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Why look for long-lived particles?

Standard Model is full of long-lived particles
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Why look for long-lived particles?

Standard Model is full of long-lived particles

small couplings {I
b-mesons, off-diagonal CKM, 7 = ps
. . 2
high mass mediator k.

W, T, via W, T= 2 s, 26 ns .L

small mass splittings T/,
neutron, mp-mpy= 1 MeV, T =15 min /

(1949) Nature 163, 82.
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Why look for long-lived particles?

Standard Model is full of long-lived particles
These same mechanisms come into play with SUSY

small couplings
b-mesons, off-diagonal CKM, T = ps

high mass mediator
W, 7T, via W, T= 2 us, 26 ns

small mass splittings
neutron, mp-mpy= 1 MeV, T =15 min

R-parity violation
long-lived 7}

Split SUSY

long-lived g

pure electroweakinos
, ~+
long-lived X1

(1949) Nature 163, 82.
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Why look for long-lived particles? 6

in ATLAS, most interested in T
between O(ps) and O(10 ns)

Tracker ; ; ;
Calorimeter e A .
3.'3 ns 1é ns 3-3 ns
Muon
Spectrometer for a long-lived particle
with =1
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Why look for long-lived particles?

If you like a challenge...

long-lived particles make striking signatures
charged or neutral
light or massive
a variety of lifetimes
and decay products

often require specialized reconstruction/triggers
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An example: R-Parity Violating SUSY ATLAS-CONF-2018-003 8

When we write down SUSY in its most generic form
we get couplings that violate lepton and baryon number

Was = AijkLiLiEx + A7 LiQiDk + A UiDiDk + KiLiH,

Standard SUSY searches assume one of two extremes
R-parity conservation (RPC), A=0, stable LSP
or maximal R-parity violation (RPV), A=large, prompt LSP decay

R-parity = +1 for ordinary particles
R-parity = -1 for superpartners
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https://cds.cern.ch/record/2308391/files/ATLAS-CONF-2018-003.pdf

An example: R-Parity Violating SUSY

ATLAS-CONF-2018-003 9

But these couplings could be anything in between
— reinterpret prompt searches as a function of RPV coupling (LLP lifetime)

: Upper Limit
from RGE
RPC ;i RPV on A"’
P p p .
’ t4 RN 4—0{19 3 .L ; g b
>t<‘- Wi i t«:{ ; 'T M AN
p 323
t
N1 Stable Nl Long-lived N1 Prompt single production
: An
1 1.0/

0 104
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https://cds.cern.ch/record/2308391/files/ATLAS-CONF-2018-003.pdf

An example: R-Parity Violating SUSY

ATLAS-CONF-2018-003

10

RPC-RPV Combination: T-t7 (—tbs) / T->bs, m(%.)=200 GeV, bino-like %,

Standard searches do a
great job

assume lightest SUSY
particle is stable

assume lightest SUSY
particle decays promptly

direct stop decay

single stop production

< 2400¢ L B L) B AL IR ]
s 2200 ATLAS Preliminary e gﬁzeef\i% =
— - Vs=13TeV SO 5
2 2000 __gmpcsiopoL ey oo r ok E
= 1800 RPC Stop 1L (36.1 fb™) I R
- RPV 1L (36.1 b 21 bigiki[BE 3
1600 — pijet (37 ™), TLA (3.2 107 2 vivia) e 3
1400F- — Diiet pairs (36.7 fb™ i: zif: a
12005 5 ! G 8 _a
1000:—'9' -
800 -
600 -
400 =
e e g e e aaaran
()
see more
in backup!
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https://cds.cern.ch/record/2308391/files/ATLAS-CONF-2018-003.pdf

An example: R-Parity Violating SUSY ATLAS-CONF-2018-003

RPC-RPV Combination: T-t7 (—tbs) / T->bs, m(%.)=200 GeV, bino-like %,

= 2400 ki — Standard searches do a
8 2200; ATLAS Preliminary - ©- Expected _f great JOb
— L {s=13 TeV —&— Observed .
2 20005 __ gmpcswopoL@etfy ook =
= 1800 RPC Stop 1L (36.1 fb) = assume lightest SUSY
- RPV 1L (36.1 fo) 5 - particle is stable
1600 — pijet (37 ™), TLA (3.2 10" S
1400:_ —— Dijet pairs (36.7 fb™) g _:
12001 P =
1000F-+¢ £
800:— — - & = direct stop decay
6005_ | | % _5 single stop production
400 RPC 107° 107
B }\‘” Butl
~ 323 !
7(7°)
Gaps in coverage highlight need for dedicated long-
lived particle searches!
see more eg. room for light stops with neutralino lifetimes between 0.5 ns and 10 ns
in backup!
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https://cds.cern.ch/record/2308391/files/ATLAS-CONF-2018-003.pdf

A few long-lived SUSY searches in ATLAS 12

__________________________ 1. highly ionizing particles

.-

~.
~
ey

____________________ e T A massive, charged,
Y 4 (meta-)stable particles
SUSY-2016-31

Pixel

.
‘e

33.5-122.5 mm [ §

.
......
---------

2. disappearing tracks
small mass splittings between
charginos & neutralinos

~.| Silicon Strips

JHEP 06 (2018) 022

229 -514 mm

~..

~..

____________________________ 3. displaced vertices
............................ hadronic decays of

Transition

Radiation Tracker
554 -1082 mm

long-lived particles
Phys. Rev. D 97 (2018) 052012
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https://cds.cern.ch/record/2630371
https://doi.org/10.1007/JHEP06(2018)022
https://doi.org/10.1103/PhysRevD.97.052012
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/SUSY-2016-31/

1. Highly lonizing particles SUSY-2016-31 13

Search for long-lived massive charged particles,

which are slow moving and highly ionizing
eg. gluino in Split SUSY, decays via heavy squarks,

hadronizes with Standard Model particles

—_
o

_ £ 9 ATLAS
Step 1: calibrate dE/dx o Para 2015, 1o =19 TeV 1o
Time over threshold for each pixel hit = charge % ‘
average cluster charge = dE/dx 0

MPVyg/ax = A/(By)C +B

Step 2: _
with dE/dx, and track momentum e
use By=p/m to measure particle mass T |, e
-2500 -2000 -1500 -1000 -500 0 500 1000 1500 2000 2500
ap [MeV]

Improvements with full 2015+2016 dataset!
run dependent scale factors, low momentum correction for protons & kaons,

n-correction (traversed thickness) , and radiation damage correction
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https://cds.cern.ch/record/2630371
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/SUSY-2016-31/

1. nghly Ionizing particles SUSY-2016-31 14

Selection: N _

MET Trigger, MET > 170 GeV > 25 ATLAS Preliminary e Data i

track pT > 150 GeV o 10 s=m3Tevas e E

dE/dx > 1.8 MeV g-1cm? 0 10;_ mZ=2000 GeV a

meta-stable & stable signal regions £ Stable selection, SR

Backgrounds: 101E e * __________ -

from long Landau tail, -

shared hits, or spurious hits 10 3 o 3

5 '.::%}::r:}::::}:::::::::::.'

ata-driven bkg estimation: & 2 *M _______ ‘ ___________________ ! ____________________________________________________________________________________ _
Measure p in low dE/dx S 0 *I+:I++' | | +

| | | | | | | | | | | | | | | | | | | | | | | | |
Measure dE/dx in low MET 0 500 1000 1500 2000 2500 3000
normalize in M < 160 GeV Mass [GeV]

lifetimes probed: T > 0.4 ns

Results masses excluded
mild excessj: 2.40 local inls’FabIe SR 7~10ns : 2060 GeV
targemg 000 GeV g Hino stable : 1890 GeV
no excess in meta-stable signal
regions
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/SUSY-2016-31/

2. Disappearing tracks JHEP 06 (2018)022 15

small Am(;’ﬁ,;??) — long-lived charginos,
pure wino-LSP: Am =160 MeV, T=0.2 ns K0
pure higgsino-LSP: Am =350 MeV, 7 = 0.05 ns

neutralinos make good candidates for DM! N

non standard reconstruction
short pixel tracks with 4 hits = tracklet

Selection:
MET trigger,
1 high pT jet, lepton veto
1isolated pixel tracklet Improvements w.r.t Run 1!
addition of IBL — shorter tracklets
probe shorter lifetimes
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https://doi.org/10.1007/JHEP06(2018)022

2. Disappearing tracks JHEP 06 (2018) 022 16
Background estimation
measure data-driven templates
likelihood fit to pixel tracklet pT spectrum
hadronic interactions  e/u photon radiation combination of 8, afAras ]
random hits < 10°F(s-13Tev, 361" -~ Faketracket T
" J ] j § 103 ;EEW prod_uction s II\-Illatllctlz’rr:mElectron E;
b ': 1 b : 'G jf - 102 High ET™° region — 'é?gtﬁlalBackgroundé
» ; ) n 10¢
: 1F;
! _ 10™"
X X X x E 107
o N o ] o 1()_3;5 ....... ‘
/ / 10_4 _E (r?z?,l TZIT)|=| $4|.|00 Ge\/I’ 0?0 r]SI) 1 11 || 1 1 | I | |§
red = particle’s path, blue = reconstructed tracklet g 1 g ......... - H' BN T' .............. )
AR A )
1. measure pT of standard tracks from non- 1. shape: drop MET Ob el

scattered hadrons and leptons

2. e/u: account for P( lepton — tracklet )
3. smear to account for track v. tracklet pT

resolution (measured in Z = up)

Karri Folan DiPetrillo —

requirement and

|d0|/o(d0) > 10
2. normalization:
low MET region

100

Rencontres du Vietnam — 7 August 2018
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https://doi.org/10.1007/JHEP06(2018)022

2. Disappearing tracks

JHEP 06 (2018) 022 17
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pure higgsino )?(1)

exclude chargino masses up to 152 GeV

production

------- Theoretical line for pure higgsino

ATLAS Preliminary
Vs=13TeV, 36.1 fb™’ i
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https://cds.cern.ch/record/2297480
https://doi.org/10.1007/JHEP06(2018)022

3. Displaced Vertices + MET

Phys. Rev. D 97 (2018) 052012 18

targeting hadronic decays in pixel barrel

non standard reconstruction
large radius tracking (LRT) and secondary vertexing

> B U R L A L g
g [ ATLAS Simulatior )
S 12 {5=13Tev ]
S - Split-SUSY Model, §—0d %, -
g {1 R-hadron: m. = 1200 GeV, M, = 100 GeV,T1=1ns _
g 0 8:.:."'1 '"'*+‘1'* + Standard Tracking i
» YO yt —
§ B +++++++ ¥ Standard + LRT ]
I - J++++++++ X E
o) [ = - -
g o4k Ny g gt +++ f 14 + ++++ -
AL T I
S NE NY ++ f, -
O: él i.E L L |..1’¢|.¢1.+|”|¢.1’¢|’+|¢¢|+ () ¢ [ ] + + :

0 50 100 150 200 250 300
R [mm]
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https://doi.org/10.1103/PhysRevD.97.052012

3. Displaced Vertices + MET Phys. Rev. D 97 (2018) 052012 19

{s=13 TeV, L=32.8 fb”', All Reconstructed Vertices

— 150
g —3000
Selection >~ 100
. > —2500
trigger on MET, MET > 250 GeV N
at least 1 displaced vertex with 50 15000

Ntrk > 5, mDV > 10 GeV

1500
Backgrounds
hadronic interactions
random track crossings
merged vertices

-90 1000

-100 500

19050 -100 .50 0 50 100 150 ©

DV x [mm]
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3. Displaced Vertices + MET Phys. Rev. D 97 (2018) 052012 20

0 events expected / observed
best sensiti\éity: 2.37 TeV gluinos excluded at T = 0.1 ns, m(LSP) = 100 GeV

Exploring gluino-neutralino mass splittings
more difficult to get compressed scenarios,
fewer tracks and lower MET

%‘ 4000_I | L I | L | | L | | L | L | | | I_ % 3500: I I I | I I I I I I I I I I | I I I | I :
Q) - ATLAS B _ SUSYy Q) " ATLAS — - susy, _
3500l 8=13 TeV, L=32.8 "~ 008 Mt Eloneen) 1 == 3000 (5-13Tev, L-g2.g "~ OPS Mt (105 -
S - All limits at 95% CL~ ==== Exp limit (£105,,) A = - All limits at 95% CL ==== Exp limit (£105,,) A
-~ ~0 ]  ~ ~0 ]

- 9—qdx,, m%?=100 GeV ] 2500__g—>qqx1, t=1ns -

3000 - - .
2000 -

2500~ ” I ]

- - .............. i 1500 :_ _:

2000 _ 7 T NG — - -
] 1000~ 7]

15001 - B i

B i 5001~ ~
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https://doi.org/10.1103/PhysRevD.97.052012

Parameterized efficiencies

If you prefer another interpretation...

take a look at our parametrized efficiencies
with prescriptions for easy use!

efficiencies efficiencies and prescription
'5400_""""""""""""I""I""I""I""_ . ’>-<‘
B 1 [
= 350" R
> - 1#=0.4 c 10°— 4m
-% 300__ ] -'é B
= o35 = o
S 290~ 103 g T
2 200" 14025 2 |
150 102 I
4 -0.15
100 o
- 1 —0.1 10
S0CATLAS Simulation 4 10,05 E
_Vs=13TeV - C :
O_lllllllll||||||||||||1||||||l||||||11||||||||||||_ _O | o | i . o g
25-2-15-1-050 05 1 1.5 2 25 102 107
Generator-level n m (Truth vertex) [GeV]
disappearing track displaced vertices + MET
acceptance x efficiency vertex efficiency
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Vertex selection efficiency


https://www.hepdata.net/record/78375
https://hepdata.net/record/ins1630632
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/SUSY-2016-08/hepdata_info.pdf
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/SUSY-2016-08/hepdata_info.pdf

Conclusions

22

Long-lived SUSY

is well motivated
creates challenging and spectacular signatures
which require dedicated searches

No discovery yet...
but there is more phase space to explore in Run 2

Stay tuned!
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ATLAS SUSY LLP results

23

Pixel dE/dx SUSY-2016-31

Disappearing Track JHEP 06 (2018) 022

Higgsino Reinterpretation ATL-PHYS-PUB-201/-019

Displaced Vertices + MET Phys. Rev. D 97 (2018) 052012
Reinterpretation in long-lived scenarios ATLAS-CONF-2018-003

Stable massive particles Physics Letters B 760 (2016) 647

Displaced Vertices + Jets, Leptons, Dilepton DVs Phys. Rev. D 92, 072004 (2015)

Stopped Particles Phys. Rev. D 88, 112003 (2013)
Non-pointing photons Phys. Rev. D 88, 012001 (2013)
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https://dx.doi.org/10.1103/PhysRevD.92.072004
https://link.aps.org/doi/10.1103/PhysRevD.88.112003
https://dx.doi.org/10.1103/PhysRevD.88.012001

Reinterpreting prompt searches in RPV scenarios

24
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Reinterpreting prompt searches in RPV scenarios

RPC-RPV Combination: §—>qa, (—~qqq) / §—>aqq, m(%,)=200 GeV, bino-like 7.

';' 3000: ' T T T T 1T ' T T T T T l l ||||||:
& 2800 ATLAS Preliminary =
—  ogoOE Vs=13TeV,36.1 " —— RPC OL 2-6 jets =
@ 24005 -©- Expected ]
- - —-@— Observed o PP —]
5900L- 95% CL limits RPC OL 7-11 jets E
2000 " =
18002— —;
16002— —;
1400 ° =
- o -
1200;— E
- M § N o] Lo

1 OOO RPC 1 0—4 1 0—3 1 0—2
Mo
PN N RN (¥ 0N S T N [V U A N AN SN U 00 A S N (7 W 0N 0 A M A (TR R W I B

102 10 1 10~ 1072 107°

’;Z? lifetime [ns]
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Reinterpreting prompt searches in RPV scenarios

RPC-RPV Combination: -t (—tbs) / §—tbs, m(%,)=200 GeV, bino-like 7,

;‘ 3000: T T TTT] T T T T TITT] T T T T — T T T TTT7 0
q) - . . ]
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Pixel dE/dx

27

Run dependent dE/dx
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Disappearing Track 28
Track smearlng Fake background
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Displaced vertices + MET

10
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Summary: charginos (small mass splittings)

30
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Summary: gluino R-hadrons

9 (R-hadron) — qq ’)Z? ; m(’;“(?) =100 GeV SUSY 2018
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Summary: all ATLAS LLP searches

32

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

Status: July 2018

ATLAS Preliminary
[£dt=(82-36.1)fb! V5=8,13TeV

Model Signature  [£dt[b™] Lifetime limit Reference

RPVX‘E — eev/epv/upv  displaced lepton pair 20.3 thl Iife;ime' U m ; l I m(g)= 1.3ITeV, m(y9)=1.0Tev 1504.05162
GGM 2 - Z& displaced vix + jets  20.3 [ x} lifetime m(&)=1.1TeV, m(x3)= 1.0 TeV 1504.05162
GGM X? - ZG displaced dimuon 32.9 ,\’g lifetime 0.029-18.0 m m(g)=1.1TeV, m(y})= 1.0 TeV CERN-EP-2018-173
GMSB non-pointing or delayed y 203 | x} lifetime  oo0854m SPS8 with A= 200 TeV 1409.5542
AMSB pp — ,\/f,\/‘l’, Xi" X1 disappearing track 20.3 Xf lifetime _ m(y7)= 450 GeV 1310.3675
AMSB pp — xix).x{x7  disappearing track 361 |7 lifetime 0.057-1.53 m m(y7)= 450 GeV 1712.02118
AMSB pp — x:x%,xfx]  large pixel dE/dx 18.4 | x; lifetime . 13190m m(y;)= 450 GeV 1506.05332
Stealth SUSY 2IDMSvertices 195 | § iifetime I onzooem ()= s00Gev 1504.03634
Split SUSY large pixel dE/dx 361 | & lifetime >09m m(&)= 1.8 TeV, m(y2)= 100 GeV | CERN-EP-2018-198
Split SUSY displaced vtx + E™ 328 | § lifetime 0.03-13.2m m(g)= 1.8 TeV, m(x?)= 100 GeV 1710.04901
Split SUSY 06,2-6jets +EM 361 | glifetime 0.0-21m m(&)= 1.8 TeV, m(y?)= 100 GeV | ATLAS-CONF-2018-003
Hoss 2 low-EMF trackless jets  20.3 | s lifetime . os7sTm m(s)= 25 GeV 1501.04020
Hoss 2 ID/MS vertices 195 | slifetime PossEaEm  (9)=2sGev 1504.03634
FRVZ H — 2y4 + X 2 e, u—jets 203  |iHRE 0-3 mm m(ya)= 400 MeV 1511.05542
FRVZ H — 2y4 + X 2 e-, u-, n-jets 34 | ya lifetime 0.022-1.113 m m(yq)= 400 MeV ATLAS-CONF-2016-042
FRVZH — 4yy+ X 2 e—, pu—, n—jets 3.4 yd lifetime 0.038-1.63 m m(yq)= 400 MeV ATLAS-CONF-2016-042
H— ZyZy displaced dimuon 32.9 Z, lifetime 0.009-24.0 m m(Zy)= 40 GeV CERN-EP-2018-173
VH with H — ss — bbbb 1 —2( + multi-b-jets 36.1 s lifetime ~ 0-3 mm B(H — ss)=1, m(s)= 60 GeV 1806.07355
®(300 GeV) - s 2 low-EMF trackless jets  20.3 | s lifetime . 02979m o x B=1pb, m(s)= 50 GeV 1501.04020
(300 GeV) - ss 2 ID/MS vertices 195 | slifetime oHesie] o < 5= 1 pb. m(s)=50 GeV 1504.03634
$(600 GeV) — ss 2 low-EMF trackless jets 3.2 s lifetime 0.09-2.7 m o x 8= 1 pb, m(s)= 50 GeV ATLAS-CONF-2016-103
®(900 GeV) — s 5 2 low-EMF trackless jets  20.3 | s lifetime _ o x B=1pb, m(s)= 50 GeV 1501.04020
(900 GeV) — s 2 ID/MS vertices 195 | slifetime - oit183m o x B=1 pb, m(s)= 50 GeV 1504.03634
d(1TeV) > ss 2 low-EMF trackless jets 3.2 s lifetime 0.78-16.0 m o x B=1 pb, m(s)= 400 GeV ATLAS-CONF-2016-103
HV Z'(1 TeV) - q,qy 2 ID/IMS vertices 203 | slifetime _ o % B=1 pb, m(s)= 50 GeV 1504.03634

l HV Z'(2 TeV) = quav 2 ID/MS vertices 20.3 | slifetime : o xB=1 plb, m(s)= 50 GeV 1504.03634

0.01 0.1 1 10 100 cT [m]
“Only a selection of the available lifetime limits on new states is shown. (vB=1)
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