 414) LOST YOUR WALLET?

20,000 : NO, T LOST IT IN THE PARK.

.. BUT THIS IS WHERE THE LIGHT IS,
PP collisions ~ > W, X (MET, Njets, Npjets., Ne, Ny, Ny ..)

W So far the LHC studied a small fraction of such exclusive event categories.

W Focus on rejecting known Standard Model events while analyzing
'‘anomalous’' events which may not be covered by specific BSM models ?
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Searching in anomaly regions

autoencoder

Input LHC data _
Replica of LHC data

Bottleneck
e
Fully Connected

Fully Connected

“Bad replica”

Multi-jets

Autoencoder
(~ 2 million neurons)

«__ New
resonance

Events

Output
1287 variables

Input

9 = 1287 variables
; Invariant mass

362

" Input:
& LHC events as matrices
~ similar to “QR” codes

n=1287
= 232
loss = — Y -1

H
_____________________________________________________________________________________________

S.C. NIMA 931 (2019) 92-99
S.C, W. Hopkins, Universe 2022, 8(10), 494

33

800 nodes 400 nodes  Latent 200 nodes 400 nodes
Leaky ReLU Leaky ReLU Leaky ReLU LeakyReLU  Leaky RelU
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https://www.mdpi.com/2218-1997/8/10/494

Invariant masses in the anomaly region Phys. Rev. Lett. 132 (2024), 081801

[ R SE S~ S SR jet+X masses in the anomaly region
ATLAS tbH*(2 TeV)

10° B~ Vs=13 TeV, 140 fb™ Wi — W ¢ (2 TeV)
----- - Z' L Ef(2TeV)

Events
o,
(=]

— Data 10 pb AR

G A oz 1w 22 Ton EET )
107 g W Z'(DM) (2 TeV) 103;r 1 ; _! _!
10° —10pb AR oF 1 1 1
10° - 1pb AR oF aera Tov, 140" 1 1 1
10* " j4f 1 1 1
10° e : 1 [ AT
10 e - : 2 EE ik 1 :2 1 :é ;
10 . u Fdr! 1 2 3 45678 K 1 2 3 45678 Bl 0 1 2 1 45878
....... 2 Anomaly region , .
1 o I T O | S, pndi=091 ] ok yndi=077  J
107! : _— iy ! ; 1
10_2“1|51|:.|1CI)|“9““—8|”|7-IE”—6””5| ”—4 1035 ] !E ;
e T R - s . .
: - log (Loss) o : _1!
SM events b ]
W Sensitivity of data to most BSM  “ 5 ———— % o= e T e
events in the anomaly region . T o] pacss
increased by 100-300% :
: ok 1 1
W |nvariant masses show no ] ]
significant deviations Fj+u * : 1
. . . . 5 g % 3 % ]
W 9 limits in the anomaly region 3 | s s B | Conn s s BB | S a—
. . 1 1 2 3 45678 B0 1 2 3 45678 Fx10 1 2 31 45678
are available for theorists mireV m [fev] m Tev]
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https://arxiv.org/abs/2307.01612
https://arxiv.org/abs/2307.01612

Typical event in anomaly region near 4.8 TeV (largest deviation)

ATLAS

EXPERIMENT

un Number: 310634, Event Number: 295535084

Date: 2016-10-14 21:07:59 CEST

¥2/ndf=0.94

Events

3x10™ 1 2 3 45678
m [TeV]

ATLAS Physics Briefings. htips://atlas.cern/Updates/Briefing/Anomaly-Detection
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https://atlas.cern/Updates/Briefing/Anomaly-Detection

Jet-based anomaly detection PR 125, 131801 (200)

Credits to Antonio D’Avanzo

W Searches for massive particles in dijets in specific BSM
events like A— BC

W Train autoencoders on jet constituents. Look at the
scores sensitive to various decay hypotheses, like 2-
prong (e.g. heavy flavor, three-prong and dark jet) or
decays that do not fall in any category ("fanomaly”)

W A similar method adopted for Y — X H — qqgbb Generic representation of
autoencoder for jet constituents

Large-R jets

Large-R jets

® "
[45] 7 I I LILIL L I L L LI L | LI | rrra L I LILIL
€10 e -0 B
S EATLAS —— Data _
L {s=13 TeV. 139 fb"' —— Background Input @ e @ @ ,  Output
10°- Fit Range: (3. 49TeV Stat. + Syst. Uncert. & & & @
Anomaly SR —— BumpHunter interval & & FEpae i .:’
my in (75.5, 95.5) GeV ....-F. | o i —
3 \ / \
10 _ £ncoder De, ode,

W Largest deviation near 3.7 TeV at 1.40 (global)

N 95% confidence-level upper limits are set on the
g cross sectionof ¥ — X H — qgbb in various
event topologies including “anomalous” decays

Significance _.

m, [TeV]
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https://arxiv.org/pdf/2306.03637
https://arxiv.org/abs/2005.02983

LHC / HL-LHC and future plans

W LS3 for the LHC is now scheduled to begin at the start of July 2026, seven and a
half months later than planned.

W HL-LHC (Run 4) moved approximately by one year (June 2030)
‘ HL'LHC 5 '75 X Lnominal — 3 = 4 ab-l (<”>=63)

LHC HL-LHC

LS2 13.6 TeV LS3 13.6-14 TeV

13 TeV . o energy
Diodes Consolidation
splice conseclidation lirmiit LIU Installation -
7T TeV 8 TeV_ “hutton collimators ieracion - _ inner triplet HL-LHC
—_— R2E project regions Civil Eng. P1-P5 pilot beam radiation limit installation

W

ATLAS - CMS /’——‘
; upgrade phase 1 - 51075
experiment Pg ATLAS - CMS ¥ nominal Lufn%:
4
1

beam pipes ’ ) ) ) HL upgrade
nominal Lumi wrﬂ_' ALICE - LHCh | 2 x nominal Lumi
75% nominal Lumi upgrade

luminosity EEITIINE [

HL-LHC TECHNICAL EQUIPMENT:
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ATLAS detector for the HL-LHC

improved muon coverage new and upgraded forward
and luminosity detectors

trigger and DAQ
increased readout rates

- 14 TeV energy

- Large statistics

- increased solid angle
', - improved vertexing

v - eftc.

[Tk = the new all-Si tracker

new High-Granularity
Timing Detector (HGTD)

Matthias Danninger | SFU
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Conclusions

W Many more new and interesting results from Run 2,3 which | had no time to
discuss : focus on full data sets and newest results

W Extensive program for SM measurements and searches for BSM
< Refined studies with complex final state (jet, top, vy, tt, W, Higgs, etc)
W Stay tuned: Ongoing Run3 analyses, some with very wide search using Al

W 13 TeV - 13.6 TeV CM energy, Increase in luminosity (x 2 — larger statistics!)

This conference:

W Highlights of SM measurements including Top with the ATLAS experiment at the LHC
(John Patrick Mc Gowan)

W Recent searches for new phenomena with the ATLAS detector (Zackary Lee Alegria)

W Higgs boson property measurements at the ATLAS experiment (Michela Biglietti)

More information about ATLAS publications on
ATLAS twiki - ATLAS public results
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https://twiki.cern.ch/twiki/bin/view/AtlasPublic
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