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Dark/Hidden Sector

- Extend the SM with a new ‘sector’ only weakly coupled to the SM

- Dark sector can be simple (e.g., a single U(1),) or more complicated, involving dark
QCD sector / dark hadronization, dark matter candidates, etc.

Theory Origins: new LLPs & stable particles
RPYS‘J;T\(‘}E‘ ' R EWLICIrogEL

Standard AMSB & GMSB MODELS
sus
Model -

09)
<
3
E
<
~
Q
8
2
[}
'__‘M
)

SU(3) XSU(2) X U(1)

’ OFEXIDIMS
SPLIT/SUSY, ‘ ' f DARK
SECTORS

. HlDDEN VALLEY

SUSY MODELS

FOLDED

Alison Lister - CAP 2019

o
5 O° © oY L o°
0“ 6\ 0\« WO \g?
O e p~\) R S oF (e
SRR AR *oﬁ WO e <%




Dark/Hidden Sector

- Weak coupling to SM leads to long-lived particles and un-conventional signatures in
ATLAS. Need at least one of

- Small phase-space (nearly degenerate masses)
+ Small coupling
+ Highly virtual intermediate particles

- Need un-conventional reconstruction and background estimation
+ So experimentally a lot of fun!

Dark Sector Portals

Neutrino Higgs Vector
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Our Approach: Signature Based

- Displaced decays
- Displaced multitrack vertices - '
. Displaced photons multitrack vertices. .~
- Displaced jets '

- Emerging jets %

» Trackless jets with low EM energy fraction , _ 7 AN\ T emerging

. . . dileptons, lepton-jets ¥ jets
* Displaced dileptons and lepton-jets I

‘ trackless,

. %IQEMF Jets \

multitrack vertices .
|n muon system
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Experimental Challenges

Different shower shapes in calorimeters e.g. unusual fractions of EM/hadronic Energy

Decays not from the primary vertex
* Non-standard track reconstruction (‘large radius tracking’) (ATL-PHYS-PUB-2017-014)

+ Secondary vertex finding algorithms (ATL-PHYS-PUB-2019-013)
+ Jets appearing in muon system

Timing information useful but not available for all detectors
Non-standard trigger requirements

Cannot process all data in these ‘non-standard ways’: need to be selective
Simulation samples not readily available (MC)

Unusual backgrounds
+ Pile-up, beam induced backgrounds, cosmic rays,...
* Long-lived SM hadrons
+ Material interactions (mostly in tracker)
+ Electronic noise

Often dealing with very small number of events
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Experimental Challenges: Solutions

- Simple trigger requirements while keeping bandwidth low
+ Often rely on prompt particles in associated production
* Trigger during abort gaps or in ‘bunch after’ something happens
* Use timing information or calorimeter layer information in non-standard ways

- Reconstruction
» Track reconstruction optimized for prompt particles -> needs different algorithms that take
time
+ e.g. Only use un-used hits from first ‘pass’ at reconstruction
* Displaced vertex identification
+ Build on b-tagging knowledge but not always appropriate
+ Calorimeter noise spikes more concerning
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- Background
+ Obtain as much as possible from data
+ Use control regions to validate and/or constrain
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What we cover: Long-Lived Particles

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

Status: March 2019

ATLAS Preliminary
JLdt=(34-36.1)fb"! Vs5=8,13TeV

Model Signature  [£dt [fb Lifetime limit Reference
RPV \{ — eev/euv/uuy  displaced leptonpair  20.3 [ x? lifetime _ J ! m(@)=1 leev, m(xd)=1.0Tev 1504.05162
GGM 2 — Z& displaced vix + jets 20.3 x§‘ lifetime. _ m(g)=1.1TeV. m(x?)= 1.0 TeV 1504.05162
GGM 3 - ZG displaced dimuon  32.9 | x? lifetime 0.029-18.0m m(g)=1.1TeV. m(x})=1.0TeV 1808.03057 h
GMSB non-pointing or delayed y 20.3 | x{ lifetime  o0ssam SPS8 with A= 200 TeV/ 1409.5542
AMSB pp - xix$x{x;  disappearing track  20.3 | x} lfetime . o2230m m(x)= 450 Gev 1310.3675
§ AMSB pp — xix.x{x;  disappearingtrack  36.1 [ x? lifetime 0.057-1.53m m(x})= 450 GeV 171202118
O s pp—xidxix;  large pixel dE/dx 18.4 |} lifetime . 13t90m mix})= 450 GeV 1506.05332
Stealth SUSY 2ID/MS vertices 19.5 | § litetime D orzEos  m(z)- 500Gev 1504.03634
Split SUSY large pixel dE/dx 36.1 | & lifetime >09m m(g)= 1.8 TeV, m(x})= 100 GeV 1808.04095
Split SUSY displaced vix + EP  32.8 | & lifetime 0.03-13.2m m(&)= 1.8 TeV, m(x})= 100 GeV 1710.04901
Split SUSY 06,2-6jets +EP™ 361 | lifetime 0.021m m(&)= 1.8 ToV, m(x})= 100 GeV | ATLAS-CONF-2018-003
H-ss low-EMF trk-less jets, MSvix 36.1 | s lifetime 0.18-120.0 m m(s)= 25 GeV. 1902.03094 h
s | FRVZH-2ya+X 2e- p-jets 203  |EiEHRE o0-3 mm m(yy)= 400 MeV 1511.05542
E" FRVZ H — 2yq + X 2 e- pu-, n-jets 3.4 | yaqlifetime 0.022-1.113m m(yq)= 400 MeV ATLAS-CONF-2016-042
% FRVZ H — 4y + X 2 e, -, -jets 34 | yalifetime 0.038-1.63m m(ya)= 400 eV ATLAS-CONF-2016-042
-§ H— 2424 displaced dimuon  32.9 [ Zy lfetime 000924.0m  m(Zy)= 40 GeV 1808.03057
H— 224 2.6, + low-EMF trackless jet36.1 | Zq lifetime 022:53m m(Z4)= 10 GeV 181102542
VH with H — ss — bbbb 1 =2(+ multibjets 36.1 |slifetime 0-3mm B(H — ss)=1, m(s)= 60 GeV 1806.07355
§ | ©@00GeV)>ss  lowEMF ticlessjets, MSvix36.1 | s ifetime 0.41-51.5m o x B= 1pb, m(s)= 50 GeV 1902.03094 >
% ®(600GeV) > 55 low-EMF trkcless jets, MSvix 36.1 | s lifetime 0.0421.5m X B= 1pb, m(s)= 50 GeV 1902.03094 h @)
'
(1 TeV) —ss low-EMF trk-less jets, MS vix 36.1 s lifetime 0.06-524m o xB=1pb, m(s)= 150 GeV 1902.03094 ‘5
L AVZOTeN) g 2ID/MSvertices 203 | s lifetime - otasm 7 B=1pb, m(s)= 50 GeV 1504.03634 3
§ HV Z'(2TeV) - a,q, 21D/MS vertices 203 |slifetime ! “ oxB=1 vlb- m(s)= 50 GeV/ 1504.03634 <l
o
0.01 0.1 1 10 100 cT [m] é
1 1 1 1 1
*Only a selection of the available lifetime limits is shown. 0.01 0.1 ! 10 100
7 [ns]

+ ’bonus’ brand new heavy neutrino search




Trackless Jets (CalRatio) " L

Assume a 81mp11f1ed hidden sector with a heavy neutral scalar =q<- S
decaying to two ‘dark’ scalars > ;

Focus on decays in (or just before) the calorimeter

Sensitivity
+ 125 GeV <mg <1 TeV
+ 5 GeV <mg <400 GeV

- 2 different analysis optimisations for ‘high mass’ and ‘low mass’ @

Dataset and trigger
+ 2016 data only
+ High-Er CalRatio trigger (33 fb1)

. . imulated tri ffici in b 1
 Low efficiency for mg <200 GeV

+ L1: narrow jets (0.2x0.2) Er>60 GeV S P

=5
E
<
=
3
O
5]
n
M
=
x
a

+ Low-Er CalRatio trigger (10.8 fb!, from Sept 2016) % 12 3AT‘LSA=S1§|Tme%am ~ E:d:s;—ﬁg%gg oo - %
« L1 topological trigger: largest energy deposit in HCal E1 > 30 GeV && no 1*2::':::(:;T;T;ngsziffx:fggj } 1 %
ECal with Et>2 GeV within dR=0.2 e { ] -

« HLT same for both i P 2 3
« >1jet with: Ep> 30 GeV && |1 < 2.5 && logo(Ex/Emy) > 1.2 ver i E N E

- No tracks with pr>2 GeV within 4R=0.2 of that jet axis =

+ BIB removal cut (cell timing and position)

Dedicated background triggers: BIB, cosmics EXOT-2017-025
arXiV 1902.03094
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Trackless Jets (CalRat1o)

Event selection and reconstruction

At least 2 trackless and low-EM fraction jets (CalRatio)

Multi-layer perceptron (MLP) to determine radial and
longitudinal decay positions (L, and L,)

Per-jet BDT
- 3 classes: Signal, QCD, Beam Induced background (BIB)
* Inputs: MLP L, and L,, track variables, and jet properties
+ Flatten pr spectrum for training

Event-level BDT's
 Separate training for low and high masses
 Further reduce BIB

* Inputs: 2 highest per-jet BDT weight for signal and BIB, vector
over scalar sum of jet Er, jet Ers, AR(highest 2 signal BDT
weight jets)

MLP Ly, [m]

ATLAS Simulation
Vs=13 TeV

Per-jet BDT score (signal)
lean jets matched to CalRatio LLP

]
35
Truth L, [m]

@ 0.187 T T
> [ °
= 0.16 ATLAS multjet E
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0.1 E
0.08- B
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0.02" k T 3
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Signal-weight
I’ Per event BDT score (high mass)
C
o UE ATEA 4 © BB E|
o 15=13TeV, 33.0fb" —o— (m_m)=(1000,150) Gev
S (m,m,)=(600,150) GeV
g 1k —+— (m,,m,)=(400,100) GeV |
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w 1
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- Dark Sector ATLAS
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Trackless Jets (CalRat1o)

- Background
+ From ABCD method in simultaneous likelihood
+ Within each region: count events

Signal (simulated)
s, s BIB (data) | Signal (simulated) |
High-E, Se'ed'on 9 election High-E_ Selection (m,, m,)= (600150) GeV

o
[6)]

= 0.5 T T T 7 E - T &
— 0.5 ; " i
3 | ATLAS 8 ATLAS 1 oe 2 | ATLAS Simulation’
& \s=13 TeV, 33.0 o 6 o \s=13 TeV, 33.0 fb" = ro
$ 0.4~ g 0.4+ 0.8 % 04l 13 TeV:
g L 5 o t 0.7 g | 2
LIJ)_ B A UIJ'_ B :,_ -
.5’ 0.3+ . -' ] = 4 ;9 0.3+ 0.6 'S) 03+ : - :
R Fo- o5 T | N
02f TR L 8 02 - " 0.4 02— 3
7 % L 2 B ’ 03 I E
0.1 -t 01 ~_ ~ 0.2 0.1+ =
D -
. D C 1 : 0.1 5 =
L N
0 s 3 4 50 O% 1 2 i 5 ° % &
0 1 2 3 4 5 -
ZAR (jet, tracks) ZARmm (jet, tracks) ZAR (jet, tracks) 5
Main selections B C D Estim. A A Estim. A E
v 5
(a priori) (a posteriori) g
w0
. . o Py . 3.2 ¢ 2.3 =
High-E1 selection 9 187 253 ()-th.:s 10 8.575% <

Low-E selection 2 70 57 25733 5.373%
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Scalar mass 125 GeV

10?

Trackless Jets (CalRatio)

- No excess of events observed

L L LhLtll

10

T TT I\Ill
L 11 IHI|

« Include combination with analysis looking for disple

. . . 1 _
jets appearing in muon spectrometer
- ATLAS .

- Vs=13TeV 108" m, =125 GeV, low-E_selection -

101 — 100%B,, .., - - m,=55GeV - m,= 15 GeV -

E oo 10% By, & ---my=40GeV -- m;=8GeV J

co-o- 1% By, _, --me=25GeV — mg=5GeV 1

| Lol Lo el PR

107 1 10
Scalar mass 600 GeV (combined with MS) s proper decay length [m]

95% CL Upper Limiton 6 x B,, _, . [pb]

- Dark Sector ATLAS

= 10 T —— Comparison to Exotic Higgs search
o ATLAS Vs=13TeV —
2 10° m,, = 600 GeV, m, = 150 GeV 3 o Vi ‘ ‘ ‘ '
? — CRIimit[33.0 "] — Obs. N |
= . —— MS2 limit [36.1 fb'] === Exp. £ 1o . c =
< 10 —— CR+MS2 limit s T i ATLAS ] =
© = r b &
Is=13TeV
§ 10 E 107! £ i CR+(MS1+MS2) limit 3 ,%
E 5 E mg =125 GeV 3 ~
= 1 o L —— mg=5GeV - =~
—1 o (<}
5 > i ms=?seeevv | L
—mg = e o]

g0 ) 102E | —m =25Gev E ’i
2 o Fy —— m, = 40 GeV 7 2
1 & F 7] o

g I r JHEP 10 (2018) 031 ] o
00102 _________ © _5 —e— m, =20GeV ] <
ﬁ\) """" 3 o —0— mg = 30 GeV
102 MEEETTT BT B 10°F | —e—m,=60Gev E

1071 1 10 102 C |\|u“4\ ||m|||_3| |||\|H|72\ umu\71| T AR BRI 2. Ll s

s proper decay length [m] 10* 10° 102 10" 1 10 10®> 10

s proper decay length [m]
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Heavy Charged LLP foo as o]
5 0083_ Vs =13TeV, 361 fbo [ Z-pu simulation é

- Charged particles but heavy § 0.070 3

+ Similar signatures to ‘normal’ searches but the timing is different g g 0. 06 E

0.05- E
- Show R-hadron, stau or chargino interpretation 0.04- 3
0.03- 3
- Dataset and selection 0.02 E
« Up to 35 fb! 0.01;— —

- Triggers: Single muon && Missing ET 880708 00 1 Tz T3 T4
* Observables Bror

- dE/dx estimate in pixel detector
* Time-of-flight (ToF) in Tile Cal, and muon chambers (RPCs and MDT's)
+ Need dedicated calibration of dE/dX and ToF

Resolution (op) of Bty

0.9 \-0.8 \-0.7 \-0.6 \-0.5 \-04 \-03\-02\\-01 IOD 110.1 /0.2/ 0A3/ 04/05/086/07,/ 08
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Vs=13TeV, 36.1 o’

d[m] 6.0 5.0 40

EXOT-2016-032
arXiV 1902.01636



— 5000 : : —— @
g ; - ATLAS . [B925 €
I I ‘7 |,] I I I , S, 1 Est. bkg V5 =130TeV,36.1 fo” S
ea y C arged S 4000+ + [__] Exp. signal (§2200 GeV)_.-.." """ . w
El— . [ Data L
- Background estimation sooo | |
5 15
« Invert cuts to get shapes i
. . . = —
+ Normalisation from control regions 2000 = ° H
+ Side-bands to SR ﬁﬁ
10001~ . 850 GeV =] 0.5
. Flnal flt __."" - 200 : 200
H 1 l l | -
- CR and 16 SR % 1000 2000 3000 4000 5000 °
w0
My [GEV] 5
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10" - : S
102 10" 3 ;
10°° F E *;
T 3 o N 5
g 2 o F = g
& 1 5 1.5 8 2
S’ 0 1 B T B e i 1 1 1 1 1 1 % 1 4
& 3
Mo, o 2888 ggsg LLgsg°8ges 0 200 400 600 800 >850
[GeV] J

Rhad-MSagno Rhad-FullDet 1Cand-FullDet 2Cand-FullDet mye [GeV]




Heavy Charged LLP

- Results interpreted under various hypothesis of what is the LLP
* Gluino: m<2000 GeV
+ Sbottom: m < 1250 GeV
« Stop: m<1340 GeV
+ Stau: m<430 GeV
+ Charginos: m<1090 GeV

—_ 2
9 10 a2 \ l E
= f ATLAS ]
S C Vs =13 TeV, 36.1 fb" ]
;3 H B Theory prediction -
8 S \ Expected limit + 16
» 10 —e— Observed limit |
8 —— SR-Rhad-MSagno
& ]
5 —— SR-Rhad-FullDet ]
1 = nanRanTE
| Giluino
1 0—1 | | |
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= Theory prediction
------ Expected + 1o
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Heavy Neutral Leptons (HNL)

« Motivation / benchmark model

. Riglht-handed neutrinos with Majorana masses below the EWK
scale

* Produced through mixing with muon or electron neutrinos

* SM neutrinos acquire mass inversely proportional to HNL
Mfﬁorana mass, prov1d1nﬁ natural explanation for neutrino masses
and why they are so sma

+ Heavy Neutral Leptons with O(keV) mass could be a valid dark-
matter candidate

+ Assume a new heavy neutrino that weakly couples to SM
neutrinos, W and leptons

- Data and event selection
- 2 targeted signatures: prompt and displaced
+ 36 b1 (32.9 fb1) 13 TeV
* Prompt
+ le or 2mu trigger
+ 3 leptons (2/1u + 1/2e), veto same flavor opposite-sign, my; 40-90 GeV
+ Displaced
+ Targeting my < 20 GeV
* 1 utrigger
* 1 prompt u
+ Displaced di-muon vertex (4-400mm)

Selection efficiency

0.06

0.05

0.04

0.03

0.02

0.01

TTT T[T T T T[T T T T[T T T T[T T T T[TTTT
I I I I | ]

ATLAS Simulation
\Fs=13TeV,W—>;1N—>u;1eve

R
gt 50250 Y v Y e e 0k

m,, = 10 GeV, prompt

my, =5 GeV, displaced
my, = 7.5 GeV, displaced
m,, = 10 GeV, displaced
my, = 12.5 GeV, displaced

)

Yve o 0 o

A4

_
q;

1

10 10? 10°
ct [mm]

EXOT-2017-026
arXiV 1905.09787
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Heavy Neutral Leptons Prompt

° Prompt baCkground eStlmate 3 T T e T Total bamrgrouny ]

fake-lepton background

> F
. . . . . .. . 5 50~ ATLAS ulti-fake I single to
- Simultaneous binned maximume-likelihood fit in pp3lin three o [ "gistev, 6.1 " :M\i/)z' TR
. . . = C riboson - - my= 5 GeV
control regions (CR) and the signal region (SR) 40 SR = Diboson - mem 10 GeV
C [ MZ->tm == my=20GeV
+ Normalisation factors for dominant MC background: ttbhar and z sofF- Zou o my=30Gev

Z >ee ---my=50GeV -

| I

T
rumaelb g peor gl L A
E
g B
- Displaced background estimate Bty DO RN AN ) g
+ Fully data-driven using control regions "5 710 15 20 25 30 35 40 45 50 ¢
m(u, e) [GeV] S

+ Background: hadronic interactions in material, metastable
particles (b- and s-hadrons), accidental crossings tracks,
cosmic-ray muons + prompt.

* Prompt mu: Reduced by > 1 order of magnitude
+ ‘Tight’ selection criteria to remove all but cosmics

+ Cosmics are entirely rejected by cosmic veto

Alison Lister - CAP 2019
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Heavy Neutral Leptons

- Displaced analysis: 0 events observed

- Results interpreted in context of a single right-handed Majorana neutrino N
produced in leptonic W boson decays, with just two parameters: mass (my ) and
coupling strength (| U|?)

- Displaced signature: mass range 4.5-10 GeV, | U, | 2down to ~2x1076 (1.5x107°)
assuming Lepton Number Violation (LNV) (or LN Conservation)

)]
« LNV has weaker limits: for given coupling strength, lifetime reduced by factor of two =
=
5
o L R A B Shown as a function of lifetime o
D103 ATLAS s =13 TeV, 32.9-36.1 fo' — > ’;
E 95% CL exclusion E 'g‘ 10 E T T T T 71‘ E a
= o —— Observed (prompt, LNV) . c = ATLAS Vs =13 TeV, 32.9-36.1 fb™" 3 0
B DlSplaced —— Observed (displaced, LNV) 7 — 10 95% CL exclusion, dominant v, mixing = e
- ——— Observed (displaced, LNC) 1 S E —— Observed (p.rompt, LNV) ; g
107 = B Expocted : 1o = 1= T Observed (dsplaced, NG = &
E [ Expected + 26 - = - EXpected = &
C ] 1 0‘1 e [ Expected + 16 — 0
B - E [ Expected + 26 E 5
10° = E 107 E 4
c - 10° = - 2
B _ E ] <

18— =0 e L 10 E E

10 20 30 40 50 105 Foo T

my [GeV] 10 20 30 40 50

my [GeV]




Putting 1t all together

- Summary plots only available for SUSY interpretations (for now)

§ (R-hadron) - qq %, ; M(¥,) = 100 GeV March 2019
%' 3000 @ RPCOL2-6jets arxiv:1712.02332 (E:13‘!Iev, 36 fb) ) ATLAS Preliminary
|- —@— RPC OL 2-6 jets ATLAS-CONF-2018-003 (Ys=13 TeV, 36 fb™)
O, | Displaced vertices arxiv:1710.04901 (Ys=13 TeV, 33 fb) -@- Expected
i) - Pixel dE/dx arXiv:1808.04095 (Vs=13 TeV, 36.1 fb™) —o— Observed
TE’ | —@— Stable charged arxiv:1902.01636 (Ys=13 TeV, 31.6 fb') 95% CL limits
c 2500 — Stopped gluino arxiv:1310.6584 (Ys=7,8 TeV, 5.0,23 fb™)
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[ ® Stable charged arXiv:1902.01636 —e— Observed limits
L 1S 95% CL limits.
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Conclusions

- Searches for Dark Sector mediators really in its infancy
- Still lots of potential for improvement in experimental techniques and analysis optimisation
- Still un-explored regions of phase-space that are accessible in principle

- Difficult analyses
+ Non-standard triggers and reconstruction
* Non-standard backgrounds: most need to be data-driven
* Small number of events
* Who said LHC analyses were becoming ‘routine’?!
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Displaced dimuons

- Target: Long-lived neutralinos in GMSB scenario
+ Long-lived dark photons Zp from Higgs decay
+ High-mass (Z — p+p-) and low-mass (Zp — p+-)
- m(x) = 300-1100 GeV, m(Z) = 20-60 GeV

- Signature: 2 opposite-sign p in muon system with vertex up to 4m from interaction
point
+ 1p trigger efficiency 70% at IP, 10% at 4m
* Include also MET trigger to compensate
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Displaced dimuons

- No significant excess

- Lower and upper lifetimes from 0.3 to 2400cm depending on model parameters
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