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Introduction

» While searches for new physics have observed no hints of
signal to date, there are reasons for optimism including
" Ever-increasing size of the Run 3 dataset
= Development of ever more powerful analysis techniques

> This talk focuses aoea W Griees” L\
multitrack vertices v -
on rece nt ATLAS ’ 3 l ?{?Dnn—gg:Tn::g;gphnmns

results testing new
physics models

that predict P ¢

flisplaced leptons,
lepton-jets, or
lepton pairs

‘ emerging jets
\ i trackless,
i low-EMF jets

unconventional _
quasi- table_

detector

signatures

l

Kenneth Johns, University of Arizona PHENO2025



Search for Displaced Heavy Neutral Leptons

» Physics — Type-1 seesaw models of %

neutrino mass that predict heavy pw -
neutral leptons (HNL) wr \

= Both single flavor HNL (1SFN) and two
nearly mass degenerate HNLs (2QDH)  displaced

scenarios are considered I v,

» Signature — Prompt lepton plus a pw

N
N \\\ W+*

IS

displaced vertex, either £€ or fn

Wt R
» Unconventionality — Significantly N —
improved large radius track (LRT)  displaced
reconstruction - .
B

arxXiv:2503.16213
arXiv:2204.11988
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Displaced Heavy Neutral Leptons Analysis

» Signal and control region (CR) definitions

" Leptonic channel3\ Semi-leptonic chanmielg

40 < Mepr < 90 GeV 70 < Mpepnr < 90 GeV
Signal Region (S R) 2 isolated displaced lepton 1 isolated displaced lepto
b-jet veto b-jet veto
M\f M\f
Heavy Flavour CR (C R) > 1 non-isolated displaced lepton 1 non-isolated displaced lepton
> 1 b-tagged jet > | b-tagged jet
. low myep region: mepp < 40 GeV low myp, region: mep, < 70 GeV
Sideband CR (S B) high m¢gp region: meee > 90 GeV high m¢g, region: mee, > 90 GeV
low mee region: meee < 40 GeV low meg, region: mee, < 70 GeV
Relaxed Sideband CR high mgee region: meee > 90 GeV high m e, region: mee, > 90 GeV

( S B) no displaced lepton isolation requirement no displaced lepton isolation requirement

= Main backgrounds are heavy flavor (HF) decays and QCD multijet
production

" For HF, estimated using Monte Carlo and fit in the SR and HF CR’s
" For multijet, estimated using data using the two SB regions

Kenneth Johns, University of Arizona ENO2025



Displaced Heavy Neutral Leptons Analysis

» Results from background-only fits in control and signal regions

>—Il[||r-]r||r]|r.|[| >15_\l|\\\\\\I\‘l\\l‘ll\\_ E—""|"" LN A L
& | ATLAS ¢ Data & L ATLAS ¢ Data | § | ATLAS ¢ zata . |
0 [6=1TN 0N Wy | [S=1OToV 0w B e G - roTev 0! S Rt |
BE‘){)——p-tsm, HF Control region Uncertainty _:5 i p-em, Signal region Uncertainty i | u-ll, Signal region Uncertainty
E - E1O | L — my =3 GeV
> b St - my=75GeV |
l.IJ4|[-J L --my=12.5 GeV |
20 |
Sl Al & _ i
1 2 ? 4 X 1 2 3 4 5 0 5 10 15 20
I GeV .
Mass of displaced vertex %Vl \jass of displaced vertex [GeV] Mass of HNL [Gev]

" No significant excess observed, proceed to CLlimits

Signal region gy — pr p—em €~ um €—en Signal region u— Lt e— €L

Heavy flavour 8.1 +1.3 11.7+x15 65+13 74+1.1

Heavy flavour 10,6 £1.5 125% 1.7
Fakes 20+ 4 10.5+28 15+4 15+ 3 Fakes 11+15 52+28
Total bkg 284 22129 22+4 22529 Total bkg 11.7+2.1 17.6+209
Observed data 18 15 17 16 Observed data 15 25
Kenneth Johns, University of Arizona PHENO2025



Displaced Heavy Neutral Leptons Results

» 95% CL limits are set for the two different mixing scenarios
and different mixing values for Majorana and Dirac HNL

— 1072E T T I T T, 1% T T T I T T T | T T T ‘ T T T [ T T T I T T L= | L\I_Z 0*””' I h o I T I I# QS%CL“mit
x" E E =~ 10° ATLAS Preliminary 3 —— Observed
- Eos 1SFH: |UF (0,1,0) 3 = E . y i I Expected
S R 1SFH: [UE (1,0,0) . 1 e ) Prompt 20+ > 2 jets
<107 & L, 2QDH: |U[7 (0.33,0.33,0.33) 3 107 = S = T JHEP07 (2015) 162
Rt 2 2QDH: |UF (0.06,0.48,0.46) 3 = E Vs =8TeV, 203 fo"
=) o= N, N = y; B Prompt 3¢
= 4 X P, 1072k — —— JHEP 10 (2019) 265
i 107 % ", E g E Vs =13TeV, 36.1 fo"
o o , 3 - . VBF Same-sign 2¢
L - Shon, A o -3 T
o C G, ] 1073 - EPJC 83 (2023) 824
= 10 — = 3 Vs =13TeV, 14017
N E RO L, 3 - e — tf Same-sign 2¢
oy E 3 104 - —— PRD 110 (2024) 112004
=) F ] 3 3 VE=13TeV, 140 o'
- A0 L o T e s E = g - Displaced tracker
o F ATLAS el e 3 105 ; — — arxiv:2503.16213
= C Vs=13TeV, 140 b’ ] - 17 Vs=1aTev, 140
= = , 140" e ] c E
~ —7 ; sl 7] Other Experiments
10 E Majorana a 1076 = CHARM, PLB 166 (1986) 473
P RN BRI BRI R R R B R E 3 DELPHI, ZPC 74 (1997) 57
B \ ] NuTeV, PRL 83 (1999) 4943
2 4 6 8 10 12 14 10-7 L . ‘ ‘ . BELLE, PRD 87 (2013) 071102
10° 107 102 10° 10
my [GeV] mn [GeV]

» This measurement provides improved sensitivity to low My,
values compared to the previous ATLAS search owing to LRT

tracking improvements ArXiv-2503.16213
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Search for s-channel Semi-visible Jets

» Physics — Models of a dark sector
in Hidden Valley theories

= 7'mediator produces a pair of dark
quarks

= Dark hadrons produced in
hadronization can remain dark
(invisible) or decay into SM particles

(visible) controlled by R;,vishie
» Sighature — Resonant s-channel
production of two semi-visible jets

» Unconventionality — Missing E;
aligned with the jet axis

Kenneth Johns, University of Arizona PHENO2025

dark quark x g =

visible particle

arXiv:2505.01634



https://arxiv.org/abs/2505.01634

Semi-visible Jets Search Analysis

» Two analysis approaches

= Supervised Machine Learning
(ML) (Particle Flow Network or
PFN)

= Semi-supervised (Anomaly
Detection or AD)

* Transverse mass my (two jets

and ET5S) is the discriminating
variable

" The main background is QCD
multijet events, and the shape is
determined using a data-driven
functional fit

Kenneth Johns, University of Arizona PHENO2025

control region
definitions make use of

sub-leading jet width

(Wj,) and ML scores

» Signal, validation, and

Variable

Preselection requirements

Nijets >2
Niracks (jet) >3
N]cp =0
prji1(Jj2) [GeV] > 450 (> 150)
Ad (J1. J2) >0.8
mii ,fz| <2.1
Ay <2.8
EMSS [GeV] > 200
mt[GeV] > 1500
SRpen | SRap | VRpen | VRAp | CR
Wi, > 0.05 <0.05
PFN score > (0.6 - < 0.6 - -
AD score - |207] - |<07] -




Semi-visible Jets Search Analysis

> Particle Flow Network

= Classifies between semi-visible jets and SM jets

" |nputs are six features of tracks associated with leading and
sub-leading jets (up to 80 tracks for each jet)

aras | v

D ]
? el < | VS =13TeV, 140 b1 waeaco ;:
} ) e —-—- mg = 4000 GeV, Rjyy = 0.2 =]
@v@v@vb 1
i 7 7 ? 107 Fs —--= Mz = 2500 GeV, Riny = 0.6 R

Olvav; 2\vav; Davavs Dy O
N T AV S ave
mgg.;ﬁg,:;'gll
Y N

v

. Y YV P

()G Lo
Vi BN Y
A

Y
o

0.0 0.2 0.4 0.6 0.8 1.

N ygﬁg&%@g&:\:&g&:&e F5FN score

Step 2

K/
AT 020

Variational Auto-encoder
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Semi-visible Jets Search Results

» No excess of events is
observed in the transverse
mass distribution using either
PFN or AD strategies

95% CL upper limits excludes
m,from 2000 to 3200 GeV
for R;,,, from 0.37 t0 0.2

T T
—e— Observed
== Expected

| ATLAS
F Vs =13TeV, 140 b~!

S

I SRpen: Riny = 0.2 I Expected 1o
al Expected +20 |
—— Theory prediction

95% CL upper limit on o B [fb]
>
95% CL upper limit on o B [fb]

o  Semivisible jets s-channel

4000 4500 5000
mz [GeV]

2000 2500 3000 3500

Entries / 50 GeV

Data - Fit

1 L B S B
10’k ATLAS t Daa
- V5 =13 TeV, 140 fb~! —— Background-only fit
4 I i
10 (x) = pa(1 = X)paxPs * i+ peln’x
SRpey: p-value = 0.26
103 s X2/ ndf =1.09
10°F
10'F
10°F
107" :
L LA L N S B A AL R
2r ]
= | ]
5 of
o | 1
-2 ]
i i 1 n i M n 1 i M n n 1 M n L i 1 n L i i
2000 3000 4000 5000 6000
my [GeV]
ATLAS | e otserved |
E VS =13TeV, 140 b! --- Expected

L SHDFNZ Rinu = 04

Im Expected *10 ]
Expected #20 |

R;,,, is the relative amount of invisible energy

Kenneth Johns, University of Arizona

10 _ —— Theory predicticn_ﬁ
10°F
10 3
0 : Semi-visible jets s-channel
10°F
2000 2500 3000 3500 4000 4500 5000
mz [GeV]
arXiv:2505.01634
PHENO2025
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https://arxiv.org/abs/2505.01634

Search for (Displaced) Emerging Jets

» Physics — Dark QCD models with
resonant (Z') and non-resonant (bi-
fundamental mediator ®) production
of dark quarks

* Dark mesons produced in hadronization

with weak coupling to the SM will acquire \gy
longer proper lifetimes
» Signature — Large R dijets with Tk
displaced vertices @
» Unconventionality — Jets containing i P io

displaced vertices

arXiv:2505.02429

Kenneth Johns, University of Arizona PHENO2025 11



https://arxiv.org/abs/2505.02429

Emerging Jets Analysis

;_ A TILAIS T T T T T I+ Sa‘ta T

@2 10 ]
» ML-based approach uses a I e A
. . c £ high-mj; preselection = 5mm
transformer jet tagging g e = 1500GeV, m,,=10GeV o —somm
algorithm i oo

| g==— " I
= |nputis jetn and 15 track | G WS o
variables for up to 200 associated 7} & |5
tracks o R
e e 8833882888 38 8 ¢

Jet classification score pg;

» Background from SM jets is
estimated using mistag rates
determined from data in CR

| Low-m;; VR tag High-m;; VR tag

Pred. | 174 +42 (syst.) 29+ 16 (syst.
» Rates are calculated o ISS(SyS ) 31(sys )
differentially using jet p; and : -
jet prompt track fraction (PTF) prF= ”“C"E:’;:;-Zm
T
12
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Emerging Jets Partial Run 3 Results

» No significant excess observed above expected background

Prediction (+ stat + syst)

Observed yield

Systematics generally

less than 20%

s

arXiv:2505.02429

Strategy Region
High-m ; ;
Ji
Cut-based
LOW-mjj
High-m ;;
ML-based !
Low-m i
E ATLAS —— Obs. limit (ML-based)
= Vs =13.6TeV,51.8fb~1 === Exp.limit +1c (ML-based)
-5 a| M, =10GeV,gq=0.01,g4,=0.1
10
10°
10’
10°

750 1000 1250 1500 1750 2000 2250 2500

CATLAS

LVS =13.6TeV, 51.8fb~!
my, =10GeV, €Ty, =50 mm

T T
—4—  Obs. limit (cut-based)
== Exp. limit #1¢ (cut-based)
—e— Obs. limit (ML-based) ]
== Exp. limit +10 (ML-based) 1
g,=0.005,g,,=01 |
—— gq=0.01,g4,=0.1

95% CL Upper Limit on a(pp = Z') X BR(Z' = qpqp) [fb]

[1 . 1 P L . I . L T
500 1000 1500 2000 2500 3000 3500

95% CL upper limit on o(pp = Z’) x BR{Z' = gpqp) [fb]

mz [GeV]

Limits as a function of myr and ct,p My’ is excluded up to 2.5 TeV

Kenneth Johns, University of Arizona
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Search for Displaced Jets in the

Muon Spectrometer

» Physics - Scalar portal models including
Hidden Valley, baryogenesis, axion-like
particles (ALP), and dark photons

» Signature — One displaced vertex in the f
Muon Spectrometer (MS)

» Unconventionality — Dedicated vertex
reconstruction algorithm in MS

Phys. Rev. D 106 (2022) 032005 arxXiv:2503.20445

Kenneth Johns, University of Arizona PHENO2025
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Displaced Jets in the

Muon Spectrometer Analysis

» Vertex reconstruction uses MS track segments to

form tracklets, which are then used to find vertices
0 N (N AT P

MDT-outer

MDT-middle

racklet . o

e

JINST 9 (2014) P02001

Selection Barrel Endcaps

Hmis = 40 GeV Selection Barrel Endcaps
Emiss > 20 GeV EF > 40 GeV

Number of muon segments in the outer MDT station =15 = 30 Isolation from high—PT tracks (py > 5 GeV) AR = 0.1 AR = 0.1
Isolation from high-pr tracks (pr > 5 GeV) AR > 0.8 AR > 08 Isolation from low-pr tracks (EpT(AR < 0.2)) Epr <5GeV Zpr < 5GeV
}:g};::g: §;§$J::_P 7 tracks (Zp1(AR < 0.2)) ETR(;»SD(.};V ZTR(}SO%V Isolation from jets AR > 0.1 AR = 0.1
NN1. NN2 > 0.5.0.5 > 0.8.08 NNI1, NN2 >0.2,0.1 =0.2,01

= ALP and dark photon channels additionally require
opposite-sign, same-flavor lepton pair with Z mass

Kenneth Johns, University of Arizona PHENO2025 15
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_\ _\ _
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895% CL upper limit on (ﬁfﬁqu} “ By
=
L

1077

1 0-’-
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Kefnneth Johns,

Displaced Jets in the

Muon Spectrometer Results

» The background from punchthrough jets is estimated using the
ABCD method with two independent Neural Network scores

muon Rol channel

single lepton channel

Redion observed expected observed expected
9 Na Ns x Ne/ Np NA Nsx Nc/ Np
Barrel 245 241 +18 (stat.) + 6 (syst) 0 6+ 7} (stat)
Endcap 31 46 + 2 (stat) + 9 (syst)) 4 2 + 7 (stat)

F {5=13 TeV, 140 fb!

E B =0 1%

- ATLAS
E mym, =[12535] GeV

Exp +i5,, Obs. Channd
—  TwoDV

— One DV

— One D\.I'+MODV
ul s

95% CL upper limitonox B, _, g [pb]

10-‘ 1 10 10’-

103 10

Scalar proper decay length (ct) [m]

BR for SM Higgs
> 1% are excluded
[rom 0.05 to 40m

iversity of Arizona

10

10°*

m, = 40 GeV |
ATLAS This work E
15=13 TeV, 140 " —— JHEP 11(2024) 036
Obs. (solid) & Exp. (dashed) —— pRL 133 (2024) 161803
10 10 102 107 1 10 107 10°

ALP proper decay length (c<) [m]

Z + ALP limits are the

forct>0.1m
PHENO2025

95% CL upper limit on o x Bzﬂf.f [pb]

o |\ . 3
10g =
15— —=
10—15_ ,,,,,,,,,,,,,, —
E M- My, [GeV]
C — 125,5
10—2:_ ATLAS 125,15 —
E {5=13 TeV, 140 i’ 250, 50 3
[ Observed limt e 250,100
10—3 Lol L vl Lol Lol L
107" 1 10 107

Dark photon proper decay length (c<) [m]

Z + Dark Photon limits
most stringent in ATLAS  for decay into fermion

arXiv:2503.20445 pairs
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Conclusions

» Recent searches for new phenomena of heavy neutral
leptons, semi-visible jets, emerging jets, and displaced
jets in the Muon Spectrometer were presented

» Time was too brief to cover other recent unconventional
searches
= Weakly-supervised anomaly detection arxiv:2502.09770
= Search for long-lived particles with Pixel dEdx and low beta or
two highly-ionizing tracks arXiv:-2502.06694
» The large Run 3 dataset and new analysis techniques may
discover or extend the limits of searches for new physics
with unconventional detector sighatures

Kenneth Johns, University of Arizona PHENO2025 17
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Semi-visible Jets Search Analysis

» Semi-supervised ML (AD)

" Broadens signal coverage

III

= |dentifies “abnormal” events in the data

" PFEN first creates a permutation invariant space basis that is then
input to the variational encoder in Step 2

assifier E o o L e e o e L B e s o e O
2 o2k ATLAS ing
3 6.@@«@@ < Vs et o e r a1
" 3 3 > 1 i ]
% ‘k"j‘\"‘l‘\}'{l.}{l 1074 D 2500 GeV, Riny = 0.2 o gl;lzoz%gggzz’ T§=0.03ns
{ N I A o omze= eV, Riny = 0.

0 Gluino R-hadron

e“@‘g&‘fggé“%o’/'@ 10 F— mz =4000GeV, Riny =06 —— mj;=3000 GeV, T5=0.03ns —
A A A g S!S —

’ V‘\?/A?/‘\@

e —{—(D)
NN TN TR TN
OHCH RO DR

e\")@t"ﬁ@\“ﬁ@t"ﬁ@\“ﬁ@t"ﬁe

()
O O ON©
ncoder /\/\/ Q/ e/ @/‘\P

A
7 N
19/ SV, Adi»:w;;

AD score

' /
o

, @‘@‘\@‘\ A ‘\ .
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Semi-visible Jets Search Results

> No excess is

%105:.4(71'44(8.”' I1'l3ataT— 2-101:- : ATLAS E
. . VS =13 TeV, 140 b1 —— Background-only fit 1 : VE=13TeV, 1401 7
observed in either g, wr-ptmmen | 2| |
: g ol Sepiie-oze | = [Ty s
the supervised (PFN) ¢ v g 10} [ ey
. . 5 ol g |
or semi-supervised  * g L
10 32 10 L v |
(AD) ML approaches | 3 |
o
» fe! :
» 95% CL CL.upper R B0 e
. . S pp p I “ 1’@:@\:@%,;%&;% Injected signal
limits excludes %,y %,
%, N 2 ‘«3 S,
: R
mZ ’from 2000 to 2000 3000 4000 5000 6000 %"o,,, "c?o:‘qo@

3200 GeV mr [GeV] % %

||||||||||||||||||||||||||||||||

£ 4 7A'TLAS I ' —e— Observed E 10k ATLAS —e— Observed
m 10 V5 =13 TeV, 140 1b~! ---Expected m 0 V5 =13TeV, 1401~ -=-=- Expected
b SRern: Riny = 0.2 I Expected 10 o) SRen: Riny = 0.4 B Expected 10
C 3 " Expected +20 c 3l Expected 20 ] I'LAD
_S 10°F —— Theory prediction 3 _g 10 —— Theory prediction > S h OWS t h e A D
E E
E E UPFN
g 10 F 8 10
& 5 performs better for
310k o0 .
O 10 (_2 . .
g 3 It t |
% 100 L Semi-visible jets s-channel 8 100 L Semi-visible jets s-channel ] a e r n a |Ve S I g n a
5000 2500 3000 3500 4000 4500 5000 2000 2500 3000 3500 4000 4500 5000 mo d e I S

mz [GeV] mz [GeV]

R;,y is the relative amount of invisible energy arXiv:2505.01634
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Displaced Jets in the

Muon Spectrometer Analysis

» Primary background is » Background is estimated using the
vertices from punch-through ABCD method two uncorrelated
jets NN scores as variables

A*TLAS Vs =13 TeV, 140 {5’ Bar;gl ”
Big activity 2 o Izo £
pointing to 088 s s 1" s
the IP e e 3
Fake DV o = .
;l'LA(; S EO: 130:9\2'?.‘?400;’ o 1Endcapm
z 0.95— B A lm%
ok > N

Kenneth Johns, University of Arizona PHENO2025 NN1 21
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