iversity

e ATLAS Collaboration

Run: 338480
Event: 833131394
2017-10-18 04:29:01 C
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Long-lived particles

* While the SM is the best description we have so far of the laws of nature, we need BSM
physics to help answer many open questions

* Many BSM searches are underway at ATLAS and other experiments

* However, no new physics has been found

* Time to be creative, and make sure we are looking

everywhere

* Most BSM searches are for prompt physics
* In fact, there are many long-lived particles in the SM
* Naturally arise in many BSM models as well, important

part of the phase space

Particle Mass m [MeV]

* Hidden sector models - SUSY - Heavy neutral leptons -
dark photons - Axion like particles

* This can come about due to small couplings with the SM,
small mass differences, highly virtual mediators...

2
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q

° R-paqrity violating SUSY, both electroweak and

strong scenarios

‘ )?(1) long-lived due to small coupling, 1”

* Use multi-jet triggers, multiple high pr jets

DV Reconstruction Efficiency

. Displaced hadronic

-
N

—h

0.8

0.2

vertices '

0.6‘

0.4F

-« ATLAS Simulation B
- Strong RPV: m(g) = 1800 GeV, m(%,) = 850 GeV,t=1ns - P
—e— Standard Tracking —
—4— Standard + LRT i

*ﬂ ﬂw | E
i

L 1@

* Key objects: reconstructed displaced vertices including

displaced tracks
* Key selections:

* Material veto, mpv > 10 GeV, and nyx 2 5
* Two signal regions - high pr jets and trackless jets

~ 100 150

* To target strong and electroweak scenarios, respectively

arXiv: 2301.13866 - displaced hadronic vertices
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[ o o 8 . ATLAS High-p_jet selection  {s=13 TeV, 139 fb"
Dlsplaced hadronlc vertlces E 10 ?TIEC.)TQTRPSG rrr1]s~)m(>rf)4Tg(\)/GeV ;;;; I[:litﬁsive background
g 0% r=0tmmi) =200V Fadon perons
* Main backgrounds hadronic interactions with detector o1 , —»
material, accidental crossings, merged vertices I E
= | T E
* Data driven background estimation ] Mnm—. — :
n backgre R
* Probability of finding DVs measured as a function of jet R %

properties - weight assigned to track-jets - estimate Nevents ° 2 * © ° 1 12 1 © 2
with a DV in the SR )

One event found passing selections - consistent with Py

— qqq)
" - ecirowea , —)~(1)~;-',~1—) < 2000_" ! Illlllll L I IIIIIII| I IIIIIII| I IIIIIII|_
background estimation _ o mteo it > : T I
IS ATLAS 3 18001 ATLAS == Obs. limit (1 0jpc0.) -
® . . . g Vs =13TeV, 139 fb! Solid: observed I_olxv C Vs=13TeV, L =139 fo” = Exp. limit (1 0gyp)
Exclusion limits set on £ .l gl E
i | % T(%1) =1
mass and lifetime for ¢ o) Zotns
. O il T(x ) 0.01 ns _ |
electroweakino and S 1 . brediton + 10

gluino pair production
models, m(y;) up to

1.598 TeV for 1= 0.1 ns 10906 7000 1700 1200 1300 1400 1500 1600 1700
m(x1) [GeV]

—h
<
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arXiv: 2301.13866 - displaced hadronic vertices
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Front Layer

Here, LAr Calorimeter
proportions have been
stretched horizontally 4x

Secondary
Vertex (SV)

4
4
/4
/
U
4
/

p’/ VR
Primary / LLP
Vertex (PV)

z=0

Beamline (z-axis)

|
<

»
-

Vz

Di-photon trigger

Only EM calorimeter info - y and e-
final states look equivalent

Photon signature sensitive to electrons

Trajectory based on shower shape — find vertex origin

Resolution down to 10 mm!

Key variables: photon timing, trajectory

* SR - high E™ and at least 2 trigger matched photons

arXiv: 2304.12885 - same decay

Dlsplaced photons

2f GomsB
; Pair produced LLPs

14
LSP
Ri | R,
T~ LSP
LSP i Tl
NLSP T
)" AN

0 Zpy Zy VA >
[P | >)

| AZy |

Associated production - single lepton trigger

Also exploited EM calorimeter info for precise pointing
and timing measurements

|dentify delayed, non-pointing photons

* Key variables: photon timing, trajectory
Two signal regions, ==1 and = 2 photons

Low and high Am = mnLsp - mrsp selections

* lIsolated photons, 21 lepton and high ET'**

arXiv: 2209.01029 - different decays
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Non-collision background (cosmic rays,

beam halo) and mis-identified objects

expected as background

Background estimation also from
templates of photon timing

No excess observed and limits set as a

function of mass and mass splitting

* Main backgrounds - mis-reconstructed or fake photons )
* Fully data-driven background estimate
* Templates of photon timing shape from control regions
* Data in agreement with background prediction
* Limits set on cross-section for di-y; production °
S L L L L B B B S E—g—ReaIenhancedtemplate
= [ ATAS e Qe S e ok 13 TeV, 130"
1{-? i B Expected + 10 _6 - - mNLSP mll:gli = 6005 ?O)
109 . s [ NLSPmLSPr) = (60,50 2)+ .
: 10 % Sy ™
§ E :‘:n,':'E *
102 §10_2;_ -:-I: $ o Dby
100 - - 10—4;_ 4 —i—’ 5 -
TT100 200 300 400 500 600 700 800 ; * _iir?* Li *
m(%{) [GeV] 1078 g At

arXiv: 2304.12885 - same decay
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arXiv: 2209.01029 - different decays
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arXiv: 2305.02005

~ Microdisplaced muons
- pair produced 3

sleptons (NLSP) decay p ) : )
to lepton + gravitino - G
Targets prompt - long lived ‘/;L\t ;
gap in coverage p

Event selection a

* Di-muon trigger - no impact parameter cuts
* Two oppositely charged muons passing requirements
Main SM background from b-hadron decays bb — u—u™

Extended ABCD — |do| of (+)u vs (-)ud, split by invariant mass into 3 overlapping regions

Muon Requirements

Trigger matched

In| <2.5

Quality cuts + isolation

do > 0.1 mm

No cut on zo

My > 110 GeV

Threshold m ;+ - Additional cut

Set of Regions | Lower displacement region | Higher displacement region
1 0.1 < |dpl < 0.3 0.6 < |dp| < 3 mm
2 0.1 <|dyl <0.3 0.6 < |dy| < 3 mm
microdisplaced muons 3 0.1 < |do| <0.3 0.6 < |do| < 1.3 mm

200 GeV
140 GeV
125 GeV

AR+ ,~ > 3 rad.
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Microdisplaced muons - -
background estimate was validated in 5 different VRs =

for each set of regions
* No excess observed beyond predicted backgrounds 10
* Region 1 provides best sensitivity, used for fit

ii—-uGuG T 05E
4 s E
w 1 O :Et | | L | 1Tl | 1Tl | L | 1Tl | 1Tl | IIIIIIII i Igl Z-O = O E
- - ATLAS Preliminary . — 106 o05E
 — B PR Expected limits = E =
e o1 03 E_\E=13 TeV, 139 1b —— Observed limits - —
= All limits at 95% CL <410° 5
= Slepton Signature =
10°E Displaced, PRL 127 051802 (2021)
E Intermediate, this work = 1 04
10L Prompt, EPJC 80 (2020) 123 .
E E 103 ®
1 -
E = 102
107" -
-2 /\ _§ 10 o
10 E _
=1 : :
10k ; vertices, Jets
=107
107 -
Prompt
| 1 | L 1 1 1 | L1 11 | L1 11 | L 1 1 1 | L1 11 | L1 11 | L 1 1 1 | L1 11

100 200 300 400 500 600 700 800 900

| o m(E ) [GeV]
arXiv: 2305.02005 - microdisplaced muons ’

__{s=13TeV, 139 b

Set of Regions 1

— T T [ 1 T T
~ ATLAS Preliminary

e

Set of Regions 2

¢ |Observed Data

NNNNN

~—— | Expected Bgckground

| @

Lt

Set of Regions 3

v4 v5 v v7 v8 v4 Vv6 v6 Vv7 v8 v4 Vv5 v6 v7 v8

Region

smuon lifetime down to 1 ps and mass up to
520 GeV excluded at 95% confidence interval

Model independent - no requirements on Em',
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: /dx q
p 7 S ——————————— 1 *1Z°
Vou g . . ]
K | Multicharge particles | >V\NV\AM-<
R L > ) G o . . x a e
B p N Particles with charge |q| = z*e, 2 < z <7
¥

®* Many theories predict multi-charge particles

(
Heavy, long-lived singly charged particles ®* AC-leptons, technibaryons, Goldstone bosons...
* Long-lived charged SUSY particles - high . L
onization ®* Long lived — muon like signature

: : miss :
* Use E™ triggers and additional cut offine  ° Sindle ¥ Et™, and late-y triggers

* Isolated, central tracks with high pr and * High dE/dx — slower particles — do not always
large dE/dx fire single muon triggers
* Key variables: ® One track within TRT, p~/z > 50 GeV
* Truncated dE/dx in the pixel, mass ° Key variables
calculated as p/By * S(pix dE/dx), S(TRT dE/dx), S(MDT dE/dx),
. TRTAT

arXiv: 2205.06013 - heavy charged particle arXiv: 2303.13613 - multicharge particle
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High dE/dx

* Main background hlgh PT, |solated tracks with high
dE/dx

Slight excess observed, not consistent with slow

particles

* Local (global) significance 3.60 (3.30)

* 7 events seen - all checked by multicharge particle
search - none pass fuII S|gnal selections

10°g T | |

> =
(053 105 ATLAS \F 13 TeV, 139 fb™ ;
o . = SR-Inclusive_High pr*>120 GeV, i < 1.8 =
S 10 E m(@) = 22TVrmX)-moe\/ @ =10ns E
— 1 03 _g - i' : m(X1) 1.3 TeV, (Xl) + Observed E—
—~ = .- m@ = 400 GeV, 1@ = =
g 1 02 ;_ — Expected _;I
= 5 C
c 10k 5=
LLl 1 = ' E O 3
1071 g -
1072 H I P :E";
10_3 : :1;-I ] ] ] ] ] iJ | ] ] I ] ] L L__L L [ L LJE L LE_
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& 1 § | | * ) =l
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arXiv: 2205.06013 - heavy charged particle
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107°

10—6_| ] | ] | l

* Main background from high pt muons
* Background estimated through ABCD

' Multicharge particles

* Exploit S(MDT dE/dx) and TRT

variables

* No significant excess found
* Exclude masses 500 - 1060,1600

GeV
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B(H->ss)

* Very exciting LLP search program at ATLAS
right now

Run 3 and onwards

ATLAS Preliminary (

1

1072

* ATLAS began collecting run 3 data last

summer
* Already 36 fb-' of 13.6 TeV data collected R

* Second year of data taking will begin soon

HLT Efficiency

* New and improved large-radius tracking
algorithm implemented

* New long-lived particle targeting triggers
Included

* Looking forward to new results run 3 will bring

[

10—1 :_.E ..................................................... : = arXiv:2203.00587
= - Muon System (1 Vix + 2 Vix), 36 fb™

ATL-PHYS-PUB-2022-007

March 2022) 13 TeV, 36-139 fb”' Hidden Sector, m, = 125 GeV
I1'|_I_I'I'I'I'I'I1'|_I_I'I'I'I111'|_I_I'I'I'I'I'I'I'| ||||||I'I'| T 1 |||I1'|:|||||

: 3 Selected ATLAS results
*i o 95% CL observed limits

: —| Contributing searches:
Muon System (2 Vix Only), 139 fb™

Phys. Rev. D 99 (2019) 052005
Calorimeter, 139 fb™’
arXiv:2203.01009
Tracker+Muon System, 36 fb ™
Phys. Rev. D 101 (2020) 052013
Tracker (LRT), 139 fb ™
JHEP 11 (2021) 229

e Tracker (b-tag), 36 fb™
JHEP 10 (2018) 031
Monojet, 139 fb™’
ATL-PHYS-PUB-2021-020

m H-—inv, 7-8-13 TeV combination
ATLAS -CONF-2020 -052
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. ATLAS Simulation Preliminary |

- Vs=13 TeV

V  Standard pT>26 GeV ]
A LRT p_>26 GeV, Id I>55 mm
O Combined

i ) i
A AR pha
¢:

Rol Electrons: p, > 26 GeV, IdOI > 5 mm-
(Standard HLT tracking: IdOI <5mm) |

HLT Tracking public results
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In summary

Search Final state arXiv Paper public

Displaced hadronic vertices DV + jets arXiv: 2301.13866 1 Feb 2023

Displaced photonic vertex Di-y or di-e- DV + MET arXiv: 2304.12885 25 April 2023

Displaced photons 1, > 2 displaced y + leptons + MET arXiv: 2209.01029 2 Sept 2022

Displaced muons 2 displaced muons arXiv: 2305.02005 3 May 2023

Heavy charged particles Track with large dE/dx arXiv: 2205.06013 12 May 2022

Multicharge particles Track with large dE/dx arXiv: 2303.13613 23 March 2023

* Thanks for listening!
* Any questions?

12
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*Precision tracking (|n| < 2.7) and triggering (|
n| < 2.4)

*MDT

* Precision tracking in the barrel and
endcaps

* 2 multilayers (MLs) of tubes per chamber
* Limited ¢ precision
*CSC
* Precision tracking
Forward region
‘RPC
* Barrel, triggering and ¢ measurement
*TGC
* Endcap, triggering and ¢ measurement

15

The muon spectrometer (detail)

https://iopscience.iop.org/article/10.1088/1748-0221/9/02/P02001
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* Tracking of charged particles within
R<~1m,|z|<~3m,|n| <25

*Pixel, SCT, [n| < 2.5
* Silicon detectors
* Precision tracking
* 3-D points (pixel) and space points

The inner detector (detail)
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EWK RPV: m(3) = 700 GeV, t = 0.1 ns

10 [ . S

, ATLAS
Vs=13 TeV, 139 fb™

’ Trackless jet selection |

40 9 2

20I2I | |

20 30
DV r.'Tracks

2 3 456 10

arXiv: 2301.13866

10

107"

Displaced hadronic vertices

* mpv VS DV ntracks fOr trackless jet (electroweak) and high-pT jet (strong) signal regions

Number of vertices

Strong RPV: m(g) = 1.8 TeV, m(;”{o) =200 GeV,t=0.1ns

< 10° "
3 8
: S
= 5
)
@]
=
>
Z
10 [ R ..o

' 1 ATLAS -

o » s=13TeV, 139 fb” J

- o ' High-p_jet selection =

87 15,2, |, |

20 30
DV nTracks

4 56 10
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Displaced hadronic vertices

* Track-jets, are constructed with an anti-kt algorithm with R = 0.4 using all tracks with pt >
1 GeV and |do| < 2 mm. In contrast to the jet reconstruction algorithm from calorimeter

energy deposits, the track jet reconstruction is not sensitive to displaced LLP decays,
due to the selection on the tracks |do|.

6 | [ I

5: ATLAS —e— Observed
- {s=13 TeV, 139 fb Estimated

6 | | |

ATLAS —e— (QObserved

Vs=13 TeV, 139 fb™ Estimated
High-pT jet selection Non-closure uncertainty

— Trackless jet selection
41~ validation region

Validation region *
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arXiv: 2301.13866
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Displaced hadronic vertices

Region O<Rpy <25mm 25< Rpyv <145 mm Rpy > 145 mm

Track pr [GeV] > 2 > 3T > 4
Attached tracks Track dy-significance > 10 > 15 —

A¢pv_pv <m/2

Upstream veto No hits allowed with R < Rpy

Track pt [GeV] > 2 > 21 > 2
Selected tracks  Track dp-significance > 10 — > 10

Upstream veto

No hits allowed with R < Rpy

T this requirement is tightened to pt > 4 GeV for tracks with A¢gpy_py < 0.2

arXiv: 2301.13866

Signal Region

High-pT jet SR Trackless jet SR

Jet selection

n*V > 4 or njle9tS > 5 or

jet
nllo > 6orn? >7 n37 > 4 orn!®! > 5or
jet jet jet jet

nd > 6o0rn? >17,
jet jet

70 50
Trackless jet > lorn

DV preselection

Rpv < 300 mm, |ZDV| < 300 mm,
min(|Rpy — Rev|) > 4 mm, x*/nper < 5,

DV
nTracks

mpvo

DV . .
NG ected tracks = 2» Satisfy material map veto
> 5
>10 GeV

Fail High-pr jet selection,

Trackless jet —
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Strong RPV % (LF), § — qq%_ (= qqa)
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Displaced photons

Parameter Preselection requirements
Photon multiplicity > 1
Photon 71 In| < 1.370r1.52 < |n| <2.37 (> 1 with |n| < 1.37)

Ecell (7) [G@V]

Ecell(Yl)a Ecell(YZ) > 5

pr(y) [GeV]

pr(y1) > 40, pr(y2) > 30

ANy > 0.1
My, [GEV] > 60
VR [mm] [0, 1500]
|V, | [mm] < 3740
t, [ns] ty,» by, € [-12, 12]
Analysis region requirements
Parameter CR VR(ESS) VR#) | SR
E™ [GeV] <20 20-30 > 30
My, [GeV] > 135 [60, 135]
Sign of 2, ty, X ty, > 0 Lyis by < 0] 1,1, > 0
pr [GeV] - > 70
Ag(y1,72) - <24

Vertexing and timing bins

o bin edges [mm]

[0, 80, 160, 300, 520, 2000]

fayg DIN edges [ns]

[0, 0.2, 0.4, 0.6, 0.9, 12]
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Displaced photons

10°
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Displaced photons

Selection Number of events
Total 1.19E+08
Events passing trigger + > 1 lepton 1.12E+08
Events passing trigger + > 1 lepton + > 1y 1.39E+07
1y 1.37E+07
> 2y 1.21E+05
CR region 9.56E+05
1y CR region 9.41E+05
> 2y CR region 1.49E+04
1y low-Am SR region 8.60E+04
> 2y low-Am SR region 1.24E+03
1y high-Am SR region 2.06E+05
> 2y high-Am SR region 2.82E+03
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Displaced photons

Photon pointing and timing distributions
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<97 i
EXPERIMENT

®* The different validation regions for
the extended ABCD planes

® Expected and observed background
in each of the overlapping sets of
signal regions

|do ¥-| mm

Microdisplaced muons

110 < my+p- < 200 GeV

0.6

0.3
0.1

3

0.10.3 0.6
|do ¥+| mm
Set of Regions Expected N;fg Observed Ng‘ta <AEO‘>(9)§S [fb] Sggs S?;p CLg p(s=0)(2)
2.1+0.8 0.02 3.3 4272 0.27 0.50 (0.00)
12.5+5.2 0.04 52 8579 0.08 0.50 (0.00)
17.2 +7.4 0.06 8.9 10.57% 0.26 0.50 (0.00)
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High dE/dx - multi charge

o — : -
° E 10 Vs=13TeV, 139 fb" T gone (=10 Sev 2=9) —=
The muon transverse momentum measured by the MS after : ¢ e 2
] . " . Z » — ——
the energy loss in the calorimeters is denoted by pf/z, while = *= E
= E
transverse momentum of charged particles measured by the <& E
. . : 107 =4 =
combination of the ID and MS is denoted by p;/z 0. E
107° = ¢ =
- dE/dx — (dE/dx), , s .
. Significance: S(dE/dx) = o nl
T ° ° NP L 2
o(dE/dx), TR TR T
TRT f
< 10 A L LA L L L D — 2? ,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, =
- arLaS S e o g g T
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9 L F : 7 L E - 5 107 ' i’ —
S 10t N = S 1W0E : = S ' ; E
o = . Lo © 2 :.=-".':" _ 5 -3 ' : |
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$ 45_.,..,...,.....!...!....l....!n """"" E g 6— e e : 0 1065_.T.!::.::l.,....,..,.! ............. —f
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S(pixel dE/dx) S(MDT dE/dx) S(TRT dE/dx)
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EXPERIMENT

High dE/dx - multi charge

Search category Preselection Tight selection Final selection
Combined muon with: Tightly selected candidate with:
_ 5 Preselected candidate with
<7 ‘medium’ identification criteria, S(pixel dE /dx) > 13 S(TRT dE /dx) > 2,
pfF‘/z > 50 GeV, SIMDT dE /dx) > 4
pr/z > 10GeV, Preselected candidate with:
In| < 2.0,
z>2 . : — HT
no other particles with TRT %" > 0.7,
pt/z > 0.5 GeV within AR = 0.01 SMDT dE /dx) > 7
_ 35,ATLA s =13 TeV, 139 fb" ~ - | -
Eal S L= % ® 1800 ATLAS _
0 30 [Data 400G S T -
° - [ Signal (m=500 GeV, z=2) il £ A - {s=13TeV, 139 fb™ _
o 25 [ Signal (m=2000 GeV, z=2)- £ £ 1600~ -
= 300 2 N : ./_/—'* :
@ - - o O - )
15 250 ° S 1400 —
- - Q S _ i
m 8200 — - N
F - S £ 1200 -
5 SP=150< = N I _
= ; Q L --m- Expected 95% CL limit (median) |
OF = 100 § 10001 I Expected 95% CL limit (x10) .
_5F = 50 i Expected 95% CL limit (+20) ]
- = 8001— —e— Observed 95% CL limit —
o e L b by e b by by — —
1% " 570 5 10 15 20 25 30 0 | | | | | |

N
w

4 ) 6
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EXPERIMENT

Category Item Description
Event topology Trigger Unprescaled lowest-threshold Efrniss trigger
miss miss
EL EZ™ > 170 GeV
Primary vertex The hard-scatter vertex must have at least two tracks

Events are required to have at least one track fulfilling all criteria listed below; tracks sorted in pt descending order

High dE/dx
single charge particles

Summary of signal selections

arXiv: 2205.06013

Track kinematics

Momentum
Pseudorapidity

W* — £*vy veto

pr > 120 GeV
In| < 1.8
m (track, %) > 130 GeV

29

Track quality Impact parameters Track matched to the hard-scatter vertex; |dg| < 2 mm and |Azg sin 8| < 3 mm
Rel. momentum resolution op < max|10%, —1% + 90% X % and o, < 200%
Cluster requirement (1) At least two clusters used for the (dE /dx)¢runc calculation
Cluster requirement (2) Must have a cluster in the IBL (if this is expected), or
a cluster in the next-to-innermost pixel layer
(1f this 1s expected while a cluster 1s not expected in IBL)
Cluster requirement (3) No shared pixel clusters and no split pixel clusters
Cluster requirement (4) Number of SCT clusters > 5
Vetoes Isolation (Ztrk pT) < 5 GeV (cone size AR =0.3)
Electron veto EM fraction < 0.95
Hadron and 7-lepton veto Eiet/Ptrack < 1
_ i/[;o; r_e(;ui_re;ne_:nt_ - S_R—_MI_IZ_N[_S _tr;clz n_lazcl;e(; t:) I_D_tl“;Cl;; ) S_R—_ T;k_: (;th_er_wi_se __________
Pixel dE /dx e lusive Low: dE /dx € [1.8,2.4] MeV g~ lem?
High: dE /dx > 2.4 MeV g~ 1cm?
IBLO_Low: dE /dx € [1.8,2.4] MeV g_lcm2 and OFgr, =0
Binned IBLO_High: dE/dx > 2.4 MeV g_lcm2 and OFygp, =0

IBL1: dE /dx > 1.8 MeV g_lcm2 and OFgr. = 1
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High dE/dx
single charge particles |

Different signal region bins - discovery or limit setting

! Region

“EMSS [GeV]

dE/dx [MeV g 'em

t SR
CR-kin
CR-dEdx

> 120 <1.8

> 170
> 170
< 170

> 1.8
< 1.8
> ()

2] f

{ VR-LowPt
§ CR-LowPt-kin
! CR-LowPt-dEdx

(50,110] < 1.8

> 170
> 170
< 170

> 1.8
< 1.8
> ()

! VR-HiEta
i CR-HiEta-kin

> 50 [1.8,2.5]

{ CR-HiEta-dEdx

> 170
> 170

< 170

> 1.6
<1.6

¥
(
> ()

! SR name

Discovery Limit setting Track category IBL overflow

dE /dx [MeV g~ 'cm?] t

i

f SR-Inclusive_Low

K_SR—Inclusive_High

v
v

inclusive yes Or no

[1.8,2.4]

> 2.4 i

{ SR-Trk-IBLO_Low
¢ SR-Trk-IBLO_High
! SR-Trk-IBL1

no

track no

yes

[1.8,2.4]
> 2.4
> 1.8

f SR-Mu-TBLO_Low
{ SR-Mu-TIBLO_High
{ SR-Mu-IBL1

SN NEENERN

no

muon tracks no

yes

[1.8,2.4]
> 2.4
> 1.8

-

30

Signal, control, validation regions
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