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Long-lived SUSY particles

R-parity violating: — . —
Wep, €2y il + 21,0, Dt L H

|f )L, )L', Aare small, LSP can have a long lifetime.
(lifetime proportional to )L_Z, A’_Z, A”_z )
R-parity conserving:
- AM ()’Zf, )’210) ~ 100 MeV, e.g. AMSB: long lived chargino
* Long-lived gluino due to very heavy squarks mediating its decay : Rhadrons

* Weak coupling NLSP-gravitino in GMSB : long-lived sleptons, or neutralino
(neutralino can decay to photon or Z-boson)
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Soft i, et Penetrate all detectors
0 /
Primary /gb‘ 1 ~0 Low B, high dE/dx
Vertex ® X — X

O(10)mm O(100)mm >O(1000)mm  pecay len
We are sensitive to a large range in lifetimes! '
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Preliminary

*Displaced Vertices

(a) 7 q ( (b) q t/v

P
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Motivated by many theories:
R-parity violating SUSY — neutralino decays via A, A’ or A’ couplings (a, b)
GGM - Long-lived neutralino decaying to gravitino and Z (c)

Split SUSY - Long-lived gluinos (d)
Search for a displaced vertex (DV) in the region of the inner detector:
z<300 mm, r<300 mm

Helen Hayward

Two types of searches:
A “multi-track” search: DV+u, DV+e, DV+jets, DV+MET
A “di-lepton” search: py, ee, pe (opposite charges)



2 Preliminary
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Displaced Vertices ¢°;
__;;; 0.35

* Re-run tracking to find ¢ :;
tracks with large dO = ;_E
Default tracking uses d0<10mm e

* Veto vertices in material 0.1
layers (3D material map) 0.0
Other appropriate selection °

depending on the channel
* Signal Region
DV mass > 10 GeV

Number of track in DV > 4
(for multi-track)

Transverse-plane density of vertices
regions that are excluded by the
material veto.

R T DStk B G S L
ATLAS Simulation Preliminary
\s=8 TeV
DV+u channel
RPV Model
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2 Preliminary

" Displaced Vertices + vertex position radus fo vertices

composed of two non-lepton tracks

vvvvvv

. E 350 o Data - A'Ti.xis P'réli;ninar'y'—f
* Main source of background: S 4ooF i Model \s=8TeV, 203 b 3
@ E
Low mass DV’s that are crossed g 4% E "
. = =
by an unrelated high-pT track at a 2 ‘ E <
large angle, making their + pw k- §
reconstructed mass seem high * E -
. = 3 . A G S S N T Gl G GO G [SEPU - o)
(multi-track) g l’-‘"‘ o i e 5
. s ..._..._.++_. P ST +.ﬁ+.~..._+ — r>°~
Two unrelated leptons crossing = i LT |
- A C
close enough for the vertexing 3 50 100 150 200 250 300 WS
. . T mm I
method to combine (di-lepton) ou 40
* Data driven methods of
estimation
Channel |No. of background vertices ( x 10"3) Channel No. of background vertices (x107%)
ete 1.0 4+ 0.2 ‘3& DV+4jet 410 £ 7+ 60
M : . r ,:mi)-n < 2 ’r
e “;; 24 4+0.9 (l;:;j D\,+, T 1094024 1.5
+ 90405 +0-3 DV+4muon 1.5+ 0.14+0.2
i ' D —1.4 DV 4-electron 207 £ 94+ 29




= Preliminary

ATLAS Preliminary \s=8TeV, 20.3 5" ATLAS Preliminary \s=8TeV, 29.3 fb”!

DV+e & Data 7 Signal MC ey channel & Data | Signal MC
b A . B L J Al ol : .

- Signal

With no events observed in

Yy

my, [GeV)

any signal region, we set —ee
upper-limits on the signal o
yields and production cross- =
sections as a function of the = 102 %
LLP proper lifetime ct = B
= ] é 10° 2
e For Split SUSY also limits on S e e e 0 Numiemmmmlﬁvm %
the gluino mass vs. ct " =
2

RPV GGM Split SUSY

Upper limit on cross-section [fb]

'-“"1 ST g iiol IR i IR b R e T o L T T TTTTYTI ¥ TTTT EUG T T T T T T T T
10° ATLAS Preliminary‘ - ";(g-_ 50:’ il £ 4oL arLas Preliminary = ""'{l:: = 400 GeV %2 ATLAS Preliminary
, 's=8TeV, 203" wmw s00, 400 g 4 \s=8 TeV, 20.3 b M M(x) =1 TeV ] 1s=8TeV, 203 10" [ Expocted imit (+15,,)
{ eelep channels - 1300, 50 S 1 DV+E™™ channel B 00000 =
W L2V ogiel i Doy / @ GG;AETModal 2000 spit SUSY Model = Observed bmit (+ 1677
o \ 9-» qqf, — epv / eev] A ﬁ 10°k @(1.1 TeV) »aqqfi, +Z G [§—0/qq %,(100 GeV) |
107§ \ 600 GeV gluino proguction 3 =
\ /4 o
AV /'" ] E,
102 £ \ ,/" =
=\ 3 E
- “‘. /i ] E
- \ 2
N E 7
Feonvonnnnne e"
1:- 77" 1300 GeV ghuino production -
sl s e s o i saand o assad Al
1 10 10* 10° 10° 10°
ct [mm]




) Preliminary

h Displaced Jets

* Selection:
Good quality vertex, not

* Search for events with 2 consistent with coming from
displaced vertices in either material
InnerDetector, Muon Minimum Ntrack per vertex .
Spectrometer or both required : 5 (7 for Z’) g
» Displaced iets appear in : Vertex close to jet : AR<0.4 8
praced JEts app (0.6 for 2 z

Stealth susy
Scalar boson
Hidden Valley Z’
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. (@] B _
¢ Trlgger o - —®— mgF125Gev,m =25GeV. ATLAS Simulation Preliminary -
'O 0.6— —@— m,=600 GeV, mnV=50 GeVv =8 TeV —
Jet/M et (Z') E - —¥— m,=500 GeV 's ¢ .
= —¥— m,=2TeV, m =50 GeV —
Muon ROI Cluster S 0.5 Z . =
) b= C -v- - _
Designed to select decays of 3 ;b . Tt =
neutral particles in the MS. @ T - o, . .
Z -v- ]
cluster of muon Rols thatare 8 o0.3f- . . -
preceded by little or no x L Ve g .
activity in the ID or 3 0.2 voe oo - - 3
calorimeters. o DA S SR V- Vo vy O
> 01 ™ *ﬁ+ ok % :; ¥ - B
O FE v yeta gw et oo ® Vs
- - = - i*#-V-ﬁ o s
oL | | L |, = ]

0 0.05 0.1 0.15 0.2 0.25 0.3




) — Preliminary
- Displaced Jets

* Search for events with 2
displaced vertices in either
InnerDetector, Muon
Spectrometer or both

* Displaced jets appearin:

Stealth susy
Scalar boson
Hidden Valley Z’
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L4 | | 102 E “ T 1T I| T T T T T 1T II T T T T T 1T lE
‘ Trlgger = E — m=110Gev  ATLAS Preliminary 3
- ‘\ — _ -1 R
Jet/Met (Z') o & ..... MGV (§=8Te, 1050 7
X A ga
Muon ROI Cluster o TOE %\ --- mT800Gev L
. c = A N m,=1200 GeV y.
Designed to select decays of © Ao\ .
neutral particles in the MS. & N ,
cluster of muon Rols that are - =N £
preceded by little or no ‘é - "c;\\\ :
activity in the ID or =gt "1.\\\\\.,,‘ _
calorimeters. o - ~Dag>] -
S - el ]
o | -
Lo
@ 10-2 1 1 1 1 111 I| 1 1 1 1 111 II 1 1 1 1 11
10 1 10 10°

9 Singlino proper lifetime (ct) [M]



Event Selection
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: ATLAS-CONF-2015-013

c :_ ...\'- W LB L L LR LB Y L L L N O LR

y . 2z N bt ATLAS preliminary |

Using the pixel detector to S0k . S

search for meta-stable LLP P -

E » " seasees miG) = 1000 GoV 5

Search for heavy muon-like particles with B<<1 o ;_:§*+ —— b D,

high dE/dx measured from pixel detector = | :
If particle travels at least 45 cm (in r) can be e 0
_ il S
studied, R L S
.”]-1 L | P BT TR A A ST S A 1 1 | g
Little dependence on interactions in calorimeter, ° ' * % ¢ % © ‘7 [Maevg?cmglﬂ o
muon spectrometer or on LLP decay mode -
Met Trigger, Met> 100 GeV, 5
Rejection of muons from W decays g
M.> 130 GeV MetaStable Search o

.
> T T o

For stable signal region : veto on the track & . ATMS F’rehrntnarxF ,’;ijs'a"'““'“""” E

candidate being matched to a @ : —:ijn@ —

reconstructed muon ks M, )=100 GeV, il

=t T -x_—.br::i-lsl'ﬂ-l)',]l =350 Ge ]

Track level (at least one track with): o ; . - E

High momentum, isolated track: pT>80 E Er— R

GeV m.i: e el I 3

high ionization: § Ml e e
dE/dx > 1.800-0.034]n| +0.101[n |7~ £ | =
0.029|n|° MeV/g cm- § 1500 2000 2500
Mass [GeV]




: ATLAS-CONF-2015-013

— Chh - .- - | Stable H
Using the pixel detectorto | ettt
E_ 10i 15=8 TaV, JLdt=1s.4fh‘
search for meta-stable LLP & |
| ..... Observed *1a,,.,, exclusion
* Background is estimated by data driven " s Expected 95% CL exclusion (£16,0) < 7
approach 8 %, T, M }=m(z,)-140 MeV 4
Randomly sampling p,n, dE/dx values from oo i | =
control sample distributions and combining e : S
S | ATLAS 3
* No significant deviation from background B v T 3
expectations is observed. 100 200 300 400 500 600 EEES
t ©
* Exclude: e 2
I
Stable charginos with mass smaller than 549 e e e e 5
GeV | A RSP BTArarer | |+ R T
— | R T ERER
stable gluino (sbottom, stop) R-hadrons with e [ seaTeV, [Laitean’
masses smaller than 1102 (745, 758) GeV {8 |~ Observed 95% CL exclusion
. =TS 52 Observed £10,, . exclusion
reSpeCthEIy. 1 0 - Expected 95% CL exclusion (£ 1g,,,) -

G 5. mE =100 GeV

In the metastable case masses exceeding
=1200 GeV are excluded for R-hadrons of 12 ns
* This is the first measurement of lifetime
dependent mass limit for charged R-hadrons
in the 1-10 ns range, with little dependence
on their decay mode.
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T R PPN (LS| PR L, T ST [ DPPRTVIG (PO
700 800 900 1000110012001300
m(g) [GeV]

Rhadron decay with light neutrino




Disappearing
Track

If the lowest gauginos are approximately mass-
degenerate

)?fhas lifetime O(0.1ns-10ns) and decays to

~0 anda (100 MeV-~1GeV ) it
X1

.. [ns]

Look for production processes:

PP—Jax +tiet  pp— i tiet

12

Event Selection:
High pT jet
(jet from ISR, needed to trigger on event).
Large missing transverse momentum.
A track that has less than 5 hits in the TRT

10 =

™ Phys. Rev. D 88, 112006 (2013)

.....

........ ; ATLAS
E u:aTnv.JLm:zu:arh‘

10§

:-'E' paaalunnaliaggl

Observed 85% CL limit {t10,__]
vees Expected 95% CL limit (#10,,)
= ATLAS (12 = 7 TeV, 4.7 b, EW prod )
B ALEPH (Phys, Len. BS33 223 (2002))
EEEs Sabl

For Am ~ 160 MeV (most probable in AMSB),

m(chargino) up to 245*%° ,, GeV is excluded
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ATLAS-CONF-2014-037

Re-interpretation of
prompt jets+MET analyses

What if gluino is just a little long-lived, about 1 ns? (mini-split SUSY)
Standard jets+MET SUSY searches should still apply (up to what lifetime?)

Leptons vetos may start to fail impact-parameter cuts (when?)

Jets will start to be identified as b-jets (when?)

19/03/2015

Jets may fail cleaning cuts using track pT fraction, EM fraction (when?)

First explicit re-interpretation of prompt SUSY searches for long-lived gluinos!

Helen Hayward

g-qa% /9%,  m(¥,)=100 GeV G-, m(X)=100 GeV

G- 6% (9%, miE, =100 GeV g—ti%  mi%,)=100 GeV
; _' L I L] L L L] I L L] L) L I ] L] 1 L I 1 L ) L l 1 L L] 1 I_ ; 15n0 '_I L j T L] T T I T T ] L] T L I T L] T T ! L L T L
& 1600 — ATLAS JLat=203m" - 3 g ATLAS JLot=203m"
% - Preliminary Combined 1 = 1400 — Preliminary Combined
i B === Expected limit (+10,,,) i ‘-g - ==== Expected limit (£16,,;)
1400 — s Observed limit (£16505") 1300:E = Observed limit (+10702")
- 7-10 Jels Exp. ] 1200 = 7-10 Jels Exp.
1200 |- soeie 2.6 Jets Exp. = = '+ 26 Jets Exp.
] 1100 B
£ b -
1000 EAS 1 1000 =
800 — . 900 [
- - =
- ] 800 |
600 — Fins C
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Phys. Rev. D. 90, 112005 (2014)

Delayed and Displaced photons v

Delayed and Displaced Photon search performed in ~0 . G
the context of GMSB X1 //"."’

This distinct signature arises from finite lifetime (t) of ///

the NLSP %, -

2 SUSY chains with Lightest Neutralino decays to a Zpy Zorigin

photon and Gravitino (LSP)

The photons appears as delayed and may not “point-
back” to the PV

Zpea

Event Selection

e Searching for 2 Loose Photons +
Missing Energy

e Signal Region:

-

E T

s — 0.55— — MET>75 GeV, E;">50GeV
1 £ ] .
~ ATLAS o Zosom) J Bk AnAs +-ownasnaen o Low MET regions used as control
T is=BTa¥ 7-na (MC) 5 - H 3 ‘ L Fi ] .
F. _[Ldu-zn.:nh' e B LAt —4— EMB jnjt.4, Mocum gain | reg|0ns
5P58 MC c% 0.45— ! p,=2550p =0.209 — ] .
. 1 Signal photons may point away
= 0407 :
from PV and are delayed
0.35
: | * Use Pointing (zyc,), and LAr
0.30 e e
R Timing (t,) to perform a 2D search
‘#,f’ 0.25
.3 .
5 10 20 50 100 200

06 B0 G00 400 5006007 Cell Energy [GeV
) - gy [GeV]
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Phys. Rev. D. 90, 112005 (2014)

Delayed and Displaced T N
phOtonS Eiﬂé—nmlﬂ"“qzﬂaav ILmnzn_am" —é

* 386 events in our signal region
* No evidence of non-pointing and delayed photons
* Results are interpreted in context of GMSB SPS8

TTTT
1 1 !Jll]]l

model I + )
*+ A=302TeV at a lifetime of t= 1.83 ns. e E §
* Corresponding to: : -+ il -

lne

~0\ — ~E\ — I R
m(Xl)_MZGeV,m(X)_MlGeV 11||.||||||||rll-| 1 II.I-IT!II'IIII'IIII E
gzﬂﬂﬂ -1500 -1000 -500 0 500 1000 1500 2
aq[mmi >
I
c
'g. -IAIIlﬂ"l"'ll'll'l""ll ﬂ I|||IIIIIII||IIII|II-I|IIIIII||II|I|I i)
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= | o ==== Observed Limit :«hﬂ;‘; Ei 2| == Data ET™ » 75 GaV ATLAS ac
guz ., -.5-=BTe\.":del=21].3fb —— Expacted Limit SRE — Data ET™ < 20 GeV 15=8TeV
107 7= B Expected Limit +1a,,. E B B
.. Expected Limit 420,,, 1 E [ —A-160TeVr=025ns ILdI:Zﬂ.EI‘h'1
- 1= = 7 Tel Observed Limit w L oo A= 160TeVr=1ns
I sseesss (8= 7 TV Expected Limit
GMSB SPS8
195 3
N 10 e
13 5y  E =y I
10! PO ST TOER T T AN SR TN TS TEUY JCA [ TR NS TR NN (Y NN WO TN (Y
100 150 200 250 300
ATeV] 1= E
11 | I T | | I | | J I | | [ IJJ.J. L...|_.|.‘,L.4.,l L.l .I...,].._ C "
150 200 250 300 350 400 i %5 1 i
I | | m(z) [Ge : 5 ’
1 1 11 1 1 1 1 1 1 l 1 1 1 1 1L Ll | 1 1 L A ! 1 /| | i B -:' i
I.JI.Jl.JIII:J'Ji. Ll L i JI..IIII||III.|IIII
300 400 500 600 700 8
m[0f3 [GeV] 4 3 2 £ 0 1 2 3 t,[nsi'
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JHEP 01 (2015) 068

x10°
n | | 5 _-7 Lo | rrjJjrrrg| rvJ] 11 .‘ T 1 ]
Stable Massive Particles S g ATLAS N
Py - Calorimeter + MS r :
3 Z ILdln-i.?fb' ’ |
(SMPS) S 40 T
E Data 2011 (\s=7TeV) ! i
. . . . 30 _ Mea(;\;sé.ooo _
Several candidate particles, including: P S ' ~
Long-lived sleptons in GMSB models. o0l mg;,f;:{;"gs Pl &
B o =0.033 4 1
Directly produced charginos, in simplified models _ ;4 g
where they are nearly degenerate with the lightest 10¢ ;o N
i - M =
neutralino TR Skt 1 Ndiais 2
R-hadrons in split-SUSY models D2 0% 00 08 1 12 18 -
: . : B &
Common fec?ture. if theY 'c-are massive, they willbe 5 qra11 very good agreement =
pI’OdUCEd W|th IOW VG|OCI'L'I€SI B < 1. between data and expectaﬁon :Iqé)
E B SR-SL-20C + Dala 3 g
_p Siep  ATLAS = B lige
m/3 — i EM ey
)/[)) 8 olf My .
Search for heavy muon-like particles 11_ | ﬁ .
low B using muon chambers and Calorimeter timing : |
high dE/dx measured from pixel detector (related 107} :
to ’)/[)) ) 3:— ] ] i ] 1 i PRAPH Lei bl .-:
Main background for both slepton and R-hadron %‘ 2 ) + }
. . . . O | i 3 S e =
searches is high-p; muons with mis-measured . & g " 4 + . ]
50 100 150 200 250 300 350 400 450 500

min(m_, m_} [GeV]
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Stable Massive Particles

* |ong-lived staus

excluded between 440
and 385 GeV for tanf3
between 10 and 50

-
ATLAS |
s=8TeV,19.11" |

2500 3000
g mass [GeV]

71000 1500 2000
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| BOLAARS k=

2

T '| T 'I T T
ATLAS ]
s=8TeV, 19.1 6"
Charginos i

B theory prediction

B expected limit £ 10
------ expected limit = 20
—=— pbzerved imit

Cross-section [fb]

-
=
T

L3

| Lasad

0 L
450 500 550

Lotiilcaio)
600 650 70

P Y 5
750 800
mass [GeV]

Charginos excluded
up to mass 620 GeV

2

Cross-section [fb]

R-hadrons :

Containing

Excluded up
to mass...

gluino

1270 GeV

sbottom

845 GeV

stop

900 GeV

L=]

| ATLAS
s=8TeV, 191" ]

R-Hadrons
full-detector sbottom

theary prediction
expocipd limit = 1o

sl
800

N
1000 1200
b mass [GeV]
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search is for R-hadrons that
have come to rest within the
ATLAS calorimeter,

decay at some later time to

hadronic jets and a
neutralino

Not every bunch slot of the
LHC is filled.

Search in “empty-events”
when 2 empty bunches cross
at ATLAS

Require:
At least 1 high energy jet

No muon segments identified in
Muon detectors

Gluino Mass [GeV]

long-lived stopped R-hadrons

1300} ATLA S = = Expected Limit
[ Expected Limit (+10.;,)
12004 5.0 b~ ! @ /5=TTeV i
22,9 fb~! @ /5 = 8 TeV = Observed Limit _
1toof  Live time = 389.3hours | v Observed Limit {:lnﬁ]‘,:::‘]l |
g g/qq+ ¥
1000 my :.III[}[ﬂ*"..' ‘
Generie, Leading Jet Energy > 300 GeV
900
200
TOOF
GO0 |
500
400 _ e : - - :
10-% 10°° 10~4 107+ o 10= 10 10" 1
Gluino Lifetime [seconds]
* BG:
Beam halo
Cosmic ray
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g R-hadron — g/qq 5’(2 ; mz° =100 GeV Status: March 2015
1

< 2000 , _
o B Dlsplaced vertices Preliminary - = = Expected limits
Q) | —@— Jets+E]"°  arXiv:1405.7875 ATLAS-CONF-2014-037 o
7> 1800 [— Pixel dE/dx ATLAS-CONF-2015-013 . N OEUs:rveq limits
Sul I l I I Ia S | ® Stable charged arXiv:1411.6795 95% CL "mlfls'oth_eow not included
) S 1600 - Stopped gluino  arXiv:1310.6584 f'lfle/:;ﬂ;r(S_rﬁE;/ry
E [ -
* With no sigh of prompt s o Lo .
SUSY decays there has 1200~ /o
: - P i
been much speculation 1000 [~ o S
I 1 [ : ~
that SUSY could be [ , S 3
. ge . 800 = Do N Q
hiding in stable, meta- £ | N 5 =
o o ] 1 1o & -
stable, displaced decays. 600 = | ; IR T :
S | 1 ) e e W WA 1 131011 o A L1l IR L 11
. ] ] T %‘
We are actively 102 10° 1 10 | 10° 10° 10° <
add ressing this (r for n=0, py=1) Beampipe ilnner Detector;Can MS T [nS] %
. IIIIIII| | IIIIIII| | Iilllllll | Illllllli | IIiIIIII | IIIIIII| | IIIIIII| | IIIIIII| | ac
experlmf-:-ntally' _ 10° 102 100 1 10 10° 100 10°
challenging regime with ct [m]

a number of analyses.

* Good coverage of different lifetimes is achieved by complementary
analyses using different detector systems and novel techniques

* Unfortunately no sign of a signal
* We are looking forward to the increased discovery potential of Run-2
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