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Where is the new physics?
Elephant in the room: no strong indications of new physics in Run-II ATLAS+CMS searches


• Motivates increasing focus on weakly coupled new particles and exotic signatures

SUSY 2022 | June 27th 2022

Many BSM models predict long-lived particles (LLPs)


• LLPs exist in SM → no reason to expect all BSM to be prompt!


• Under-explored phase space → strong discovery potential
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See talks by D. Panchal & L. Rossi This talk!

+ more!
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Long-lived particle signatures
LLPs can give rise to many unique detector signatures…

SUSY 2022 | June 27th 2022

Diagram by H. Russell
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Displaced jets in the calorimeter

EXOT-2019-23 

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/EXOT-2019-23/
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Analysis overview
Signature-driven search for LLPs decaying to jets within the hadronic calorimeter region


• Benchmark model: simplified hidden sector with scalar mediator ( )


→Feature of many Neutral Naturalness models (e.g. Folded SUSY, Quirky little Higgs)
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Displaced jet with low  f EM = E
EM
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Sensitive to LLPs decaying 
in range 2 m < Lxy < 4 m

Dominant backgrounds: SM multi jet production, cosmic rays, beam-induced background (BIB))

Trigger
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Analysis strategy
Per-jet neural network used to discriminate signal from QCD and BIB


• Trained on low-level track, calo, and MS quantities

Per-event BDT used to reject signal-like BIB events


• Trained on output of per-jet NN and other high-level 
variables 
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Adversary layer to mitigate impact of 
MC mismodelling 

Baseline cuts ensure that in the final selection the only 
remaining source of background is multĳet events
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Background Estimation
The remaining SM multijet background is estimated using a data-driven ABCD method:
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Data: mostly populating regions B, C, and D Signal: mostly populating region A

Signal regions defined by:


1. Output of High/Low-  BDT 


2. Sum of angular distance between the 
jet axis and the closest track with 

 for all clean jets 

ET

pT > 2 GeV

∑ ΔRmin(jet, tracks)

Compute transfer factor from regions C to D 


→ multiply by  to obtain estimate of  (SR)NB NA

NA = NB × TFCDTFCD =
NC

ND
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Results
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A simultaneous fit is performed in all regions to accommodate signal leakage in regions B,C, and D


• Slight excess observed in both channels →  in  fit 1σ a posteriori

High-ET selection A B C D

Observed data 22 7 233 131

a priori

Estimated background 12.4± 4.7 7± 2.6 233± 15 131± 11

a posteriori (background-only fit)

Fitted background 18.8± 3.5 10.2± 3.2 236± 15 128± 11

a posteriori (signal-plus-background fit)

Fitted background 10.0± 6.0 5.7± 2.4 230± 15 131± 11

Fitted signal ((m�,ms) = (600, 150)GeV )) 12.2± 8.7 1.4± 1.0 3.4± 2.5 < 1

Low-ET selection A B C D

Observed data 23 3 220 61

a priori

Estimated background 10.8± 6.6 3± 1.7 220± 15 61± 7.8

a posteriori (background-only fit)

Fitted background 20.6± 4.0 5.4± 2.3 222± 15 59± 7.7

a posteriori (signal-plus-background fit)

Fitted background 8.4± 7.7 2.4± 1.5 217± 15 61± 7.8

Fitted signal ((m�,ms) = (125, 55)GeV )) 14.6± 9.9 < 1 3.2± 2.2 < 1

Probe  in  for 𝒪(1%) Br(H → ss) cτs ≈ .1 − 1 m

Expected signal yields extrapolated to other lifetimes using lifetime reweighing

mailto:jackson.carl.burzynski@cern.ch


Dark photon jets

EXOT-2019-05 

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


FRVZHAHM
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Analysis overview
Search for dark photon decays to displaced jets (“dark photon jets” — DPJs) reconstructed in calorimeter or MS


• Characteristic of weakly coupled dark sectors with Higgs boson mediator 


• Benchmark models: Falkowski-Ruderman-Volansky-Zupan (FRVZ) and Hidden Abelian Higgs Model (HAHM)

Targeting ggF and WH production modes


• Three search channels for different caloDPJ and μDPJ multiplicities ( , , )2μ c + μ 2c

Dominant backgrounds: SM multi jet production, cosmic rays, BIB

Due to large Lorentz boost,  decays are highly collimated 


• Striking signature with little SM background

γd

mailto:jackson.carl.burzynski@cern.ch
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Analysis strategy
Dedicated taggers developed for both - and -DPJsc μ

Muonic DPJs Calorimeter DPJs

• Jets formed using Cambridge-Achen clustering of MS tracks


• Cosmic ray muons main source of background


◦ Per-track DNN trained on , , ,  and timing measurements from 
the MS


◦ DPJ accepted if all track constituents have a DNN score > 0.5

z0 η ϕ

μ

• Two separate discriminators used for QCD and BIB


• CNN trained on three-dimensional representations of energy deposits 
associated to the jet


◦ Same architecture between QCD tagger and BIB tagger with 
different trainings


• DPJ accepted if QCD score > 0.5 and BIB score > 0.2c

mailto:jackson.carl.burzynski@cern.ch
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Background estimation
Background is estimated using a data-driven ABCD method:


• Different observables used to define ABCD plane depending on production mode and DPJ type ( , , ) 2μ c + μ 2c

Data Signal

Ex: ggF c + μ

max (∑ pT)

|ΔϕDPJ |

•  between the leading DPJ 
and far DPJ


• Signal events expected to 
contain anti-aligned DPJs

Δϕ

• Max scalar sum of track   
matched to the DPJ

pT

mailto:jackson.carl.burzynski@cern.ch
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Results
No excess above SM background prediction → limits placed on FRVZ and HAHM models

Electron channel probes below 200 MeV for the first time!

Approaching as low as 17 MeV…🤔Significant improvement over partial Run 2

Selection Search channel CRB CRC CRD SR expected SR observed

2µ 55 61 389 317± 47 269

ggF c+µ 169 471 301 108± 13 110

2c 97 1113 12146 1055± 82 1045

c 1850 3011 155 93± 12 103

WH c+µ 30 49 31 19± 8 20

2c 79 155 27 14± 5 15

Higgs branching ratios below 1% probed

mailto:jackson.carl.burzynski@cern.ch


Search for long-lived multi-charged 
particles

ATLAS-CONF-2022-034 

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2022-034/
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Analysis overview
General search for heavy, long-lived, multi-charged particles (MCPs) with  ( )


• Predicted by the almost-commutative model, walking-technicolor model, and supersymmetric left-right model

2 ≤ z ≤ 7 z = |q | /e

γ

γ

MCP

MCP

q

q

0*+Zγ

MCP

MCP

Drell-Yan (DY): Photon Fusion (PF):

MCPs are highly ionizing, and thus generate abnormally large ionization signals ( )


• Analysis searches for muon-like tracks with high  values in several detector 
subsystems


• Large ionization leads to significant slowdown → “late muon” trigger adds acceptance


◦ Search for MET + muon in next bunch crossing
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Analysis strategy
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Analysis selects on significance of the  variable in various sub detectors:


• Different selections for  and 

dE/dx

z = 2 z > 2
S(dE/dx) =

dE/dx − ⟨dE/dx⟩μ

σ(dE/dx)μ

 channelz = 2  channelz > 2

S(pixel dE/dx) > 13 S(MDT dE/dx) > 4         S(TRT dE/dx) > 2 

Preselection Signal Region Signal Region

S(MDT dE/dx) > 7          > 0.7 f HT
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Background estimation

0

100

200

300

400

500

310×

N
um

be
r o

f e
ve

nt
s 

in
 d

at
a

0 0.2 0.4 0.6 0.8 1
HTTRT f

10−

5−

0

5

10

15

20

25

30

35

S(
M

D
T 

dE
/d

x)

0

100

200

300

400

500

310×

N
um

be
r o

f e
ve

nt
s 

in
 d

at
a

Data
Signal (m=800 GeV, z=3)
Signal (m=800 GeV, z=7)

A
C

B
D

ATLAS Preliminary -1 = 13 TeV, 139 fbs

0

50

100

150

200

250

N
um

be
r o

f e
ve

nt
s 

in
 d

at
a

10− 5− 0 5 10 15 20 25 30
S(TRT dE/dx)

10−

5−

0

5

10

15

20

25

30

35

S(
M

D
T 

dE
/d

x)

0

50

100

150

200

250

N
um

be
r o

f e
ve

nt
s 

in
 d

at
a

Data
Signal (m=500 GeV, z=2)
Signal (m=2000 GeV, z=2)

A
C

B
D

ATLAS Preliminary -1 = 13 TeV, 139 fbs

 regionz = 2  regionz > 2

Background is estimated using a data-driven ABCD method:

Selection NA observed
data NB observed

data NC observed
data ND expected

data ND observed
data

z = 2 24 294 4039 9 1.5± 0.5 (stat.)± 0.5 (syst.) 4
z > 2 192 036 934 15 004 441 0.034± 0.002 (stat.)± 0.004 (syst.) 0

slight ( ) excess in  channel< 2σ z = 2

zero events observed in  channelz > 2
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Results
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Limits placed on the cross section for DY+PF MCP production


• Assuming MCPs behave like SM muons, masses constrained below 1.1-1.6TeV depending on z
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Long-lived heavy neutral leptons

EXOT-2019-29 
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Analysis overview
Search for long-lived heavy neutral leptons (HNLs), aka “sterile neutrinos”


• Benchmark model: Type-I seesaw mechanism explains light neutrino masses


• HNL kinematics controlled by  and mixing with SM neutrinos ( )mN |Uα |2

τN ∝
1

m5
N |Uα |2

Dominant backgrounds: Heavy flavour decays and random lepton crossings

Prompt lepton for trigger

Opposite-sign displaced 
leptons form common vertex

,+

✓+U

aV

✓+W

✓�W

N /⇤
Long-lived HNL

1301.5516 

Diagram by D. Trischuk
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Analysis strategy
Use energy-momentum conservation used to 

reconstruct the HNL mass ( )mHNL
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Reconstruct displaced leptons using 
dedicated track reconstruction

1−10 1 10 210  [mm]DVr
0

0.05

0.1

0.15

0.2

0.25

0.3

0.35

0.4

to
ta

l
ε µµ-µ

eµ-µ
e-ee

ATLAS              Simulation
 = 13 TeVs

Custom Vertexing Configuration 
 = 10 mmNτ=10 GeV, cNm

Reconstruct 2-track leptonic displaced 
vertices (DVs) with custom vertexing algorithm

Six signal regions: 
μ − μμ, μ − μe, μ − ee, e − ee, e − eμ, e − μμ

• Remove heavy flavour background with 
cuts on   


• Remove secondary hadronic interactions 
with cuts on DV position (  vertices only) 


• Veto  decays 
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Validation Region
 DVsµe

Signal Region (SR): 



Control Region (CR): 

mHNL < 20 GeV

20 GeV < mHNL < 50 GeV
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Background estimation
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=10 mm
N
τe, cµ-µ
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=10 mm
N
τe, cµ-µ

Validation region with no prompt lepton shows good agreement between same-sign 
(SS) and opposite sign (OS) vertices


→ Indicates random crossings dominate


Data-driven object shuffling method then used to estimate background 


• Take a prompt lepton from event with SS DV in signal region (SR)  → shuffle with 
OS DVs from validation region (VR)


• Significantly increases the statistics available to estimate background


Shuffled-event-model background constrained to data observed in the CR with free-
floating normalization


• 6 separate normalization factors; one for each channel
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Results
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simultaneous fit

Simultaneous fit performed in all signal and control regions


→No significant excesses in any of the six channels

CLS

First search to target models with two quasi-degenerate HNLs (2QDH) with multi-flavour mixing


• Example of a “realistic” model which can accommodate neutrino flavour oscillations and limits on neutrino masses
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Current LLP landscape at ATLAS
ATLAS has a robust and growing LLP search program covering a wide range of models and lifetimes


• Many other recent ATLAS LLP results not even covered in this talk, stay tuned for more

SUSY 2022 | June 27th 2022
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Contributing searches:
-1Muon System (2 Vtx Only), 139 fb

arXiv:2203.00587
-1Muon System (1 Vtx + 2 Vtx), 36 fb

Phys. Rev. D 99 (2019) 052005
-1Calorimeter, 139 fb

arXiv:2203.01009
-1Tracker+Muon System, 36 fb

Phys. Rev. D 101 (2020) 052013
-1Tracker (LRT), 139 fb

JHEP 11 (2021) 229
-1Tracker (b-tag), 36 fb

JHEP 10 (2018) 031
-1Monojet, 139 fb

ATL-PHYS-PUB-2021-020
 inv, 7-8-13 TeV combination→H
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Non-ATLAS searches
JHEP 06 (2018) 004

)-1Displaced (139 fb
ATLAS-CONF-2022-001

)-1Prompt (20.3 fb
JHEP 02 (2016) 062

)-1Monojet (139 fb
ATL-PHYS-PUB-2021-020

FRVZ Model
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 = 125 GeVHm
90% CL observed limits
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Vector-Portal-only limits
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BR=50%

 PreliminaryATLAS -1=8-13 TeV, 20.3-139 fbs

Hidden Sector searches span 8 orders of magnitude in cτs FRVZ searches close the gap between prompt and mono-jet signatures 

In Run 3, ATLAS will continue the philosophy of leaving no stone unturned and continue to probe deeper into the lifetime frontier!

mailto:jackson.carl.burzynski@cern.ch


Backup



27Jackson Burzynski (jackson.carl.burzynski@cern.ch) SUSY 2022 | June 27th 2022

Displaced jets: NN performance
Adversary network improves data/MC modelling of the tagger output 
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Displaced jets: NN performance
Three output scores for the three jet classes: QCD, BIB, and Signal
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Displaced jets: Background estimation
Background estimate validated by performing ABCD estimate in SR-adjacent VR
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Dark photon jets: systematics
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Dark photon jets: results
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Multi-charged particles: efficiency

Signal benchmark point Trigger Candidate-track Tight Final
z Mass [GeV] selection [%] preselection [%] selection [%] selection [%]

500 61.7(2) 42.7(2) 42.5(2) 40.1(2)
2 1100 49.9(2) 30.8(2) 30.6(2) 29.1(2)

2000 32.8(2) 13.7(2) 13.6(2) 13.0(2)
500 55.3(2) 39.9(2) - 39.7(2)

4 1100 50.5(2) 33.3(2) - 33.1(2)
2000 35.0(2) 17.5(2) - 17.2(2)
500 33.3(2) 6.2(1) - 6.0(1)

7 1100 36.1(2) 8.1(1) - 7.6(1)
2000 27.7(2) 4.7(1) - 4.1(1)
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