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Searching the “litetime” dimension

Experimentally: We are looking for particles that decay at a measurable distance from

their production point (the pp interaction point at LHC experiments)
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Long-lived sterile neutrinos
(Heavy Neutral Leptons, HNLs)

SM Extension with 3 HNLs
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Long—\ived sterile neutrinos (Heavy Neutral Leptons, HNLs)
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Crucial HNL model parameters:

‘ Ua |2 Mixing angle between SM neutrino and HNL

mN HNL mass
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* HNLs experience “weak-like” interactions

controlled by dimensionless mixing angles (| U, )

e my dictates kinematics of decay products

* HNL can be Majorana- or Dirac-like particle

* Dirac —> Lepton Number is conserved (LNC)
* Majorana —> Lepton Number is violated (LNV)
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Long—\ived sterile neutrinos (Heavy Neutral Leptons, HNLs) 6

* Complementarity of searches is enormous for HNLs
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HNLs: Experimental signature
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Experimental HNL Signature:

Prompt lepton

DV with 2 leptons that have opposite charge
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HNLs: Experimental signature
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Experimental HNL Signature:

Prompt lepton

DV with 2 leptons that have opposite charge

Six signal regions (SR):
M-MH, p-pe, h-ee, e-ee, e-el, e-Jj
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HNLs: Experimental signature :
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HNLs: ATLAS analysis details
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HNLs: CMS analysis details

* In each three-lepton final state events are categorized by:

* Explicit veto on b-jets
e Transverse displacement of displaced lepton pair, A2D

e Dilepton invariant mass of displaced lepton pair, mj,

* SM background derived using data control samples

e No excess observed
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HNLs: CMS analysis details

* In each three-lepton final state events are categorized by:

e Dilepton invariant mass of displaced lepton pair, mj,

* Explicit veto on b-jets
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* In each three-lepton final state events are categorized by:

HNLs: CMS analysis details

e Dilepton invariant mass of displaced lepton pair, mj,

* Explicit veto on b-jets

ATLAS vs. CMS:

o No low mass cut-off!

* Prompt to displaced continuous result!

i
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HNLs: CMS analysis details

* In each three-lepton final state events are categorized by: ATLAS vs. CMS:
* Dilepton invariant mass of displaced lepton pair, mj ~* No low mass cut-off!
. . * Prompt to displaced continuous result!
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Results for HNL models
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Mixing scenario benchmarks:
e Simple model: One HNL with single-flavour mixing (1SFH)
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Results for HNL models 13
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wuansystem  Hidden Sector Searches
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Calorimeter-Ratio (CalRatio) Search 15

Search focuses on LLP decays in HCAL

e Differences to a regular SM jet:

* Narrow
e Trackless
e Low fraction of energy in the ECAL:

Define Calorimeter Ratio (CalRatio):
Encal/Eecal

e Signal: CalRatio Jets
* Require 2 jets (pT > 40 GeV)
e Pick events with trackless jets:
* large ) ARmin (jet, track)

CaIRatlo jet

/I

graphlcs L. Corpe
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Search focuses on LLP decays in HCAL /_\
e Differences to a regular SM jet: \

QCD jet

* Narrow
* Trackless &
e Low fraction of energy in the ECAL: \

Define Calorimeter Ratio (CalRatio):

Encal/Eecal m

)
several
e Signal: CalRatio Jets

* Require 2 jets (pT > 40 GeV)
e Pick events with trackless jets:
e large ) ARmin (jet, track)

CalRatio jet

Ny
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Calorimeter-Ratio (CalRatio) Search 15

Search focuses on LLP decays in HCAL

e Differences to a regular SM jet:

e Narrow
e Trackless

e Low fraction of energy in the ECAL:

deposits in
HCAL

Define Calorimeter Ratio (CalRatio):
Encal/Eecal

deposits in

e Signal: CalRatio Jets >
ECAL

e Require 2 jets (pT > 40 GeV) CaIRatIOJEt

e Pick events with trackless jets:
e large ) ARmin (jet, track) /I
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Calorimeter-Ratio (CalRatio) Search 15

Search focuses on LLP decays in HCAL
e Differences to a reqgular SM jet: ,
QCD jet
* Narrow \

e Trackless \\\
deposited

e Low fraction of energy in the ECAL: X\
in HCAL

§~~\
CalRatio jet

Little/no energy
deposited in
ECAL

Energy
deposits In
HCAL

Almost all
energy

Define Calorimeter Ratio (CalRatio):

Encal/Eecal

Energy
deposits in

e Signal: CalRatio Jets >
ECAL

* Require 2 jets (pT > 40 GeV)
e Pick events with trackless jets:
e large ) ARmin (jet, track)
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Calorimeter-Ratio (Cal-Ratio) Search 16

\
24

Main sources of background:
o QCD jets
e Beam-induced background (BIB)

e Cosmic Rays

Cosmics

e Can all look like narrow, trackless jets with
high CalRatio!

Dark Interactions 2022 | Matthias Danninger | SFU graphics: L. Corpe



CalRatio analysis details 17
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CalRatio analysis details

e Jet-level NN is trained to separate signal from BIB and
QCD background (CNN fed into LSTM})

* Analysis split into 2 channels: low- and high-mass models

* Variables with low level input: 10 track var., 10 jet
constituents var., 6 muon segment var., and 3 jet var.

* Adversarial Network is added to mitigate potential mis-

modelling differences in simulation (e.qg. cluster timing)

e Additional event level BDT selections

* A data-driven background estimation and signal
hypothesis test is performed using a modified ABCD
method(allowing signal contamination)

Dark Interactions 2022 | Matthias Danninger | SFU
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CalRatio results in context with other ATLAS results
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* No excess observed
* Strong results for high mediator mass searches!

* Here, only results with my=125 GeV
. ATLAS Preliminary (March 2022) 13 TeV, 36-139 fb‘1
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Hidden Sector, m, = 125 GeV
Selected ATLAS results
95% CL observed limits

Searches:

—.— Muon System (2 Vitx Only), 139 fb™
arXiv:2203.00587

—..— Muon System (1 Vtx + 2 Vtx), 36 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

. Tracker (b-tag), 36 fb™

JHEP 10 (2018) 031

Monojet, 139 fb™

ATL-PHYS-PUB-2021-020

- &= H— inv, 7-8-13 TeV combination
ATLAS-CONF-2020-052

LLP masses:
Bsscev [ 1520Gey 4 25-35 Gev

20Gev [ 45-60Gev ' JAny
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* No excess observed
* Strong results for high mediator mass searches!

* Here, only results with my=125 GeV
ATLAS Preliminary (March 2022) 13 TeV, 36-139 fb'1 Hidden Sector, m, =125 GeV

Selected ATLAS results
95% CL observed limits

Searches:

—.— Muon System (2 Vtx Only), 139 b
arXiv:2203.00587

—..— Muon System (1 Vtx + 2 Vtx), 36 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

- .@ - Tracker (b-tag), 36 fb™
JHEP 10 (2018) 031

- --- Monojet, 139 fb™’
ATL-PHYS-PUB-2021-020

- &= H— inv, 7-8-13 TeV combination
ATLAS-CONF-2020-052

® - o *o

- F M L qn-l.-n.q.-l.-h-h - -

B(H—ss)

—t
1 T T

S N
<
|

I IIIIIIIr L 1 11111

Prompt

— (2015)-2016 ID+CR+MS ATLAS .
— 2016 CalRatio-only \s=13TeV, 139 fb
HS (m,, m.) = (125, 55) GeV — Obs.
Toen = 1.05mM ==:Exp. + 10, 20

Illll ] ] Illllll | ] lllllll ] | lllllll | ]

B I I T T A I I S

1073

—
o
A
TTTTT]

LLP masses:

95% CL upper limit on (6 / 6¢,,) X By, <

) 1 104 Lo il v i vl il v Sl s g Gev [l 1520 Gev U 25-35 GeV
10 10 1 10 10° 10* 10° 10°% 10" 1 10 10° 10° . . A

ez [m| o

20Gev [ 45-60Gev ' JAny

Q
d
E

Muon System

Dark Interactions 2022 | Matthias Danninger | SFU



CalRatio results in context with other ATLAS results

19

e No excess observed
* Strong results for hig

* Here, only results wit

N mediator mass searches!

N mp=125 GeV

Dark Interactions 2022

O
S
3

| Matthias Danninger | SFU
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Phys. Rev. D 101 (2020) 051'2013
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e No excess observed
* Strong results for hig

* Here, only results wit

N mediator mass searches!

N mp=125 GeV

LLP mass [GeV]
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e No excess observed
* Strong results for hig

* Here, only results wit

N mediator mass searches!

N mp=125 GeV

ATLAS Preliminary (March 2022) 13 TeV, 139 fb' Hidden Sector, m, = 125 GeV
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Recent CMS results on Hidden Sector Searches
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CMS Simulation Supplementary

-4 -3 -2 -1 0 1 2

beamspot

1) Inclusive search for displaced leptons (EXO-

3 & 5

18-003)

~ocus on being model-independent (exclusive

2) LLPs decaying to pair of OS muons (EXO-21-006)

—> Impressive range

113-118 fo' (13 TeV)

CMS Preliminary

g ::I C|MIISIIIII| | | ||||||| | | ||||||| | | |I|||TE‘ ;g- 106
2 102EH - 88,8 = ' f =e —z SRl ey
E : = my, = e
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S et aQ 10°
B Median expected g § 102
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: - v 10
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1

q

y uses transverse impact parameter)

Results interpreted for SUSY models and Hidden Sector (shown below) models

e Distances of decays ranging from several hundred um to several meters

97.6 fb™' (13 TeV)

— Combined observed
- = Combined expected (median)

Combined expected (68% quantile)
Combined expected (95% quantile)

- - STA-STA expected (median)
- - TMS-TMS expected (median)
- = STA-TMS expected (median)

10*

10°

10°


http://cms-results.web.cern.ch/cms-results/public-results/publications/EXO-18-003/
https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/EXO-21-006/
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Note for direct comparison to ATLAS: CMS results not corrected for decay branching fractions

CMS Preliminary

August 2021

EREEREN:

— Dimuon scouting
B(X—pu)=0.13, m =40 GeV
EXO-20-014

—
=

Displaced leptons
X—ee/uu, mX=50 GeV

EXO-18-003

-/ + displaced jets
X—bb, m =55 GeV

EXO-20-003

-
i
w

- Displaced jets
X—dd, m =55 GeV
2012.01581

—r
=
AN

- Hadronic MS
X—>17, mx=55 GeV

2107.04838

95% CL upper limit on B(h—XX)
=
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10 1 10 160 10 10° 10 10 10
CT, [mm]

T11L

=Hi

Dark Interactions 2022 | Matthias Danninger | SFU



Hidden Sector comparison
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Direct Search

It LLP carries SM charge, we can look for
its interactions with the detector directly

Here: dE/dx within the ATLAS Pixels

P
]
o
-

!
" ID ECAL HCAL

] 4
B q

ATLAS: SUSY-2018-42



https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/SUSY-2018-42/

dE/dx analysis details

24

Analysis strategy

* Events are selected using MET Trigger

o Selecting isolated tracks with high p7, and large specitic ionization (Inl<1.8).

e Reconstruct the mass of these tracks

e dE/dx of a track is an average of all ‘g 1.5

clusters on a track s 1.4
. >

* dE/dx depends on detector conditions| 2 43
>

e Parameterize Bethe-Bloch relation to S 1.2

extract mapping of By to the dE/dx ><§ 1 1

* Mapping is used to extract By of i 1

individual tracks in analysis 0o

Preco
0.8

el el By((dE /dx)corr)

Dark Interactions 2022 | Matthias Danninger | S\ o

_[_I | I | I I | | | | | | | I | I | | | | | I_
g ATLAS Preliminary —— 0.0<hl<1.0 é
— p>10 GeV, OF0 —— 14<In<1.6 i
- 18<hl <20 -
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Analysis strategy

* Events are selected using MET Trigger

o Selecting isolated tracks with high p7, and large specitic ionization (Inl<1.8).

e Reconstruct the mass of these tracks

* Generate data-driven background distributions using toys from track-mass templates

* Derive shape and normalization in
CRs defined by inverted selections

e Validation regions show gooad
normalization and shape agreement

Dark Interactions 2022

| Matthias Danninger | SFU

Entries / 100 GeV
N W £SO o, N
o O o O o O

—k
o

IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII

| I IIIIIII I |

ATLAS Preliminary fs=13TeV, L=139fb"
VR-HiEta-Inclusive pi“>50 GeV, 1.8 <l <2.5

+ Observed

— Expected

_._
; L 4
L 4
Overflow

— |e

—r
4 O o

400

> 40:_ I | | I | | | | | | | I | | I | _:
o = ATLAS Preliminary fs=13TeV, L=139fb" 3
o 35:— VR-LowPt-Inclusive_High  p[* €[50, 110] GeV, i <1.8 —
2 303— +Observed —f
o = -
(]:) 25:— — Expected _:
g 20 i
15 L S =
|
s .
O: A 4 I R R R * _+_|—l —y Y i A 4 =
_qc)' 10 E | I | I | | | | | | I | | I | | | | | |
= i |
_'CE 10—1 [ v ' R T TR SR R R SR B R ANNENN 2
© 0) 100 200 300
Q
m [GeV]

IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII

‘_
| —
n
«

Data / Pred.

0.2 0.304 06 1 2 3 45




dE/dx Results — Discovery Regions
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* Overall good agreement between observed events and expected background

* An excess of events is observed in the “Inclusive-High” SR at masses exceeded 1 TeV.

* |ocal significance of 3.60, global significance 3.3c

e Caution: ToF study of excess events with calorimeter and muon system show a B~
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dE/dx Results — Limits

~T[~Wi] — i?[wo] March 2022
> - 136107, 5=13 TeV o mi
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* Due to the observed excess of events, the observed limits are lower than expected limits
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Dark photon searches at a glance

Falkowsky, Ruderman, Volansky, Zupan [FRVZ] model Hidden Abelian Higgs model [HAHM] model
€ M
L

K Zp

H------ > - ---

HD ZD

. f
f

: f

CMS: EXO-21-006, EXO-20-014
ATLAS: ATLAS-CONF-2022-001

28


https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/EXO-21-006/
http://cms-results.web.cern.ch/cms-results/public-results/publications/EXO-20-014/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2022-001/

Dark photon searches at a glance

Falkowsky, Ruderman, Volansky, Zupan [FRVZ] model Hidden Abelian Higgs model [HAHM] model
; 3 ii
L
o HLSP K ZD
H------ - ---
HLSP Hp 7
1 1 € J
—> A — e © S 4_
f ., f
f

small couplings = displaced decays

CMS: EXO-21-006, EXO-20-014
ATLAS: ATLAS-CONF-2022-001

28


https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/EXO-21-006/
http://cms-results.web.cern.ch/cms-results/public-results/publications/EXO-20-014/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2022-001/

Dark photon searches at a glance

ATLAS:
e First time exclusion in the fully electron channel

|

o Significant analysis improvements (CNN taggers) and
WH topology allowed for exclusion of hadronic decays

ATLAS (s=8-13 TeV, 20.3-139 fb”
BRI T PR ! A | An | A 1) I T TT1 T TTTTT FRVZMOdel
H—2y +X

my = 125 GeV
90% CL observed limits

Displaced (139 fb™)
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BR=10%
- BR=5°/0
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
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ATLAS:
e First time exclusion in the fully electron channel

|

o Significant analysis improvements (CNN taggers) and
WH topology allowed for exclusion of hadronic decays

ATLAS (s=8-13 TeV, 20.3-139 fb’’
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JHEP 02 (2016) 062
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Monojet (139 fb™)
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Non-ATLAS searches
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CMS:
e LLPs decaying to pair of OS muons
e Distances of decays ranging from several hundred

Um to several meters —> impressive range

CMS Preliminary Combined, 97.6 fb™' (13 TeV)

LU 1 0_3 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I
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Dark photon searches at a glance
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New potential for Run 3
—> Improved triggers,
reconstruction techniques and tools



Why LLP searches use non-standard reconstructions? 32

f you want to reconstruct a charged particle with Impact Parameters (do,zo)
outside the prompt phase-space —> you need special reconstruction
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Why LLP searches use non-standard reconstructions? 32

f you want to reconstruct a charged particle with Impact Parameters (do,zo)
outside the prompt phase-space —> you need special reconstruction
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Why LLP searches use non-standard reconstructions? 33

I you want to reconstruct a charged particle with Impact Parameters (do,2o)
outside the prompt phase-space —> you need special reconstruction
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Long-lived special reconstructions 34
e | arge-Radius tracking in ATLAS for Run 3 newly designed
* Huge computational and physics gain!
* New opportunities and flexibility!
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Long-lived special reconstructions DTR 2021003 35

e Many analyses using LRT make use ot additional secondary vertex reconstruction algorithms
e Comparisons performed between “zero-bias” data and simulated samples of inelastic scattering events

* To probe LRT efficiency in data, need a “standard candle”

e K7 decays are an ideal candidate: ¢z = 27 mm
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Long-lived special reconstructions DTR2021.003 36

e Many analyses using LRT make use ot additional secondary vertex reconstruction algorithms

e Comparisons performed between “zero-bias” data and simulated samples of inelastic scattering events

/-

* To probe LRT efficiency in data, need a “standard candle”
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Conclusions 37

e ATLAS and CMS results of full Run 2 data achieve impressive constraints on LLP candidates

* \We learn to use detectors "full potential” for unconventional searches & more for Run 3!
* New LLP triggers (in particular also with displaced tracking)
* New reconstruction techniques

* Improved work-flow - ATLAS LLP tracking and lepton reconstruction NOW integrated in the main
data processing chain —> CMS has this already for some years

Run 3 is exciting for LLP searches at the LHC

— New opportunities for discoveries —
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HNL Experimental plane — colliders & fixed target 3
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Global constraints on Sterile Neutrinos

40
JHEP 10 (2019) 265

* Complementarity of searches is enormous for HNLs
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EWPO, Ovpp, cLEV,
CKM unitarity, BBN,
direct searches, v-osc.
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dHNL details
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dHNL details

Events
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CalRatio — dNN details
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Fraction of Events

CalRatio — dNN details
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dE/dx analysis details 45

Analysis strate 1 + (By)? 2
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dE/dx additional details
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dE/dx additional details
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dE/dx additional details
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dE/dx Results — Limits
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LLP Reconstruction Efficiency

LRT recovers significant loss of standard tracking efficiency for truth particle |d,| > 5 mm

¢ Technical efficiency: fraction of “reconstructible” truth particles matched to an LRT track

- Quantifies performance on truth particles that could in principle be reconstructed by LRT

—

. — T N — 3, _I L [ L ] L I 0 T [ L ] L 3 i T T T I T T T I T T T I T T T I T T T ]
Reconstructible” truth _§ 1.4~ ATLAS Simulation Preliminary Vs =13 TeV— & 1.4~ ATLAS Simulation Preliminary Vs =13 TeV—
: : S T i o i
paI'tICle SEIeC“OnS E - \VH. H—aa—bbbb e Combined . - ﬁ i W—=NL. N=l| e Combined -
— — — ® 1.2~ ’ < Large Radius Tracking — < 1.2 ’ Y ¢+ Large Radius Tracking —
g - m,=55GeV,ct,=100mm ¢ Standard Tracking i g “L my=15Gev, ct,=100mm ¢ Standard Tracking 4
€ i i
e From LLP decay O . S o - .
o i = 2a a0 T8 an-aa sBOFUY ST Uiy o lrgl Ui of 1]
o - S ahd .
e Charge =+1 C e . : p S p o 4 =?=+ +
0.8~ —Q—* n 0.8 —- .
® 7irod < 440 mm - o . - i i
0.6 — 0.6— .
® pr>1GeV, |n| <25 i | i -
o Né‘iits > 8 0.4/ ¢ B 0.4:— |
iy displaced hadrons ] - displaced leptons ’
0.2 — 7 0.2 _
e i i o T i
0 I m_h_@ﬁ+‘=‘=l=u=l=l S — | 1 R O:{WWWS"IHGT I_{D_f ro_?'o'lﬁ,}l,v\lc“\\ﬁl—m.-o-.-o-.o_

0 50 100 150 200 250 300 0 2 4 6 8 10
Idol [mm] Idol [mm]

Dark Interactions 2022 | Matthias Danninger | SFU



Hidden Sector comparison
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Hidden Sector comparison
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