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ATLAS Online Luminosity
2011 pp {s=7TeV
— 2012 pp {s=8TeV
2015pp {s=13TeV
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—— 2017 pp {s=13TeV
—— 2018 pp {s=13TeV
—— 2022 pp {s=13.6 TeV
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Month in Year

ATLAS Online 2011-12:(u) = 18.5
{s=7,8TeV,26.4fb"
2015-18:{(u) = 33.7
{s=13TeV, 147 b
2022-23:(u) = 46.5
{s=13.6TeV,66fb"

Recorded Luminosity [pb "/0.1]
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All about discovering
new physics:

« ATLAS extensive
measurements programme
can still be considered as
searches

* Almost all collider
measurements to date,
across 14 orders of
magnitude, agree with Its
predictions

... N0 new physics so far...

Standard Model

Standard Model Production Cross Section Measurements

Status: October 2023
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DM signhatures

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

[
Signature based fa-@o-toer 3= 1oTey
Model (,y Jetst EI™ [Lat[b™] Limit Reference
1 1 1 I L] ] ] 1 1 ] L L] I 1 ] L} L] 1 ] L L] I L L} 1 L}
m . ADD Gkk +g/q Oeut,y 1-4j]  Yes 139 | Mp 112TeV n=2 2102.10874
S e a rc e S @  ADD non-resonant yy 2y - - 36.7 | Ms 8.6 TeV n =3 HLZ NLO 1707.04147
u &  ADD QBH - 2j - 139 | My, 94TeV n=6 1910.08447
S ADD BH multijet - >3] - 3.6 Min 9.55TeV n=6, Mp=3TeV,rot BH 1512.02586
© RS1 Gkx — yy 2y - - 139 Gkk mass 4.5 TeV k/Mp, = 0.1 2102.13405
b Bulk RS Gy —» WW/ZZ multi-channel 36.1 Gkk mass 2.3 TeV k/Mp; = 1.0 1808.02380
- Many expected SUSY and ] ki g v e e S0l [
2UED / RPP 1eu >2Db, >3] Yes 36.1 KK mass 1.8 TeV Tier (1,1), B(AY — tt) =1 1803.09678
. SSM Z’ — ¢¢ 2eu - - 139 Z’ mass 5.1 TeV 1903.06248
WI M P partICIGS to fOI IOW o SSM Z’ — 1t 27 - - 36.1 Z’ mass 2.42 TeV 1709.07242
= Leptophobic Z” — bb - 2b - 36.1 Z’ mass 2.1 TeV 1805.09299
@  Leptophobic Z’ — tt Oe,u >1b,>2J Yes 139 | Z' mass 4.1 TeV M/m=1.2% 2005.05138
. S  SSMW’ ¢y Teu - Yes 139 | W’ mass 6.0 TeV 1906.05609
S h O rt I afte r th e H | S b Ut ® SSMW’ -1y 17 - Yes 139 | W’ mass 5.0 TeV ATLAS-CONF-2021-025
) S SSMW' b - >1b,>1J - 139 | W’ mass 4.4 TeV ATLAS-CONF-2021-043
© HVT W’ — WZ model B 0-2e,pu 2j/1J Yes 139 W’ mass 4.3 TeV gv =3 2004.14636
. - " ) HVT W — WZ — v {'¢’ modelC 3 e, pu 2j(VBF) Yes 139 W'’ mass 340 GeV gveH=1,8 =0 2207.03925
nOW InCreaSI N I d IS aVOU red HVT Z* —> WWW model B tew 2j/1J Yes 139 | Z'mass 3.9 TeV gv =3 2004.14636
LRSM Wg — uNg 2u 1J - 80 Wg mass 5.0 TeV m(Ng) = 0.5TeV, g, = gr 1904.12679
Cl gqqq - 2] - 37.0 A 21.8TeV 1703.09127
- Clttqq 2e,u - - 139 A 35.8 TeV um 2006.12946
O  Cleebs 2e 1b - 139 |A 1.8 TeV g =1 2105.13847
Cl pubs 2u 1b - 139 | A 2.0 TeV g =1 2105.13847
o N h u t f d u u Cl tttt >leu >1b>1j Yes 36.1 A 2.57 TeV |Cat| = 4m 1811.02305
O I n O r n eW I Scove rl e S Axial-vector med. (Dirac DM) - 2] - 139 Mped 3.8 TeV 84=0.25, g,=1, m(x)=10 TeV ATL-PHYS-PUB-2022-036
= Pseudo-scalar med. (Dirac DM) Oe,u, 7,y 1-4j Yes 139 Mped 376 GeV gq=1, gy=1, m(y)=1 GeV 2102.10874
Q Vector med. Z’-2HDM (Dirac DM) 0O e, u 2b Yes 139 mz/ 3.0 TeV tanpB=1, g7=0.8, m(y)=100 GeV 2108.13391
tO b e m ad e at t h e e n e rg y Pseudo-scalar med. 2HDM+a  multi-channel 139 m, 800 GeV tanp=1, g,=1, m(x)=10 GeV ATLAS-CONF-2021-036
Scalar LQ 1°t gen 2e >2] Yes 139 LQ mass 1.8 TeV B=1 2006.05872
" Scalar LQ 2" gen 2u >2]j Yes 139 | LQmass 1.7 TeV =1 2006.05872
Scales access| ble to the LHC Scalar LQ 3 gen . 2b  Yes 139 |LQumass 1.49 Tev BLQY - br) =1 2303.01294
C  Scalar LQ 3 gen Oe,u  >2j,>2b Yes 139 | LQ; mass 1.24 TeV B(LQY — tv) =1 2004.14060
~ Scalar LQ 3" gen >2e,u, 217 >1j,>1b - 139 LQS mass 1.43 TeV BLQY - tr) =1 2101.11582
Scalar LQ 3™ gen Oepu, 217 0-2j,2b Yes 139 LO% mass 1.26 TeV B(LQY — bv) =1 2101.12527
Vector LQ mix gen multi-channel >1j, >1b  Yes 139 LC.)‘,7 mass 2.0 TeV .'B(Dl — tu) =1, Y-M coupl. ATLAS-CONF-2022-052
Vector LQ 3" gen 2e,u,T >1b Yes 139 LQ, mass 1.96 TeV B(LQY — br) =1, Y-M coupl. 2303.01294
. o VLQTT - Zt+ X 2e/2u/>3eu >1 b, >1j - 139 T mass 1.46 TeV SU(2) doublet 2210.15413
re ‘th e re u n d e rI I n x Cé) VLQ BB - Wt/Zb+ X multi-channel 36.1 B mass 1.34 TeV SU(2) doublet 1808.02343
/ \ y o S VLQ T5/3Ts5;3|Ts;3 = Wt 4+ X 2(SS)/>3eu>1b,>1] Yes 36.1 Ts/3 mass 1.64 TeV B(Ts;3 = Wt)=1, c(Ts;3Wt)=1 1807.11883
..9, e VLQ T — Ht/Zt 1eu >1Db, >3] Yes 139 T mass 1.8 TeV SU(2) singlet, k7= 0.5 ATLAS-CONF-2021-040
. - & VQY - Wb Tepu 21b2>1] Yes  36.1 Y mass 1.85 TeV B(Y — Wh)=1, cg(Whb)= 1 1812.07343
aSS u I I l tl O n S I n O u r re Se a rC h - N Oeu 22b,21j,21J - 139 B mass 2.0TeV SU(2) doublet, kg= 0.3 ATLAS-CONF-2021-018
VLL 7 — Z7/Ht multi-channel =1 Yes 139 7/ mass 898 GeV SU(2) doublet 2303.05441
. Ne) Excited quark ¢* — qg - 2] - 139 q* mass 6.7 TeV only u* and d*, A = m(q") 1910.08447
ro ra m m e W h I C h a re E)' g Excited quark g* — qy 1y 1] - 36.7 qQ* mass 5.3 TeV only v* and d*, A = m(q*) 1709.10440
p g I & Excited quark b* — bg - 1b,1] - 139 b* mass 3.2TeV 1910.08447
Excited lepton 7* 27 >2 - 139 7* mass 4.6 TeV A=46TeV 2303.09444
" " ’? Type lll Seesaw 2,34 e,pu >2] Yes 139 N° mass 910 GeV 2202.02039
p reve n I n g a I SCOVe ry . LRSM Majorana v 2u 2] - 36.1 Ngr mass 3.2 TeV m(Wg) =4.1TeV, gL = gr 1809.11105
S Higgs triplet H** — W*W* 2,3,4 e, 1t (SS) various  Yes 139 H** mass 350 GeV DY production 2101.11961
< Higgs triplet H** — ¢¢ 2,34 e,u(SS) - - 139 H** mass 1.08 TeV DY production 2211.07505
o Multi-charged particles - - - 139 multi-charged particle mass 1.59 TeV DY production, |g| = 5e ATLAS-CONF-2022-034
Magnetic monopoles - - - 34.4 monopole mass 2.37 TeV DY production, |g| = 1gp, spin 1/2 1905.10130
v-=13Tev ‘/_=13TeV L1 11 I 1 1 1 1 L1 11 l 1 1 1 1 1 L1l I 1 1 1 1
partial data full data 1071 1

10 Mass scale [TeV]

it’s time to explore new ideas!

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

+Small-radiiis (larane-radiiig) iets are denoted hv the letter i (.1)
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A new perspective

New Physics can be decoupled from electroweak scale in Dark Sector models, requiring additional
low-mass mediators to explain the observed relic density with light DM (sub-GeV)

Light Dark
Matter

Standard Dark
Sector

Bl\Y

\Vilelol=]




Dark Sector portals

_ a . -
Pseudoscalar portal: 5,41//7/” }’51// , — I //wFﬂ “ axions/ALPs

fa

Vector portal: e F /’w ‘dark’ vector boson (A’, vdq, Zd) which mixes with SM photon
Higgs portal: kH?*S? + uH ’S  ‘dark’ scalar boson (S) —> exotic Higgs decays

Neutrino portal: K(HL)N no more sterile neutrino

Feebly interacting particles are well
motivated but their mass scale is
unknown and are very difficult to probe
at particle colliders, often lead to

unconventional signatures!




Dark Sector portals

loday’'s study case

Vector portal: % ‘dark’ vector boson (A’, yd, Z4) which mixes with SM photon

New particles can be long-lived:
observed lifetime is governed by an
exponential defined by the proper lifetime ct

calorimeter 60%

muon chambers 13%
out of the detector 1%

decay probability

tracker 25%

displacement

| | . |
ct =5 cm, Py ~ 40 distance




Exotic among exotics?

Search for new BSM physics at LHC with exotic signatures:
- Standard decays

- Unconventional signatures: long time-of-flight, anomalous energy
deposits, displaced secondary vertices...

 Detector-stable particles

Unusual and unique signatures are extremely challenging to probe:

NON-COLLISION
RECONSTRUCTION BACKGROUND

Anomalous signatures Object identification and Unconventional
not associated with reconstruction signatures have

standard activity in the algorithms are to be unconventional
detector require the updated to include non- backgrounds, from
development of standard tracks and detector noise to non-
dedicated triggers! energy deposits collision physics events




Unconventional backgrounds

Develop new techniques and ideas to reduce very unconventional background sources

Cosmic-ray event

Cosmic muons |
* Muon bundles from cosmic-ray that cross the .
detector in-time with the pp collision event |

10 0 Z(m) 10

Outgoing BIB event| | TileBarrel
Beam induced background (BIB) e , Fake Jet
muon Tile Extended Barrel

* Machine/beam-induced backgrounds from upstream
proton losses in the LHC, from inelastic collisions
with residual gas, beam halo cleaning losses or
beam-gas scattering

HEC LAr electromagnetic EMEC
10 barrel




BIB event

ATLAS

EXPERIMENT

Run: 300487
Event: 445566353
2016-05-30 00:29:53 CEST

JHEP 06 (2023) 153



https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/EXOT-2019-05/

Unconventional signatures

disappearing tracks

multitrack '
. : late photons
verticesinID | .———

displaced leptons, emerging jets

/|

lepton-jets
/ trackless,
displaced jets,
delayed jets
(meta) stable charged
particles
multitrack vertices in MS\ \
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LLPs could lead to a plethora of new
sighatures. Experimental approach
depending on...

- Charge and decay products

* Interaction with specific sub-detector

» Displacement of the decay



LLP guidebook

* FInd a new signhature yet unexplored In

ATLAS broad LLP programme
MY WORK-LIFE BALANCE

* Interaction with the LHC community and
theorists to exchange ideas

* Use the detector at its best: bespoke
strategies for triggers, reconstruction and
calibration objects

 Exploit new state of the art techniques,
like Machine Learning tools

NEW LLP ANALYSES

* Enjoy the journey :)

13



A long-lived dark photon search

Exploit ‘large’ Higgs cross-section to probe events with very small epsilon values —> Long-lived particles (LLP)

Higgs portal for production | ATLAS Higgs portal constraints

107
W =
€ { 10-3
D — -
C —4
107% &=
h ® — — CIE) =
K S B
ZD 8 10> ="
1 3 E Largely
€ 2l 10s
{ D = unexplored!
O -
Vector portal for decay o 07
O —
CD 10—8 __
O %— B(H) = 10 % Run-1 prompt
| === B(H) =10 % Run-1 displaced
I IIIIIII| I L 1 1 1111 IIIIIII| | 1 |

h —> ZdZd —> 4l 109

1071 100 101
Dark Photon Mass [GeV]
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Current constraints

Constraints on visible dark photon decays are expressed in
the parameter space epsilon € versus dark photon mass m(A’)

1072

| ‘“ - '! MW I“ l“
dump il

B-tfactories
Rare meson decays

m(A") | GeV |

Reglion explorable at particle
" colliders via Higgs portal




Search for long-lived dark photons

Search for light long-lived neutral particles decaying into collimated jet structures of leptons or light hadrons

m},d

Muonic AD ~—< <1 Calorimeter
E 71D
yd i EMCAL
Outgoing products HCAL
. = MS
may be collimated
Vector portal \ A\
\ I~
AVAVAVAVAVAV \
¢ I
Muonic decay \ Calorimeter decay
Collimated bundle of muon without i Displaced jet with most of energy
track in the inner detector (no jets) -or S.ma” couplings deposit in the HCAL (no muons)
very displaced decays
Difficult to trigger: low-pt muon 1 1 Very high background from rare QCD
Cosmic-ray muons background T = X — events and few handles to play with

2
Lo €
16



on candidate-
|

— |
.

N U S
. . s L\
el e R e

ATLAS

EXPERIMENT

Run: 303266
Event: 1584619053
2016-07-04 04:57:58 CEST

JHEP 06 (2023) 153



https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/EXOT-2019-05/

Trigger for muonic dark-photon

Dedicated triggers are used to select events with highly collimated muons with low activity in the |D

AR
"‘\czs

v L1My

_Narrow-Scan [

- Seed at L1 by MU20
« Scan for a 2nd muon at HLT (CPU-consuming)
* Muon pr threshold determined by the rate

capabilities

Trigger efficiency

1
0 obATLAS Simulation = m, =800 GeV
0.8 H—=2r +X . m,=125GeV
- m, =400 MeV
0.7 ¢ (s =13 TeV
0.65— narrow-scan trigger, barrel
- —
0.5 Sl T .
- IS SR
0.4Em— ) .
: 1
0.3F- o Y
- —h—
0.2 ..
N — B——
0.1
= —
O_I|||||||||||II|IIII|IIII|IIII|||||IM|||
o 1 2 3 4 5 6 7 8 9

10

dark photon ny [m]
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muon triggering planes

- TGCs




Analysis strategy

Event Selection
1. Trigger
2. Quallty Cuts

» Dedicated triggers: NarrowScan (muonic) and CaloRatio

(hadronic)

» Two production modes: ggH and WH

» Six channels: muonic-muonic (ggH), muonic-calo
(ggH+WH), one-calo exclusive (WH) and calo-calo

(ggH+WH)

» Backgrounds: rare QCD events, cosmic-ray muons and
beam induced background (BIB)

» Advanced NN-based taggers according to DPJ type

» Data-driven ABCD method to estimate dominant QCD
background in the signal regions

19

DPJ Reconstruction Reconstructlon

1. Muonic-Muonic
2. Muonic-Calo

3. One-calo
4. Calo-Calo

\

ABCD method

Benchmark models

——— - 7d
vd

Hidden Abelian Higgs Model
[HAHM] arXiv:1312.4992

. HLSP

o HLSP

%V

Falkowsky, Ruderman, Volansky,

Zupan [FRVZ] arXiv:1002.2952



https://arxiv.org/abs/1002.2952
http://arxiv.org/abs/arXiv:1312.4992

A low-level input NN

Extract low level information from the ATLAS calorimeter from a single jet in either 3D images or graphs

Numbers on rays are n values

Plug tile calorimeter| 0.6 0.8 1.0 1.2
/ J J /< L 7

e

Iron support girder AN

- ‘—— . . . . . .
', 4 Calorimeter sampling is sensitive to the dark photon displacement
1.6
4 o ROC curve
l Gap SC|nt|"ator I 1.8 1 0. 8 LR R l P ] LB B I LB AR A ] T T I T l T T l T 777 l L I LR
I Cryostat scintillator © ATL?FSZ?ImU'?t:?z?S 0.4} GeV :";
| b — — m.m )= , 0. e -
- H T,
i 0.8 —O |d B DT \ 5 RNy seses FRVZ (mH, my.)=(800, 0.4) GeV -
o === HAHM (m , m )=(125, 0.4) GeV B
3 = QCD multi-jet MC —
s k% -
/ = U 0.6 —_ -
¢ e :
New CNN S )
Eo'm —— BDT 3 ; NN =
—— NN (mDP 0.4 mH125 vs JZSW) = -
—— NN (mDP 0.9 mH125 vs JZSW) c _
—— NN (mDP 2.0 mH125 vs JZSW) L N -
021 ___ NN (mDP 6.0 mH125 vs JZSW) ~
—— NN (mDP 0.4 mH800 vs JZSW) N
NN (mDP 0.9 mH800 vs JZSW) 3 __
—— NN (mDP 2.0 mH800 vs JZSW) DNNNNNIN : \ NN NRNNIRIN \ NN
0 AN IMDP 50 Myt v leow) 0O 01 02 03 04 05 06 0.7 08 O 1
0.0 0.2 0.4 0.6 0.8 1.0
Signal efficiency QCD Tagger Score

Tool to reject QCD main background, will allow an exclusion on hadronic-LJ channels!
20



A closer look on NN methods

The ATLAS detector orthogonal view

Sampling

Graphs:

 Train a fully optimised GNN

- Small cloud space objects

- Efficient and easy to manipulate

Let’s exploit the calorimeter 3D jet images:
granularity to parametrise the « Train a CNN
energy deposits: x, y, z, energy « Very sparse images -> sub-optimal

Project developed within the MUCCA consortium - Multi-disciplinary Use Cases for Convergent new Approaches to Al

explainability, with M. D’Onofrio (Pl) and J. Carmignani —> fog1more info: intro-video

21


http://widgixeu-responseuploads.s3.amazonaws.com/fileuploads/90010018/90420529/140-2f7727dc2c9debd53715877981b60bce_MUCCA_videO_720p.mp4

The GNN model out-performed the CNN model on all performance metrics tested at same signal efficiency score

10° +

102 P

Accuracy = 0.9239

JETGraphs

(] Background
.1 Signal

0.0 0.2 0.4 0.6
Model output

0.8 1.0

Performances

Accuracy = 0.8429

[ Background

COHVNN 1 Signal
044
034
0.0 0.2 0.4 0.6 0.8 1.0

Model output

Classification Accuracy

1.0+

o
@

True positive rate
(=]
<N

o
N

0.0 4

Area Under ROC Curve

ROC curve, AUC = 0.9790

o
o

; JETGraphs

True positive rate

0.2

0.4 0.6 0.8
False positive rate

1.0

.
o

o
o

o
o

o
N

o
o

ROC curve, AUC = 0.9401

O
S

ConvNN

0.4 0.6 0.8 1.0
False positive rate

0.0 0.2

As expected graph dataset are proven very effective for classification of sparse image of HEP calorimeter detectors!

GNN will be used in Run3 searches!

22
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Dark-photon explainability

True Negative

» Sig1Bkg0
True label: 0, predicted label: 0, predicted prob: 0.01

+ Proponents for Bkg |
while opponents for
Sig which is
sensibly expected

= How does a signal look like?

[Proponent] Label:0

Input Graph

(False Positive)

[Proponent] Label:0

True label: 0, predicted label: 1, predicted prob: 0.76

¢ Still trying to 3
understand the |
Physics of Failure

[Proponent] Label:0

=» How does the NN understands true
positive (signal), true negative or

Input Graph

Sampling

false positive ? =N
A s
. o

— LA -0.015
e It '.’.I -0.030
-0.045

Stay tuned... paper out very soon ) SO VN
\/1 23




Data-driven estimation of residual mul

1-|e

Background estimation

' background events in signal region defined by a

pair of cuts of two uncorrelated variables for the background
* Single source of background (remove all BIB and Cosmics, leave only rare QCD events)
 No correlation between variables Background
 Small signal contamination in CRs dominated
Var2 |C B .
control region
< 20.0 ATLAS =~ . < 20.0 ':quTA.S Simulation
él 15:0 : » I/S 15:0 — 8 A
812.55—%5 %E} 40w 812.55— u%j % 6 A
ol S | Signal region
O:O ;_in;s o5 '%‘nl/s | l4nl/|5'A ¢ | In_ (2):;;0 - o;sslens '.'0.90' - '0.95183ﬁ.1?00_E
- ﬂ QCD Tagger Score
No significan excess was observed :( NP — Np - Np Var 1
A N
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10 I‘ A T T T/ T T7TT

d

Muonic exclusion of Br(h->dark sector) down to 0.1%!
—> Br(h->4v) ~0.1%!

—
T

Upper limit on B(H— 2y +X)

Jet caloclusters §

= . ] 3DConvNet

Calo De

w 10 ) =
107 gl - - 105 = E A TLA S
E Observed combination E : \/§=1 3 TeV,
L ATLAS B oo ¢ o : - 90% CL limit
1072 Vs=13TeV, 139 fo” Expected £ 2o = 10_5 B e FRVZ Model
- Fn?ﬁn:n)iczflzs 0.1) GeV ——-- :E@* e . - > mp=125 GeV 3
- 95% CL limits =r== SR, obs - — H-2yq+ X a
1073 L Ll Ll | | _
1 10 102 - _
ct [mm]

Combination of ggH and WH hadronic
channels to improve results!

First time exclusion in
the fully electron channel

—
o
T

= 10.0%

displacement

B B= 5.0%

[ B B= 1.0%
0’ B B= 0.5%
B B= 0.1%

= 10% EarlyRun — 2 displac/zd
— B = 10% Run —1 prompt

—
o
]

0.1 1.0 10.0
Dark Photon Mass [GeV]

Significant analysis improvements (CNN taggers) and new
topologies (WH) allowed for an exclusion of hadronic decays

ik
‘. "J.‘ ~

First use in ATLAS searches of a
Convolutional Neural Network based

tagger trained on low-level inputs (3D jet
images from calorimetric clusters)
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ATLAS Simulation
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No excess found! Exclusion limits are presented as exclusion regions in the (¢,myd) plane in the context of the Vector portal model as a function

of BR (h— dark sector)
Jet caloclusters

Muonic exclusion of Br(h->dark sector) down to 0.1%!

—_
o

< : —> Br(h->4v) ~0.1%! g
g //Z : | 3DConvNet
E 1§ 3 I [ T T | I [ T T I I [ T T |
@ z WL _
S T - = ATLAS E , . Prediction
E e g AR 2735 =160 = Vs=13TeV, 139 b1 1 ‘ .',. '
CT) - Observed combination . — 0 . —
§ CATLAS - Epories . B 90% CL limits _
1072 Vs=13TeV, 139 b Expected £ 26 - -5 HAHM Model
= FRVZmodel e SR obs - 10 E mpu=125 GeV =
B (mH, mY )=(125, 0.1) GeV - = == SR™ obs ] [ _]
- 95% CL limits - SR, obs . — H-2yq4 n
_3 11 I 1 1 1 1 1 11 I 1 1 1 1 1 11 I — — - -
1077 10 102 i _ First use in ATLAS searches of a

Convolutional Neural Network based
tagger trained on low-level inputs (3D jet
images from calorimetric clusters)

ct [mm]

Combination of ggH and WH hadronic
channels to improve results!

displacement

— — 0 — CU _II T || |||||||| |||||||||||||II|||II| |||||||| |||||_

10 F mem BR 10.0% - S Ik ATLAS Simulation
- [l BR= 5.0% ] = § —— FRVZ (m_, m, )=(125, 0.4) GeV =

. [ BR= 1.0% . 5 § ----- FRVZ (m_ m, ) (800, 0.4) GeV -

— [ BR= 0.5% - o N - - HAHM (m m )=(125,0.4) GeV 7
10—8 | EEE BR= 0.1% . § 10—1 =< QCD multl JetMC =
E I I I I I I I I I I I I I I I I E C_é.'i B .:_.‘: E

0.1 1.0 10.0 5 \\\ _ P

Dark Photon Mass [GeV] @ 1072 T . =

2 :

L] ]

\\\\ N
First time exclusion of HAHM model N\ \\ \\\
with dark-photon jet signature e e e e e s ﬁ
QCD Tagger Score

Analysis reinterpreted in HAHM model




mono-jet relnterpretatlon

ATL-PHYS-PUB-2021-020

Both dark photons can decay outside ATLA

ATLAS Prellmmary (s=8-13 TeV, 20.3-139 fb*

(V)] E | L I | I | | [ | L I E

(@) = 5

= - I

O 103 i

MET S 10°E
O - -

O L _

g 10 E

o - -

o B _

S 107k Ny E

O = -

@ = .

> 6 N

107 g =

1077 ; Probe ultra long-lived _;

=| dark photons decay -

tight jet, pr > 150 GeV 0—8 :_ _:
= | Illllll | | IIIIIII | Illllll ] IIIIIII =

Inl < 2.4

mono-jet .-

photon veto (0.6 for E™ < 250 GeV)

. 1072 107" 1
minAd(et, E["™) > 0.4 Dark Photon mass [GeV]

10

FRVZ Model
H—>2~yd+X

m, =125 GeV

90% CL observed limits

Displaced (139 fb™)
ATLAS-CONF-2022-001
BR=10%
B BR=5%
B BR=1%
B BR-0.5%
B BR-0.1%

Prompt (20.3 fb™)
JHEP 02 (2016) 062
BR=10%

Monojet (139 fb™")
ATL-PHYS-PUB-2021-020
BR=50%

Non-ATLAS searches
JHEP 06 (2018) 004
Vector-Portal-only limits

S|gnatu re Monojet is becoming a precision measurement with a huge interpretation potential:
‘  Model-independent limits on visible cross-section
uoto 3 jet -  Higgs to invisible BR upper limit (95%CL obs. 0.50)
i E; > 200 GeV e Countless possible NP interpretations

with p; > 30 GeV
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2021-020/

Where to go

ATLAS Preliminary {s=8-13 TeV, 20.3-139 fb
g) E " " 'ATL-PHYS-PUB-2022-007 PR T FRVZ Mode
= -
e %10—3§ o, = 125 GeV
GE) 9 - 3 90% CL observed limits
Ol ® 1 0_4 L _| Displaced (139 fb™)
O T = = ATLAS-CONF-2022-001
®© ] o = =
7 - 5[ _
—_ (@) Ve —
o|g 10°¢ :
) - f _
=~ &l A 7 Prompt (20.3 fb™)
10 " S = JHEP 02 (2016) 062
E e — - BR=10%
=" fd< HLSP . 1
= 77\ -| Monojet (139 fb™)
107" \:\Y‘ f —  ATL-PHYS-PUB-2021-020
= ; E BR=50%
- -] Non-ATLAS searches
1 0—8 _ __| JHEP 06 (2018) 004
= L1l Ll 3 Vector-Portal-only limits

107" 1 10
Dark Photon mass [GeV]

1072

Very displaced region: mono-jet

Could benefit from a VBF+MET

search reinterpretation (+Y) reinterpretation

ATL-PHYS-PUB-2021-020
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NOW :
Full Run?2 prompt analysis:
e Extend m_yd mass range to [0.01;10] GeV

Explore VBF signature (EXOT-2022-15):
e Significantly improve ele results (myd < 280 MeV)

Final combination of prompt and displaced
(9gF+WH+VBF)!

Prepare a Run2 legacy result of FRVZ and HAHM
models

Where to go in Runa3:

e Go TLA+PEB for muonic signature

e Additional Higgs productions mechanism for
prompt analysis

e Explore mono-LJd (LJ + MET) signature to fill the
gaps between prompt and combined



https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2021-020/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/EXOT-2022-15/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2022-007/

Not only dark-photons in ATLAS...

Snapshot of the most recent ATLAS LL

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

ATLAS Preliminary

P results..

Slatus: March 2023 [£ dt = (32.8 - 139) o V=13 TeV
-1 .
MOdeI Slgnatu re f‘l: dt [fb_I] Lifetime Iimit Reference ; 55 A ITEIAiII§ T LI IIIII L) LIL} lIIlII T L) E?FIIS TelVl, I3l§II1 4IOI Iflbllll Hldden SeCtor, rTL' = 1 25 GeV
RPV~ d. | d t T T LB lllT 1 1 1 llll_l 1] LI llll_l olooalsa L L] Ill_l T I(~I) L L IITI!/ 1 1 LI DL 200311956 8 E E B(H%SS) —_ 100/0
t — uq isplaced vtx + muon 136 { lifetime .003-6.0 m m(t)=1.4Te ) — - L
— 50— — 95% CL observed limits
RPV {9 — eev/euv/uuv  displaced lepton pair ~ 32.8 /?‘1’ lifetime 0.003-1.0 m m(§)=1.6 TeV, m(§?)=1.3 TeV 1907.10037 8 — -
(U - —
RPV ¥ — qqq displaced vix + jets 139 | &? lifetime 0.00135-9.0 m m(7%)= 1.0 TeV 5301.13866 c 45 —] Search
= —] Searches:
GGM % - ZG displaced dimuon 329 |X&° lifetime 0.029-18.0m  m(g)=1.1TeV, m({3)=1.0 TeV 1808.03057 o — _=1 £ Muon System (2 Vtx Only), 139 fb™
1 1 -1 40
B 1 — - Phys. Rev. D 106 é2022) 032005 1
GMSB non-pointing or delayed y 139 ,?‘1’ lifetime 0.24-2.4m m(i9, G)= 60,20 GeV, By=2% 2209.01029 — — Muon System (1 Vix + 2 Vix), 36 fb
35 — — Phys. Rev. D 99 (2019{)9152005
GMSB 7 — (G displaced lepton 139 | 7 lifetime 6-750 mm m(F)= 600 GeV 2011.07812 — - ?HaElgragngB%rz,) ng f
>~ — - -1
L GMsBF -6 displaced lepton 139 | # lifetime 9-270 mm m(f)= 200 GeV 2011.07812 30— — 3 g;;‘/‘:kﬂ:'\g‘:&“ (233’2%%';‘2’0?2 fb
%)) e 1ipas — -] . ) -1
AMSB pp — {9, ¥{¥;  disappearing track 136 | X7 lifetime 0.06-3.06 m m(i%)= 650 GeV 2201.02472 o5 F_ = ]}:Eg'ﬁr(,zbg?) f_gt?gg
— — A -1
AMSB pp — i, ¥ 71 large pixel dE/dx 139 ,\"/f lifetime 0.3-30.0 m m(i%)= 600 GeV 2905.06013 — 4 3 Tracker (this result), 37.5-140 fb
Stealth SUSY 2 MS vertices 36.1 | § lifetime 0.1-519m B(g — 5g)= 0.1, m(g)= 500 GeV| 1811.07370 20 = =
Split SUSY large pixel dE/dx 139 | & lifetime >0.45m m(g)=1.8TeV, m(7)= 100 GeV 2205.06013 15 — —
Split SUSY displaced vix + E™iss 328 | g lifetime 0.03-13.2 m m(&)= 1.8 TeV, m(¥2)= 100 GeV 1710.04901 - -
. 10— —
Split SUSY 0¢,2-6jets +E™=  36.1 | g lifetime 0.0-2.1m m(g)=1.8TeV, m({})= 100 GeV | ATLAS-CONF-2018-003 — _
5 [ 1 111 m
H—ss 2 MS vertices 139 s lifetime 0.31-72.4 m m(s)=35 GeV 2203.00587 1 0—4 1 0—3 1 0—2 1 0—1 1
° H—ss 2 low-EMF trackless jets 139 s lifetime 0.19-6.94 m m(s)= 35 GeV 2203.01009 CT [m]
S VH with H — ss — bbbb  2( + 2 displ. vertices 139 s lifetime 4-85 mm m(s)=35 GeV 2107.06092
[
% FRVZ H — 2y, + X 2 u—jets 139 | y4 lifetime 0.654-939 mm m(yq)= 400 MeV 2206.12181
g FRVZH — 4y, + X 2 u—jets 139 v 4 lifetime 2.7-534 mm m(y4)= 400 MeV 2206.12181
2
I H—- Z;Z4 displaced dimuon 32.9 Z4 lifetime 0.009-24.0 m m(Z,)= 40 GeV 1808.03057
H—- Zz, 2 e, u + low-EMF trackless jet36.1 Z4 lifetime 0.21-5.2 m m(Z4)=10 GeV 1811.02542
(200 GeV) — ss low-EMF trk-less jets, MS vtx 36.1 s lifetime 0.41-51.5m o x B=1pb, m(s)= 50 GeV 1902.03094 F rom th e paSt yea r...
b n
© .
& O00GEV) 55 IowENF ticlss s, MS VX351 | s etme 004215m rxs-tmme-socev | 1ezomes | ¢ (May 24) CERN-EP-2023-226 VBF displaced dark photon
c’) o [ ] [ ]
d(1 TeV ss low-EMF trk-less jets, MS vix 36.1 lifeti 0.06-52.4 m o X B=1pb, m(s)= 150 GeV 1902.03094
(170 = | s etime © * (Mar 24) CERN-EP-2024-086 Displaced vertices
W — NE, N — ¢ displaced vix (uu,ue, ee 139 | N lifeti 0.74-42 N)= 6 GeV, Dirac 2204.11988 I 1 el I
NN v cisplaced vix e, ) <1 mm m(N)=6.GsY, D * (Nov 23) JHEP 11 (2023) 112 Highly ionising particles
W — Nt,N — tty displaced vtx (uu,ue, ee) + u 139 N lifetime 3.1-33 mm m(N)= 6 GeV, Majorana 2204.11988 . .
. . o . * (Mar 23) Phys. Lett. B 847 (2023) 138316 Multi-charged particles
< W — Nt,N — bty displaced vix (uu,ue, ee) + e 139 | N lifetime 0.49-81 mm m(N)= 6 GeV, Dirac 2204.11988 ” ) ”
W — N, N — £ty displaced vix (uu,ue, ee) + e 139 N lifetime 0.39-51 mm m(N)= 6 GeV, Majorana 2204.11988
I L 1 L llllll L L L llllll 1 L L llllll 1 L L llllll L 1 1 llllll L L L1 1
0.001 0.01 0.1 1 10 100
ct [m]
Vs=13TeV  5=13TeV
partialdata fu"data | 1 L 3 a2l 1 L 3l 1 L 3 el 1 L 3 el 1 L 3 gl 1 L1 111
*Only a selection of the available lifetime limits is shown. 0.001 0.01 0.1 1 10 100
T [ns]

Analyses reach into the lifetime space
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/EXOT-2022-15
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/EXOT-2021-32
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/EXOT-2019-33
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/EXOT-2018-54

Dark Sector portals

Pseudoscalar portal:

What about axions...
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CAST

axions/ALPs

Are we covering the whole

phase space accessible
at the LHC?
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SUMICO
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30

Decay rates for a NP scale at 1 TeV
and effective coefficients set to 1

['(a— X) [eV]

0l 1 10 |0
m, [GeV]

Nice complementarity between LHC, beam-dump and
astrophysics boundaries. Together they can explore a large
fraction of the axion regions


https://arxiv.org/pdf/1708.00443.pdf

Prompt axion searches

Many searches looking for prompt ALPs in a great eftort to systematically cover all production and decay channels!
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Displaced axion searches

Still plenty of unexplored displaced ALP scenarios, many possibilities for synergies and reinterpretations

mu tau Y ] b

It's time to develop new ideas and explore all blind spot left in the ATLAS LLP programme!
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New idea: a search for long-lived axions

axion displaced region
From few mm to stable

e Axion particle produced Iin association with a Z boson

\ - arXiv:1708.00443
from Higgs decay 3 | LEP -!,;r |
§ T - inv. +y ; (:%
* Signature with two leptons and two collimated photons  —  1f =& -?a'eé L.
(one if signal photons are collimated enough) T |Z
= [t
| | 5 1073
 Main backgrounds from Z+jet and Zy = N1987a
O
oreferred parameter | 0 o
A_ SPaCeE where mu g-2 _ Cosmology
Z anomaly can be | ISR
\ﬁ e 10 10 10~ 10°
h exXp m [Ge\/]

2 close-by .
N ) axion decay rate: ALPs pseudo-scalar
a

dram; e 2 particles: mass
A2 77 range 0.1-35 GeV.

[a — vy) =
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https://arxiv.org/abs/1708.00443

Non-poir

with 1D di

ting photon search

Phys. Rev. D 108 (2023) 032016

-photon vertexing

Phys. Rev. D 108 (2023) 012012

5 10°E —
—= [ ATLAS Preliminary — opserved — m(z)) = 135 GeV
I~ —
I E=13Te~v N — m(7)) = 175 GeV
. - BR(2°—> HG) = 1 «=+ Expected t10

a | ‘ — m() = 225 GeV
5 - .- Theory

S 10' m(%,) = 325 GeV
S T ——
-

O

2 KNSR - - - - - - o Ll

n

o2}

10°

| 1 llllﬂl

— SUSY-2020-28

lll

H/Z

10 o 107

e Analysis optimised for high-mass LLP mediator that decays before ECAL with a MET

signature

e New search plans to target low-mass LLP mediator that decays within ECAL or HCAL

Current searches

'_o' 102 | I L I 717 1
o~ B ATLAS e 5 TI|€C3|
o i Is =13 TeV, 139 fb" i
A i High-Am selection -e-m g, = 10 Gev i LArCal
< Mysp =30GeV
& - NLSP Msp = 0.5 GeV . displaced diphotons |
=
T
L
m ——————
- -
o
E
-
-
O
2
& myy [GeV]
Possible reinterpretation
In LLP axions CR
EPis< 20 GeV
m,,>135GeV
il
A
V| s Z
/| I// //II Z
// /// //
7 57, z
tawty Insl  yncovered search regions!
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ETiss > 30 GeV
60<m,, <135GeV
Pryy > 70 GeV
Ap,. <24
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https://atlas-glance.cern.ch/atlas/analysis/papers/details?id=14006
https://atlas-glance.cern.ch/atlas/analysis/papers/details.php?id=14586
https://atlas-glance.cern.ch/atlas/analysis/papers/details?id=14006
https://atlas-glance.cern.ch/atlas/analysis/papers/details.php?id=14586

Probing displaced photons

Target key discriminants for long-lived photons: anomalous shower shape, delayed timing and
secondary vertices.

Calo images and graph to | . —_—
reconstruct decays within Photon timing to target
calorimeter from shower shapes x e non-pointing photons
i X X ~_ Front Layer
H CAL " T  Here, LAr Calorimeter
~ Forecched horizontally 4x ® 2" layer EM
EM CAL G 3. 1° layer EM
Secondary > Y
_Q/O ’_A‘TLAS Simulation 0 3 Vertex (S\///)// | 4
10° f? Higgsino LLP‘,"/ | Ve
10 g Primary
= , : oVertex (PV)(/ v Beamline (z-axis)

Vz

oreTeTTeT e T Calo vertexing to reconstruct )
secondary vertex within the |D , ‘
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Also more complete models

Long-lived particles are present in many BSM theories like SUSY and heavy neutrinos

- a—pvY
A e
l-c*-z prompt displaced
S ;
N\\\ W+*
| Upl
. l[; Vy
off-shell decays phase-space HNL
e.g. split-SUSY with Small mass splitting Long-lived sterile neutrino

squarks mass > 10 TeV e.g. AMSB

Specific theories can suggest new signatures to explore. LLPs are well-motivated in many BSM models (due to weak
couplings or small mass splitting).
Results are presented for representative benchmark scenarios, giving the possibility to reinterpret in a different model.
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Unconventional SUSY models

Disappearing tracks: Search for long-lived particle decaying within the inner tracker

\ \ naltracklet
. MET trlgge.r to selef:t events with - | : ) \ B Not reconstructe ;
jets and ‘disappearing = ‘ 4
tracks’ ( due to suppressed _ \ \t\r
interaction or low- o\ M
PT) Y. @
» ‘Disappearing track’: 4-hit pixel el %rim
tracks with no hits in the silicon ‘ _ .
traker (SCT) and < 5 GeV of Targets very compressed SUSY scenarios (...and various DM models)

energy deposits in calo dR < 0.2

Rare SM back ds f + +. 0
* Rare ackgrounds from ~ T

IroLnEs Yy > Y o ¢
charged lepton scattering and s s p M AN

combinatorial fakes leaves hits MET -

Electroweak (EWK)
Eur. Phys. J. C 82 (2022) 606 production
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https://www.sciencedirect.com/science/article/pii/S0370269320303063?via=ihub
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/SUSY-2018-19/

Disappearinaga tracks

~ ~0 + F . . ~t ~0 ~+ 0 —+ F . . .
X, X,» X, X, production (wino) tanB=5u>0 X, X, X, X,» X, X, production (higgsino)
—10 ! ! RN ! oo IR ! ! ! 4 ~—10 | ! | | | | [ | I | ! | !
» UL | | . | . | . n ' VE | | L | -
= L RN N - S -
N | : [ :
e 3 - ® 3L _
2 B ' | 2 B y T
= ," = 1 E -
0.3F.. ‘,,x"’l, ” . 0.3 I 1
02k , ---------------- T P - 0.2F ATLAS Preliminary -
- ,\" _ -1
0.1} ATRAS Preliminary — 0 s =13 TeV, 136 fo
:-"’ d \/g 13 TeV. 136 fb1 ] - Observed 95% CL limit (+1 o, . ) a
- ol ’ 7 . = = = = Expected 95% CL limit (+1 o, ) -
0.04 . Observed 957 CL limit (+1 o, ) _ 0.04 -+=:=.- ATLAS (13 TeV, 36.1 fb™', EW prod. Obs.) |
0.03 ‘ == == Expected 95% CL limit (+1 Oexp ) - ' . Treiea, . EEEERE Theoretical line for pure higgsino
g SCIET ATLAS (13 Te/, 36.1 fb™", EW prod. Obs.) 003" ., "~ LS -
0.02 LI ATLAS (8 Te\f 20.3 fb™!, EW prod. Obs.) | 0.02 |
EEEEEE Theoretical lifle for pure wino
0.01 I I TR N TR NN N SR SR (NS S SR N N 0.01 | T T T T T
200 400 600 800 1000 ' 200 400 600 800 1000
m(x,) [GeV] m.) [GeV]
1 1
Exclusion for 660 GeV wino, best limit for Exclusion for 210 GeV Higgsino, best limit for
wino-like neutralino (460 GeV in early Run2) higgsino-like neutralino (155 GeV in early Run2)
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https://www.sciencedirect.com/science/article/pii/S0370269320303063?via=ihub

Outlook

Long-lived particle searches have been so far discontinuous in ATLAS: from the portal
framework we can identify benchmark models for a systematic investigation of the hidden
sectors

A snapshot of the most recent results from ATLAS have been shown, but many more analyses in
progress using the full Run-2 dataset

Run3 with a larger dataset and new exciting improvements will enhance the discovery potential
for Long-lived signatures

_ ATLAS Preliminary (March 2022) 13TeV, 36-139 fo’ Hidden Sector, m, = 125 GeV
— e 4 *s . : Selected ATLAS results
95% CL observed limits

Searches:
—.— Muon System (2 Vtx Only), 139 fb™"

T 11T
[ 1 {1111

B(H—ss)

Many unexplored synergies and overlaps across
searches that could be exploited
* Harmonise common models where possible or L Y- ] — e sysem s
promote multiple interpretations 3= | S Rl
» Encourage combinations and summary plots to I
spot uncovered regions

107"

..................................

arXiv:2203.00587

—..— Muon System (1 Vix + 2 Vix), 36 fb™
Phys. Rev. D 99 (2019) 052005

—.— Calorimeter, 139 fb™"
arXiv:2203.01009

|| IIIIIIr

JHEP 10 (2018) 031
- -- Monojet, 139 fb™’
................................................................................................ ATL-PHYS-PUB-2021-020

_3 —
10 : —-| - & - H-inv, 7-8-13 TeV combination

ATLAS-CONF-2020-052

LLP masses:
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