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Summary
“There he goes. One of God's own prototypes. A high-

_ UtU re p ros peCtS powered mutant of some kind never even considered for

mass production. Too weird to live, and too rare to die.”
-Hunter S. Thompson
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Introduction

SSM Z'(21)

SSM Z'(qq)

LFV Z', BR(ep) = 10%

SSM W'(£v)

SSM W'(qq)

SSM W'(tv)

LRSM Wg(ENR), My, = 0.5Myy,
LRSM Wg(TNg), My, = 0.5My,
Axigluon, Coloron, cotf =1

Heavy Gauge Bosons

scalar LQ (pair prod.), coupling to 1%t gen. fermions, g =1
scalar LQ (pair prod.), coupling to 15t gen. fermions, B B
scalar LQ (pair prod.), coupling to 2" gen. fermions, B =1

scalar LQ (pair prod.), coupling to 2" gen. fermions, 8 = 0.5
scalar LQ (pair prod.), coupling to 3™ gen. fermions, B =
scalar LQ (single prod.), coup. to 3" gen. ferm., B=1,A

Leptoquarks

excited light quark (qg), A=mq

excited light quark (qy), fs=f=f=1,A=mq
excited b quark, fs=f
excited electron, fs
excited muon, fs =

Excited
Fermions

LA=mg

quark compositeness (q4), Nurs =1
quark compositeness (££), Nure =1
quark compositeness (qq), Nuprr = — 1
quark compositeness (), Nurr = — 1

Contact
Interactions

ADD (jj) HLZ, ngp =3

ADD (yy, #) HLZ, nep =3
ADD Gy emission, n=2
ADD QBH (jj), nep =6
ADD QBH (eu), nep =6

RS Gkk(qg, gg). k/Mp = 0.1
RS Gk(£2), k/Mp = 0.1

RS Gik(yy), kiMpi=0.1

RS QBH (jj), nep =
RS QBH (eu), nep=1

non-rotating BH, Mp = 4 TeV, ngp = 6
split-UED, u=4 TeV

Extra Dimensions

(axial-)vector mediator (xx), gq = 0.25,gom =1, my =1 GeV
(axial-)vector mediator (qqg), gq =0.25,gom =1, m, =1 GeV

scalar mediator (+t/tf), go=1,gom =1, m, =1 GeV

Dark Matter

Type Ill Seesaw, B, =B, =B
string resonance

Other

Selection of observed exclusion limits at 95% C.L. (theory uncertainties are not included).

pseudoscalar mediator (+t/tt), gg =1, gom =1, m, =1 GeV
scalar mediator (fermion portal), Ay =1, my =1 GeV
complex sc. med. (dark QCD), My, =5 GeV, CTx, =25 mm

N
AH;RR

Nupe
Nire

Nir
M,

M
M,

&

Masn
Masn
Mey
May.
Mey,
Masn
Masn
Me;
1/

2

3

Minea
Mmed
Mmea
Mmea

M,
Mo

Msigma
M.

Overview of CMS EXO results

CMS

36 fb~! (13 TeV)

1803.06292 (22)
1806.00843 (2j)
1802.01122 (ep)
1803.11133 (£ + EF™)
1806.00843 (2j)

. [1807.11421 (v + Efiss)

1803.11116 (22 + 2j)
1811.00806 (2T + 2j)
1806.00843 (2j)

4.5

4.4
5.2

6.1

1811.01197 (2e + 2j)

1811.01197 (2e + 2j; e + 2j + EF"™*)

1808.05082 (2p + 2j)

1808.05082 (2p + 2j; 1 + 2j + EF'*%)

1811.00806 (2T + 2j)
1806.03472 (2T + b)

Inclusive Searches

1806.00843 (2j)
1711.04652 (y +j)
1711.04652 (y +j)
1811.03052 (y + 2e)
1811.03052 (y + 2p)

1.8

5.5

g

3 gen. squarks
direct production

1803.08030 (2j)
1812.10443 (21)
1803.08030 (2j)
1812.10443 (22)

12.8
20

Bil

1803.08030 (2j)
1812.10443 (2y, 20)
1712.02345 (= 1j + EF'ss)
1803.08030 (2])
1802.01122 (ep)
1806.00843 (2j)
1803.06292 (2¢)
1809.00327 (2y)
1803.08030 (2j)
1802.01122 (ep)
1805.06013 (= 7j(£, V)
1803.11133 (£ + E§'*)

1.8

9.1

8.2
5.6

4.25

5.9

9.7

EW

direct

Long-lived
particles

1712.02345 ( = 1j + Ef'ss)
1806.00843 (2j)

1901.01553 (0, 1¢ + = 3j + EF'%)
1901.01553 (0, 12 + = 3j + E}'s*)
1712.02345 ( = 1j + Ef'ss)
1810.10069 (4j)

1.8

0.29
0.3
1.4
1.54

RPV

1708.07962 (= 31)
1806.00843 (2j)

0.84

7.7

0.1

1.0

mass scale [TeV]

10.0

January 2019
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ATLAS SUSY Searches* - 95% CL Lower Limits

JLar ™) Mass limit
T
139 [10x Degen.] 1.9 m(¥})<400 GeV
36.1 G [1x,8x Degen] 0.43 0.71 m(g)-m(¥})=5 GeV
139 |z 2.35 m(¥))=0GeV
z 1.15-1.95 m(¥})=1000GeV
36.1 z 1.85 m(P))<800 GeV
36.1 z 1.2 m(z)-m(F})=50 GeV
361 |# 18 m(¥)
139 z 1.15 m(g)-m(t}
798 | & 2.25 m(¥})<200 GeV
139 |2 1.25 m(z)-m(¥1)=300 GeV
361 | b 0.9 m(¥})=300 GeV, BR(b{))=1
36.1 by 0.58-0.82 m(P})=300 GeV, BR(bT))=BR(:¥;)=0.5
139 By 0.74 m(¥])=200 GeV, m(¥})=300 GeV, BR(t{})=1
139 | b 0.23-1.35 Am(¥3,¥1)=130 GeV, m(¥})=100GeV
by 0.23-0.48 =130 GeV, m(¥})=0 GeV
361 | & 1.0 m(¥))=1 GeV
139 | & 0.44-0.59 m(¥})=400 GeV
36.1 i 1.16 m(7,)=800GeV
361 @ 0.85 m(i})=0 GeV
& 0.46 m(f &)-m(F})=50 GeV.
36.1 A 0.43 m(i,&)-m(¥])=5GeV
36.1 A 0.32-0.88 m(¥))=0GeV, m(i;)-m(¥})= 180 GeV
139 |7 0.86 m(¥})=360 GeV, m(7,)-m(t})= 40 GeV.
36.1 0.6 m()=0
139 0.205 m(E)-m(E})=5 Gev
139 | ¥ 0.42 m(i)=0
139 | X0y 0.74 m(E))=70 GeV
139 1.0 m(Z,7)=05(m(¥})+m(¥}))
139 [FL.7RL] 0:1670:3] 0.12-0.39 m()=0
139 0.7 m(¥))=0
139 0.256 m(?)-m(¥})=10 GeV
36.1 0.13-0.23 0.29-0.88 BR(Y] - hC
36.1 0.3 BR(Y! — ZG)=1
36.1 0.46 Pure Wino
0.15 Pure Higgsino
36.1 2.0
36.1 [r(2) =10 ns, 0.2 ns] 205 24 m(¥})=100 GeV
3.2 1.9 25,2011, Ai32/133/23=0.07
36.1 | B/A [ # 0.0 # 0] 0.82 133 m(¥})=100 Gev
361 |z [m(¥})-200 GeV, 1100 GeV] 13 1.9 Large 17,
361 | & [47,=2e-4,2e5] 1.05 2.0 m(¥})=200 GeV, bino-like
36.1 & [A,=2e-4,1e2] 0.55 1.05 m(¥})=200 GeV, bino-like
367  |NENGaNEs] 0.42 0.61
361 |7 0.4-1.45 BR(7, —be/b)>20%
136 I [1e10< A, <1e-8,3e-10< 4, <3e-9] . 1.6 BR(fi —qu)=100%, cosf,=1
1
1 Mass scale [TeV]

ATLAS Preliminary
13 TeV

Vs
Reference

ATLAS-CONF-2019-040
1711.03301
ATLAS-CONF-2019-040
ATLAS-CONF-2019-040
1706.03731
1805.11381
1708.02794
1909.08457

ATLAS-CONF-2018-041
ATLAS-CONF-2019-015

1708.09266, 1711.03301
1708.09266
ATLAS-CONF-2019-015

1908.03122
1908.03122
1506.08616, 1709.04183, 1711.11520
ATLAS-CONF-2019-017
1803.10178
1805.01649
1805.01649
1711.03301
1706.03986
ATLAS-CONF-2019-016
1403.5294, 1806.02293
ATLAS-CONF-2019-014
1908.08215
ATLAS-CONF-2019-019, 1909.09226
ATLAS-CONF-2019-008
ATLAS-CONF-2019-018
ATLAS-CONF-2019-008
ATLAS-CONF-2019-014

1806.04030
1804.03602

1712.02118
ATL-PHYS-PUB-2017-019
1902.01636,1808.04095
1710.04901,1808.04095

1607.08079
1804.03602
1804.03568
ATLAS-CONF-2018-003
ATLAS-CONF-2018-003
171007171
171005544
ATLAS-CONF-2019-006

Very extensive program of searches for prompt and stable particles

11/20/19
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Maybe new physics is hiding here”
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Introduction

CMS
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similar long-lived signatures

investigated by CMS

11/20/19
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Introduction

Long-lived particles often have striking signatures with no
irreducible SM backgrounds

For ~zero background searches, sensitivity scales with
Lint

Backgrounds are generally from non-collision sources or
instrumental effects (typically quite rare)

Monte Carlo not appropriate
Data-driven technigues required

Triggering and reconstruction of unconventional
signatures can be highly non-trivial

11/20/19 John Stupak - University of Oklahoma S



Decay Position

e.g. for ct =A5 cm, <By>~ 30 e.g. forct =A50 cm, <By>~ 30

— > (6
> L > =
Q ) Q 32
Q . : o Q . . -
Q 60% in 13% in 8 Q 15% In 31% in CC)
A calorimeters muon system & A calorimeters muon system g
(e = c— ®
3 ]
3 o n o

- o
X ° o) X = Q
o= 5 8 °= ) Q

S = S S g

o oV (@] o

(@)
S > - >
distance +tyavelled distance tyravelled

[Heather Russell]
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Detector Sighatures

neutral LLP Pixel SCT/TRT ECAL HCAL MS
ID/MS track e —— ——
}displaoed
........ — e ID vertex
calorimeter
deposit L. trackless
et
low-EM .
fraction L1 trigger
........................................... Je’[
.................................................... -=—= displaced |1 trigger
similar signatures MS vertex
with CMS
34 mm 300 mm 1.4m 23m 43m 106m

11/20/19 John Stupak - University of Oklahoma



Recent LLP Results

Date Experiment Reference LLP Signature

10/19 LHCb 1910.06926 dark photon dimuon DV

919 CMS 1909.06166 neutralino non-pointing photon (elliptical shower and delayed arrival in ECAL)
9/19 ATLAS 1909.01246 dark photon displaced lepton jet

719  ATLAS 1907.10037 gluino/squark R-hadron dilepton ID DV

6/19 CMS 1906.06441 gluino R-hadron displaced jet (delayed arrival in ECAL)
5/19 ATLAS 1905.10130 monopole/multi-charged particle high-ionization (TRT, ECal)

5/19 ATLAS 1905.09787 heavy neutral lepton dilepton ID DV

3/19 ATLAS ATLAS-CONF-2019-006 stop R-hadrons displaced jet (ID DV) + displaced muon
2/19  ATLAS 1902.03094 dark scalar displaced jet (low EM-fraction)

2/19  ATLAS 1902.01636 gluino/squark R-hadron, chargino, stau high-ionization (pixel) and delayed arrival (HCal, MS)
12/18 ATLAS 1812.03673 multi-charged particle high-ionization (pixel, HCal, MS)

11/18 CMS 1811.07991 gluino/stop R-hadron displaced jet (ID DV)

11/18 ATLAS 1811.07370 dark scalar, singlino displaced jet (MS DV)

11/18 ATLAS 1811.02542 dark vector Z(Il) + displaced jet (low EM-fraction)
10/18 CMS 1810.10069 dark pion emerging jets

8/18 ATLAS 1808.06358 gluino R-hadron high-ionization (pixel)

9/18 CMS 1808.03078 neutralino, gluino, stop R-hadron displaced jet (2 ID DVs)

8/18 ATLAS 1808.03057 dark vector, neutralino dimuon MS DV

6/18 ATLAS 1806.07355 dark scalar V + displaced jet (b-tagging)

4/18 CMS 1804.07321 chargino disappearing track

11/20/19 John Stupak - University of Oklahoma



Indirect Detection
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[1810.10069]

Emerging Jets

Search for heavy mediator between SM and hidden sector with QCD-like confining force

Dark quark showers and hadronizes in the hidden sector before gradually decaying back to the
SM
Many displaced vertices (+ MET) < V
Strategy
X
Conventional trigger: Hr > 900 GeV
. . , Q ) [1502.05409]
Exploit large impact parameter of signal tracks e
Define 8 sets of emerging jet tagging criteria §°:j2,,","u7°;ﬁon T Cenmonmes 6ot
7 SRs and 2 VRs (non-orthogonal) § o oo ooy
2 Pr 02* *
ZPV—Z(‘{"‘C" 2 do 2 prompt tracks O-SE E
+ | — E g
0.01 cm 04, all EckspT 0'05; , ) : B E
PV — Z(t)raCk median(do) B i i - Iogo(<IP2D)/11cm)
Setnumber Hr pr1 pre pr3 pra pr>> npwy(>) EM]J group no. models
Criteria group PlUy, (<) [em] Dy (<) (IPp) (>)[cm] asp (<) 1 900 225 100 100 100 0 2 1 12
EMJ-1 75 4 0.05 0.25 2 900 225 100 100 100 0 2 2 2
EMJ-2 40 4 0.10 0.25 3 900 225 100 100 100 200 1 3 96
EM]J-3 4.0 20 0.25 0.25 4 1100 275 250 150 150 0 2 1 49
EM]J-4 2.5 4 0.10 0.25 5 1000 250 150 100 100 0 2 4 41
EM]J-5 25 20 0.05 0.25 S R g 6 1000 250 150 100 100 0 2 5 33
R 23 ... 0, ... 005, ..., 05,00 ... A 1200 /300, 250 /200, 150 0, 2 e O s 03 ...
EM]J-7 2.5 4 0.05 0.40 8 900 225 100 100 100 0 2 7
EMJ-8 4.0 20 0.10 0.50 VRs 900 225 100 100 100 200 1 8 SM QCD-enhanced
11/20/19 John Stupak - University of Oklahoma 10



[1810.10069]

Emerging Jets

Dominant background: QCD multi-jet events with long-lived B mesons or track mis-measurement

Separate light- and heavy-flavor enhanced y+jet samples used to determine mistag rates glight(Ntrack) and
€,(Nack) fOr each emerging jet definition

CR defined for each SR/VR (same requirements, except N-1 emerging jet tags)

Heavy flavor fraction 7, determined with fit to b-tag discriminant templates

Apply mIStag rates to JetS In CR gf — 8bf‘b + 8light(1 _ﬁ) Set number Expected Observed
p 1 168+ 15+ 5 131
_ 16.1I fo' (13 TeV) 16.1 fb" (13 TeV) 2 31.8+ 50+ 14 47
: T T T T T T T T T : m IIIIIIIIII |||||||| IIIIIIIIIIIIIIIIIIIIIIIIIIIIII
= C ] o L ] 3 194+ 70+ 55 20
3 15_02?\/31 + b jet . o 10F anl s ¢ Data 4 25+ 25+ 15 16
-8 - Light-flavor jet ] % - election se Light-flavor jet . 5 139+ 19+ 0.6 14
o i T — i , ] 6 944+ 20+ 03 11
-1 S - b jet
6§10 E—— E o F p—— E 7 4.40 + 0.84 + 0.28 2
T E _+_. ] o = 53 Uncertainty .
o - — -— | . . .
=102 - 3 - . b jet fraction: 0.080 +/- 0.003 i p
GC) E E Lt 10_1 L @ 20 X2/nd0f =37/20 _ —_ 103 16.1 fb (13 TeV) —
_'% C ] E ® e 3 e - AN — Observed limit . 2
— - R - _] = _
= 1078 = = - e, oo aeene a - é - Chs N\~ Expectedlimi 2 S
C ] ) o v - m, =5GeV *, -=-- Expected limit = 1 ¢ = ..3
B N 10°F o P ]
107 E : 5 | 3
- - . 10° B 1 2
-5 . 1 1 1 1 | 1 1 1 1 | 1 i I I | I I I | -3 5& E = 102 g
107, 10 20 30 40 1078 - | C
Track multiplicity - . o
= " 1 E
L — 10 e
I 10°F =Yg
© - - o)
] B -]
' -Ar L L L L L L L I ! ] : -
0 01 02 03 04 05 06 07 08 09 1 B . o
""" 1 R
CSVv2 discriminator e == (’ﬁg
400 600 800 1000 1200 1400 1600 1800 2000

my [GeV]

11/20/19 John Stupak - University of Oklahoma 11



[ATLAS-CONF-2019-000]

Displaced Jet (ID DV)

Search for RPV stop — qu decays , | /
First LLP result to analyze 2018 >A M
data LA

Selects events with displaced 1D
vertex and displaced muon (ID+MS)

Conventional triggers: y and
calorimeter-based MET

11/20/19 John Stupak - University of Oklahoma 12



[ATL-PHYS-PUB-2017-014, ATL-PHYS-PUB-2019-013]

ATLAS Large Radius Tracking

Standard Large radius

Reconstruction effiency

Standard ATLAS track reconstruction efficiency falls i do gmmg - o
aximulin zg (1mim <
steeply for Rprod > 10 mm (not so for CMS) Maximum |r| 2.7 5
Maximum shared silicon modules 1 2
Large Radius Tracking (LRT) largely recovers this M unshaved silicon bits e 2
|neff|C|ency Seed extension Combinatorial ~ Sequential
Computationally intensive — select O(few %) of
data for this special processing with signature-
specific filters e
[ O ]
Run DV reconstruction algorithm on the combined 1.4 ATHAS Simulation Preliminary V= 18TeV -
' ' - — pp—>Wih,haaa:,a1—>bb,ma =155GeV,cra =1001mm n
standard + large-radius track collection L S
qlemmmm e s sses s s s e e —]
- +++++++ .
I LI I B CMSsimulaion \s=7TeV 0.8~ ++ “00-.- -
;4 ATLAS Simulation Preliminary El | | l E 06:— * e .
. - Displaced hadrons —e— Standard tracks 1 §0_9 =[f‘i{§:ia‘}{2,2, . r AT, ]
1.2 s-- Large radius tracks—  (m 0-8 p— “'E+::era:§on§ = 0.4F —h— -A-_‘_* R E
- : s Combined 1 o/ +lteration 3 J C * :
g 1 i E o.z_ﬁﬁ |+* e
08f o UM e = L z - 00" 0000e ]
C _:._-I-EI--'-.-'.E_._ B " ] 0.5 L‘_]m‘“ ; O"[ v—O-nO L Ll | .@HJ—_
06«1 "'l-'l':...-_ o ] 0.4 _ LLJ—LL = 107 1 10 102
S e, 1 e e r [mm]
04fF= I il fda.| 03 :
- +-:o- o 0.2 LﬁTf
02— ™=, - E
: : : +-.:+'.-.++_._._++ ° - o—o o ] 01 ' :
I T R T R ) O T ET  —

Forod [mm] Radius (Cm)

11/20/19 John Stupak - University of Oklahoma 13



Displaced Jet

[ATLAS-CONF-2019-000]

ID DV

LRT filter:
MS u w/ pr > 60 GeV OR MET > 180 GeV

Selection level

Muon selection

Displaced vertex selection

Preselection

pr > 25 GeV, |n| < 2.5,
2 mm < |dg| < 300 mm,
|20 < 500 mm

rpy < 300 mm, |zpy| < 300 mm,
o S 5
min(|fpy — 7py|) >4 mm, x*/Npp < 5,
Pass material map veto

Full selection

Pass cosmic-muon, fake-muon,

and heavy-flavor vetoes

n?r\;cks Z 37
mpv > 20 GeV

11/20/19

John Stupak - University of Oklahoma
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Displaced Jet

[ATLAS-CONF-2019-000]

ID DV

LRT filter:
MS u w/ pt > 60 GeV OR MET > 180 GeV

Selection level

Muon selection

Displaced vertex selection

Preselection

pr > 25 GeV, |n| < 2.5,
2 mm < |dy| < 300 mm,
[z0] < 500 mm

rpy < 300 mm, |zpy| < 300 mm,
o S 9
min(|7py — Fpy|) > 4 mm, x°/Npep < 5,
Pass material map veto

Full selection

Pass cosmic-muon, fake-muon,

afid heavy-flavor vetoes

n]”l?;\;cks Z 37
mpvy > 20 GeV

11/20/19

John Stupak - University of Oklahoma
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Displaced Jet

[ATLAS-CONF-2019-000]

ID DV

LRT filter:
MS u w/ pt > 60 GeV OR MET > 180 GeV

Selection level

Muon selection

Displaced vertex selection

Preselection

pr > 25 GeV, |n| < 2.5,
2 mm < |dg| < 300 mm,
|20 < 500 mm

rpy < 300 mm, |zpy| < 300 mm,
I R 9
min(|7py — py|) > 4 mm, x*/Npop < 5,
Pass material map veto

Full selection

Pass cosmic-muon, fake-muon,

and heavy-flavor vetoes

n]”l?;\;cks Z 37
mpvy > 20 GeV

11/20/19

John Stupak - University of Oklahoma
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[ATLAS-CONF-2019-000]

Displaced Jet (ID DV

LRT filter:
MS u w/ pr > 60 GeV OR MET > 180 GeV

2 orthogonal channels

Selection level

Muon selection

Displaced vertex selection

Preselection

pr > 25 GeV, |n| < 2.5,
2 mm < |dg| < 300 mm,
|20 < 500 mm

rpy < 300 mm, |zpy| < 300 mm,

min(|7py — 7py|) > 4 mm, X2/ND0F <5,

Pass material map veto

Selection level

E ;‘}iss Trigger SR

Muon Trigger SR

Full selection

Pass cosmic-muon, fake-muon,

and heavy-flavor vetoes

n?r\;cks Z 37
mpv > 20 GeV

Preselection

Selected by EX™S trigger,

Cluster-based EZ* > 180 GeV,
Selected PV, preselected muon,

Selected by muon trigger,
Cluster-based EZ < 180 GeV,
Selected PV, preselected muon,

Highest-pt muon matches trigger muon

11/20/19

Full selection

> 1 full-selection muon, > 1 full-selection DV

John Stupak - University of Oklahoma
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[ATLAS-CONF-2019-000]

Displaced Jet (ID DV

LRT filter:
MS u w/ pr > 60 GeV OR MET > 180 GeV

2 orthogonal channels

Selection level

Muon selection

Displaced vertex selection

Preselection

pr > 25 GeV, |n| < 2.5,
2 mm < |dg| < 300 mm,
|20 < 500 mm

rpy < 300 mm, |zpy| < 300 mm,

min(|7py — 7py|) > 4 mm, X2/ND0F <5,

Pass material map veto

Selection level

E ;‘}iss Trigger SR

Muon Trigger SR

Full selection

Pass cosmic-muon, fake-muon,

and heavy-flavor vetoes

n?r\;cks Z 37
mpv > 20 GeV

Preselection

Selected by EX™S trigger,

Cluster-based EZ™ > 180 GeV,
Selected PV, preselected muon,

Selected by muon trigger,
Cluster-based EZ™ < 180 GeV,
Selected PV, preselected muon,

Highest-pt muon matches trigger muon

11/20/19

Full selection

> 1 full-selection muon, > 1 full-selection DV

John Stupak - University of Oklahoma
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[ATLAS-CONF-2019-000]

Displaced Jet (ID DV

LRT filter:
MS u w/ pt > 60 GeV OR MET > 180 GeV

2 orthogonal channels

Selection level Muon selection Displaced vertex selection Selection level E;{ﬁss Trigger SR Muon Trigger SR
Preselection 5 T > 25 (jZeV, ‘g'(); 2.5, by < 390 mm, L’ZDV| < ?;O(j)vmm’ - Preselection Selected by E}niss trigger, Selected by muon trigger,

mum. < |do| < — min(|rpy — 7pv]) = & mm, X /Npor < 5, Cluster-based E™S > 180 GeV, Cluster-based EMS < 180 GeV,

|2o| < 500 mm Pass material map veto T T
- Selected PV, preselected muon, Selected PV, preselected muon,
Full selection Pass cosmic-muon, fake-muon, Nracks = 35 Highest-pr muon matches trigger muon
and heavy-flavor vetoes mpy > 20 GeV pr
Full selection ‘ > 1 full-selection muon, > 1 full-selection DV

Background sources of displaced muons and vertices are uncorrelated

preselected events

DV control region DV validation region DV signal region
no preselected DVs pﬁﬁsseé‘?gé?gd%/\(/? ! selected DV(s)

11/20/19 John Stupak - University of Oklahoma 14



[ATLAS-CONF-2019-000]

Displaced Jet (ID DV

LRT filter:
MS u w/ pt > 60 GeV OR MET > 180 GeV

2 orthogonal channels

Selection level Muon selection Displaced vertex selection Selection level E;{ﬁss Trigger SR Muon Trigger SR
Preselection 5 T > 25 (jZeV, ‘g'(); 2.5, by < 390 mm, L’ZDV| < ?;O(j)vmm’ - Preselection Selected by E}niss trigger, Selected by muon trigger,

mm < |do| < o, min(|[7py = 7pvl) = % mm, X /Noor < 5, Cluster-based E™sS > 180 GeV, Cluster-based E™sS < 180 GeV,

|2o| < 500 mm Pass material map veto T T
eI 5 o - 3 Selected PV, preselected muon, Selected PV, preselected muon,
ull selection ass cosmic-muon, fake-muon, Nlyacks = 3 Hichest-p+ muon matches trieeer muon
and heavy-flavor vetoes mpy > 20 GeV £ pr £8
Full selection ‘ > 1 full-selection muon, > 1 full-selection DV

Background sources of displaced muons and vertices are uncorrelated

preselected events

fails cosmic veto fails cosmic veto fails cosmic veto

| passes full . passes full passes full
fails fake muon veto muon selection ' fails fake muon veto ' muon selection :fails fake muon veto muon selection

fails HF muon veto fails HF muon veto fails HF muon veto

11/20/19 John Stupak - University of Oklahoma 14



[ATLAS-CONF-2019-000]

Displaced Jet (ID DV

LRT filter:
MS u w/ pt > 60 GeV OR MET > 180 GeV

2 orthogonal channels

Selection level Muon selection Displaced vertex selection Selection level E;{ﬁSS Trigger SR Muon Trigger SR
Preselection 5 T > 25 (;e\/, ‘g'(); 2.5, by < 390 mm, L’ZDV| < ?;O(j’vmm’ - Preselection Selected by E}niss trigger, Selected by muon trigger,

mm < |do| < o, min(|[7py = 7pvl) = % mm, X /Noor < 5, Cluster-based E™sS > 180 GeV, Cluster-based E™sS < 180 GeV,

|2o| < 500 mm Pass material map veto T T
eI 5 o - 3 Selected PV, preselected muon, Selected PV, preselected muon,
ull selection ass cosmic-muon, fake-muon, Nlyacks = 3 Hichest-p+ muon matches trieeer muon
and heavy-flavor vetoes mpy > 20 GeV £ pr £8
Full selection ‘ > 1 full-selection muon, > 1 full-selection DV

Background sources of displaced muons and vertices are uncorrelated

preselected events

fails cosmic veto fails cosmic veto fails cosmic veto
TFcosmic
| passes full . passes full passes full
fails fake muon veto muon selection ' fails fake muon veto ' muon selection :fails fake muon veto !  mion selection
TFfake
fails HF muon veto fails HF muon veto fails HF muon veto
TFHF

measure transfer factors in DV CR
11/20/19 John Stupak - University of Oklahoma 14



[ATLAS-CONF-2019-000]

Displaced Jet (ID DV

LRT filter:
MS u w/ pt > 60 GeV OR MET > 180 GeV

2 orthogonal channels

Selection level Muon selection Displaced vertex selection Selection level E;{ﬁSS Trigger SR Muon Trigger SR
Preselection 5 T > 25 (;e\/, ‘g'(); 2.5, by < 390 mm, L’ZDV| < ?;O(j’vmm’ - Preselection Selected by E}niss trigger, Selected by muon trigger,

mm < |do| < o, min(|[7py = 7pvl) = % mm, X /Noor < 5, Cluster-based E™sS > 180 GeV, Cluster-based E™sS < 180 GeV,

|2o| < 500 mm Pass material map veto T T
eI 5 o - 3 Selected PV, preselected muon, Selected PV, preselected muon,
ull selection ass cosmic-muon, fake-muon, Nlyacks = 3 Hichest-p+ muon matches trieeer muon
and heavy-flavor vetoes mpy > 20 GeV £ pr £8
Full selection ‘ > 1 full-selection muon, > 1 full-selection DV

Background sources of displaced muons and vertices are uncorrelated

preselected events

fails cosmic veto fails cosmic veto fails cosmic veto
TFcosmic
| passes full . passes full passes full
fails fake muon veto muon selection ' fails fake muon veto ' muon selection :fails fake muon veto !  mion selection
TFake
fails HF muon veto fails HF muon veto fails HF muon veto
TFHF

validate in DV VR
11/20/19 John Stupak - University of Oklahoma 14



[ATLAS-CONF-2019-000]

Displaced Jet (ID DV

LRT filter:
MS u w/ pt > 60 GeV OR MET > 180 GeV

2 orthogonal channels

Selection level Muon selection Displaced vertex selection Selection level E;{ﬁSS Trigger SR Muon Trigger SR
Preselection 5 T > 25 (;e\/, ‘g'(); 2.5, by < 390 mm, L’ZDV| < ?;O(j’vmm’ - Preselection Selected by E}niss trigger, Selected by muon trigger,

mm < |do| < o, min(|[7py = 7pvl) = % mm, X /Noor < 5, Cluster-based E™sS > 180 GeV, Cluster-based E™sS < 180 GeV,

|2o| < 500 mm Pass material map veto T T
eI 5 o - 3 Selected PV, preselected muon, Selected PV, preselected muon,
ull selection ass cosmic-muon, fake-muon, Nlyacks = 3 Hichest-p+ muon matches trieeer muon
and heavy-flavor vetoes mpy > 20 GeV £ pr £8
Full selection ‘ > 1 full-selection muon, > 1 full-selection DV

Background sources of displaced muons and vertices are uncorrelated

preselected events

fails cosmic veto fails cosmic veto fails cosmic veto
TFcosmic
| passes full . passes full passes full
fails fake muon veto muon selection ' fails fake muon veto ' muon selection :fails fake muon veto !  mion selection
TFake
fails HF muon veto fails HF muon veto fails HF muon veto
TFHF

apply in DV SR
11/20/19 John Stupak - University of Oklahoma 14



[ATLAS-CONF-2019-006]

Displaced Jet (ID DV

Data/BG

q'c:u.ﬁqum

- ATLAS Pre“minary’ -Q-Data' HeaV;/ Flavor -
= {s=13 TeV, 136 fb” Fakes [] Cosmics E
= EI™° Trigger Selection ---- (M)=(1.7 TeV, 0.01 nsH
B FuII Muon Selection e (m, =(1.7 TeV, 0.1 ns) ]|
DV CR ///% VR | SR*
A —
M i , E
§ % y//%/ """ "E
L 77 N
e T

;/)/7 7//’%7V 7
0py,, May, My, VR, Vr, Sk 7

° [WO#r ack r "ee. “trac "o ack o mé?Ss

good agreement between observations
and expected background

11/20/19

Nexp
MET-riggered channel 0.34 +0.16 (stat) + 0.16 (syst)
Muon-triggered channel 1.88 + 0.20 (stat) + 0.28 (syst)

(¥)) L " f ! j ! =
= ATLAS Prellmlnary -®-Data Heavy Flavor I
® 10" g Vs=13 TeV, 136 fo’ Fakes [ ] Cosmics E
Lﬁ Muon Trigger Selection -=--- (m,w)=(1.0 TeV, 0.01 nsp
1 03 Full Muon Selection  ——-- (m, ) (1.0 TeV, 0.1 ns)=
>, * DV CR DV VR | SR 7
1 O ////’/////
V222, 2222
10 70 N 7.2
1 ::::::]r______________l ______________ =' """" 'z /'/%'/7/
R [

8 2_ ........................................................................................................................................ E
C\U 1 55_ )} ......................... ]
(DU za77755%: 4/ 27 /;
0.5_ ............................................................................................................................... T ...... _;

0 oy, Mary, Mary, VRuy, YRig, SR

Oltracy.  C&trg,, ack  Ma
Ck e K Ss

Nobs

0
1

John Stupak - University of Oklahoma
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[ATLAS-CONF-2019-006]

Displaced Jet (ID DV

*UE) 5 - ATLAS Preliminary e pata Heav;l/ Flavor - 0 : P - - =
© 10° g Vs=13 TeV, 136 fb”’ Fakes [ Cosmics E = 4 ATLAS Prellmgnary -8 Data Heavy Flavor 1
Lﬁ = ET"° Trigger Selection ---- (m.t)=(1.7 TeV, 0.01 ns- © 10" g Vs=13TeV, 136 fbr Fakes [ Cosmics El
o[ FuII Muon Selection e (m, 7)=(1.7 TeV, 0.1 ns) | Lﬁ Muon Trigger Selection ---- (m,z)=(1.0 TeV, 0.01 nsj
10 g_ DV CR DV VR SRE 103 Full Muon Selection me—m (m. ) (1.0 TeV, 0.1 ns)=
2 .2 . > * DV CR DV VR | SR 7
1 O ?/// ///M 7//% _E 1 O L srrByssss
1 f_ W _f 10 SIS, _______{////’/// -------
T 7 1 (EERLELY S I ------- , &%
= - - . = N I
IRA: ©) R N I —— E
3 1.5-)/,,, I
= 1? 7 7 % 7/ V P ) e r—— /;/ ......................... =
Q gl IATIRON 778 B S iy Z
O; . 3 05;_ ............................................................................................................................... T ...... _;
Dy, Maf. 4 Mal‘ ¢ Z tw, '9/ SR OF E
) "ty " gy a0k s vy Ve WonaZ [hfe@'/i/j o traﬁ/ow jf
o a S
Stop R-Hadron, pp = 11, T — wj
> 2.8 _—
: 2T ATLAS Preliminary
good agreement between observations = 26 Vs=13TeV, 136 o, All limits at 95% L
&=
and expeCted baCkg round € 24 === Expected Excl. Limit (1,2 0 )
29 —— Observed Limit (=1 oigcs);)
2

Nexp Nobs 1.
MET-riggered channel 0.34 +0.16 (stat) £ 0.16 (syst) 0 1.6

Muon-riggered channel 1.88 + 0.20 (stat) £ 0.28 (syst)| 1 .,

1IIII| | IIIIIII| | IIIIIII| | IIIIIII| | T I I

-2 1 2
11/20/19 John Stupak - University of Oklaho1rr(1)a 10 1 10 (%) [n;]015




[1902.03094]

Displaced Jet (Low EM-Fraction)

Search for LLP decays in the HCal
Low EMCal/HCal energy ratio (EM fraction)
No associated tracker activity
Narrow energy deposits

Main backgrounds:
Jets composed of mostly neutral hadrons
Beam-induced background (BIB)

Muons (traveling parallel to the beam) undergo hard
bremsstrahlung in HCAL

p /
& _j,;oéf
——CE;==~ f

*s s
p °<f

11/20/19 John Stupak - University of Oklahoma
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[1902.03094]

Displaced Jet (Low EM-Fraction

Search for LLP decays in the HCal
Low EMCal/HCal energy ratio (EM fraction)
No associated tracker activity
Narrow energy deposits

Main backgrounds:
Jets composed of mostly neutral hadrons
Beam-induced background (BIB)

Muons (traveling parallel to the beam) undergo hard
bremsstrahlung in HCAL

c>)~. 1.4 _I TTT | TTTT | TTTT | TTTT | TTTT | TTTT | TTTT | TTTT | TTTT | TTTT
2 - , , (m_,m_)=(600,150) GeV _
:g " ATLAS Simulation _ _ (mz m,)=(200,50) GeV |
= 1.2~ \s=13TeV —v— (m_,m,)=(12525) GeV "
_ filled markers: high-E_ CalRatio trigger i f
1 | open markers: Iow-ET CalRatio trigger ] p
I | S 04 £
- § %S 2 ] 4 == =" f
- E T . < = o
06 § & 8 g el o< f
0.4 - P ;
0.2 -
0 _I L1 | L1l | L1 | : | | | |% | L1 | 111 I_

0O 05 1 1. 22.533.544.55

Truth ny [m]
11/20/19 John Stupak - University of Oklahoma

dedicated L1 and
HLT trigger
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MLP L,, [m]

[1902.03094]

Displaced Jet (Low EM-Fraction)

Search for LLP decays in the H?al | d ed |Cated L -I an d
Low EMCal/HCal energy ratio (EM fraction) H I_T trlgger

No associated tracker activity

Narrow energy deposits
Main backgrounds:

Jets composed of mostly neutral hadrons

Beam-induced background (BIB) mU|t||a¥ er perCeptrOﬂ
estimate LLP decay position)

Muons (traveling parallel to the beam) undergo hard
bremsstrahlung in HCAL

p J
o
b _=z27% f
%L,
s‘=0<f
b f
0

1.5 2 2.5 3 3.5 4
Truth L, [m]

11/20/19 John Stupak - University of Oklahoma 16



[1902.03094]

Displaced Jet (Low EM-Fraction)

Search for LLP decays in the HCal :
Low EMCal/HCal energy ratio (EM fraction) dedl_llcl_@l-ted L1 an d
No associated tracker activity trl g g er

Narrow energy deposits
Main backgrounds:

Jets composed of mostly neutral hadrons

Beam-induced background (BIB) mU|t||a¥ er perceptrOn
estimate LLP decay position)

Muons (traveling parallel to the beam) undergo hard
bremsstrahlung in HCAL

clean jets matched to CalRatio LLP
0.18

%) SRR AN R A T ]
:..G:J‘ 016 ATLAS i ?E’Ituet _:
g “1s=13 TeV, 33.0 fo™' —e— (m_m)=(1000,150) GeV ]
S 0.14F (2¢2)i(600,150) GeV ] _
S o2 el B f per-let BDT
£0 memi2s28 ooV . 5 < ; (classify as signal, QCD, BIB)
' E ) * G E - =
0.08 ] Ts.o
- g = o< /

0.06¢ - )

0.04] EI 7

0.02} -

8 e eSS : A HM Ry I
3 0.31 0.32 0.33 0.34 035 036 037

Signal- ht
11/20/19 gnal-weight 1 hn Stupak - University of Oklahoma 16



[1902.03094]

Displaced Jet (Low EM-Fraction)

Search for LLP decays in the H?al | d ed |Cated L -I an d
Low EMCal/HCal energy ratio (EM fraction) H I_T trlgger

No associated tracker activity

Narrow energy deposits

Main backgrounds:

Jets composed of mostly neutral hadrons

Beam-induced background (BIB) mu |t| |a¥el’ peI’CG p’[I’Oﬂ
(estimate LLP decay position)

Muons (traveling parallel to the beam) undergo hard
bremsstrahlung in HCAL

High—ET preselection

D \s e _ , .
3 s 1 p f per-jet BDT
[ | —+— (M ,m )= s e —
s & e e Gy s _ - (classify as signal, QCD, BIB)
§ - —+— (m,,m)=(125,25) GeV 1 0] _=z=" f
“ ok E RN f
: S M{b{%ﬂ ; ’ 0<
i oo: il Yoy W ° ] —
10—2 = OOO: YyYyYY - ##.;'" ....0. Y yy;;;j ++':\ _% p f
- oy ’ o.' Fr] +-|:" -
REEIF S G S cut on per-event BDT
s N AN N (remove BIB)

—04—03—02—01 0 0.1 02 03 04
11/20/19 High-E_per-event BDT  John Stupak - University of Oklahoma 16



[1902.03094]

Displaced Jet (Low EM-Fraction)

ABCD method used to estimate residual QCD background:

o
o

O
&)

Low-E per-event BDT
o
S

O
N

O
—

2/15/19

Low-E; Selection

| ATLAS
's=13 TeV, 10.8 fb

o 1 2 3

EARmm (jet, tracks)

Nc
NA —_ NB _N
D
main data Low-E. Selection (m_.m)=(125, 25) GeV
— 2 = S A B A B — 0.007
g o ATLAS Simulation
5 \s=13 TeV 0.006
) :
4 —14 o - . - —0.005
m B
— —1.2 § 0.3 — - - - N - |5 004
| _1 | é - - - |
---.-.------.-.---: _08 O 2 : ----------------- M e i lll..................u......u: _0003
1506 i 1610.002
—0.4 0.1~ —
D 0.001
0.2 - -
| ! O O ! | E | ! | | I O
4 5 0 1 2 3 4 S
ZARmin (jet, tracks)
John Stupak - University of Oklahoma 17



[1902.03094]

Displaced Jet (Low EM-Fraction)

ABCD method used to estimate residual QCD background:

o
o

O
&)

Low-E per-event BDT
o
S

O
N

O
—

2/15/19

Nc
NA — NB _N
D
Low-E. Selection main data Low-E. Selection (m_,m.)=(125, 25) GeV
1 ] I 2 — — — T T 0.007
 ATLAS M. . a ATLAS Simulation
(s=13 TeV, 10.8 fb” 5 \s=13 TeV 0.006
: o :
B : 114 < i : 4 —0.005
i 1D Rl ey | —0.004
- E- — _1 - é - B - -
................... PR T L L L L L L L L L L L L L L LI LIL LI LY TTTTTTTTTTIPPPETRE. v TR AP e S e P FPTPPRT O TPREEY
- Hos 02 - 000
B B°° i 10-10.002
= N -
S —0.4 0.1 —~
D : C D 0.001
- 0.2 - -
L f | | | . 0 0 . |3 | . | | . 0
0) 1 2 3 4 ) 0 1 2 3 4 S
EARmm (jet, tracks) ZARmin (jet, tracks)
John Stupak - University of Oklahoma 17



[1902.03094]

Displaced Jet (Low EM-Fraction

L] ] IIIIIII L] L IIIIIII III
2 ATLAS \s=13TeV
S 0" m,=125GeV, m_ =25 GeV
c .3 CR limit [10.8 fb™] — Obs.
S 10°E — Ms1+MS2limit [36.1 fb] === Exp.* 1o
T e CR+(MS1+MS2) limit
£ 10
7 — 100% B,, _, .,
oAb e 10% B, _, ..
8— 10 1o/°BHI:ss
Q
D 1 Z
o
Sl ] L . 2 I -SSR oo

2 10
g 10—2 ................................................................

107

10—4 i | | I2

1 10 10

s proper decay length [m]

2/15/19

—
(]
™

- T T TTrT]
| ATLAS
\l“\“ mg = 600 GeV, m_= 150 GeV

TTTIT] T T T 111
\s=13TeV

o)
2

310° |\

@T \ CRIimit[33.0 fo'] —— Obs.

\‘ o .. -1 r— ] __|_ 10 // i
o o \ MS2 limit [36.1 fb™'] Exp /S A
« 10 \ CR+MS2 limit #Y
o \ =
c \
'e) 1 O ‘\ E_
E f i
3 1 T
g 3
a 10"
:) B
_ ) —;
O 10
X
g 1 0_3 3 || 11 ||
_q 2
10 10 10

John Stupak - University of Oklahoma

s proper decay length [m]
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Displaced Jet (Timing[)

/\200_ |||||||| [TT T T[T T T T [ TTT T[T T N TT oot
5 -

~—

>

Search for delayed jets (due to slow/heavy LLP and indirect path)

Few ns for TeV scale LLP with L = 1 m

First search to use ECal timing to identify delayed jets

Backgrounds i = median térystal)

11/20/19

ECal time resolution tails (inter-calibration uncertainty, crystal-
dependent scintillator rise time variations, run-by-run shifts
associated with readout electronics)

Electronic noise

Direct APD hits (~11 ns faster than scintillation light)
In-time PU (spread in collision time, varying flight paths)
Out-of-time PU

Satellite bunches (RF buckets separated by 2.5 ns)
Beam halo

Cosmic muons

1906.06441]

150 (=

-
L
.
-

100

50

oF

50

<" Tracker
-100

—150F ]
E HCAL :

2000050 100 50 050 100 150" 200
X (cm)

Excar, > 20GeV
Ngl, > 25
HEF > 0.2 and Eycar, > 50 GeV
tjlzlt\/ls /tier < 0.4 and t]%ltvls < 2.5ns
pyiraction 0 08

ESSS, /EgcaL < 0.8

tiet > 318

Event level selection

At least one signal jet

s > 300 GeV trigger
Quality filters
max(A¢pr) < 71/2
max(A¢rpc) < 77/2

John Stupak - University of Oklahoma
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Displaced Jet (Timing[)

/\200_ |||||||| [TT T T[T T T T [ TTT T[T T N TT oot
5 -

~—

>

Search for delayed jets (due to slow/heavy LLP and indirect path)

Few ns for TeV scale LLP with L = 1 m

First search to use ECal timing to identify delayed jets

Backgrounds i = median térystal)

11/20/19

ECal time resolution tails (inter-calibration uncertainty, crystal-
dependent scintillator rise time variations, run-by-run shifts
associated with readout electronics)

Electronic noise

Direct APD hits (~11 ns faster than scintillation light)
In-time PU (spread in collision time, varying flight paths)
Out-of-time PU

Satellite bunches (RF buckets separated by 2.5 ns)
Beam halo

Cosmic muons

1906.06441]

150 (=

-
L
.
-

100

50

oF

50

<" Tracker
-100

—150F ]
E HCAL :

2000050 100 50 050 100 150" 200
X (cm)

Excar, > 20GeV
Ngl, > 25
HEF > 0.2 and Eycar, > 50 GeV
tjlzlt\/ls /tier < 0.4 and t]%ltvls < 2.5ns
pyiraction 0 08

ESSS, /EgcaL < 0.8

tiet > 318

Event level selection

At least one signal jet

piss > 300 GeV trigger
Quality filters
max(A¢pr) < 71/2
max(A¢rpc) < 77/2

John Stupak - University of Oklahoma
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[1906.06441]

Displaced Jet (Timing)

Search for delayed jets (due to slow/heavy LLP and indirect path)

Few ns for TeV scale LLP with L = 1 m

First search to use ECal timing to identify delayed jets

Backgrounds tiec = median tlrystal)

11/20/19

ECal time resolution tails (inter-calibration uncertainty, crystal-
dependent scintillator rise time variations, run-by-run shifts
associated with readout electronics)

Electronic noise

Direct APD hits (~11 ns faster than scintillation light)
In-time PU (spread in collision time, varying flight paths)
Out-of-time PU

Satellite bunches (RF buckets separated by 2.5 ns)
Beam halo

Cosmic muons

— 200
E

~—

= 150§
1003
5of
of
—503
—1oof

-150

20000 50 100 50 050 100 '%éé' "zoo
x (cm)

Excar, > 20GeV
Ngl, > 25
HEF > 0.2 and Egcar, > 50GeV
tllzltvls/t]et < 0.4 and tllzltvls < 2.5ns
pyiraction 0 08
ESSS, /EgcaL < 0.8
tiet > 318

Event level selection
At least one signal jet
piss > 300 GeV trigger
Quality filters
max(A¢pr) < 71/2
max(A¢rpc) < 77/2

John Stupak - University of Oklahoma
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Displaced Jet (Timing[)
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Search for delayed jets (due to slow/heavy LLP and indirect path)

Few ns for TeV scale LLP with L = 1 m

First search to use ECal timing to identify delayed jets

Backgrounds i = median térystal)

11/20/19

ECal time resolution tails (inter-calibration uncertainty, crystal-
dependent scintillator rise time variations, run-by-run shifts
associated with readout electronics)

Electronic noise

Direct APD hits (~11 ns faster than scintillation light)
In-time PU (spread in collision time, varying flight paths)
Out-of-time PU

Satellite bunches (RF buckets separated by 2.5 ns)
Beam halo

Cosmic muons

1906.06441]

150 (=

-
L
.
-

100

50

oF

50

<" Tracker
-100

—150F ]
E HCAL :

2000050 100 50 050 100 150" 200
X (cm)

Excar, > 20GeV
Ngl, > 25
HEF > 0.2 and Eycar, > 50 GeV
tjlzlt\/ls /tier < 0.4 and t]%ltvls < 2.5ns
pyiraction 0 08

ESSS, /EgcaL < 0.8

tiet > 318

Event level selection

At least one signal jet

piss > 300 GeV trigger
Quality filters
max(A¢pr) < 71/2
max(A¢rpc) < 77/2

John Stupak - University of Oklahoma
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Displaced Jet (Timing[)

/\200_ |||||||| [TT T T[T T T T [ TTT T[T T N TT oot
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Search for delayed jets (due to slow/heavy LLP and indirect path)

Few ns for TeV scale LLP with L = 1 m

First search to use ECal timing to identify delayed jets

Backgrounds i = median térystal)

11/20/19

ECal time resolution tails (inter-calibration uncertainty, crystal-
dependent scintillator rise time variations, run-by-run shifts
associated with readout electronics)

Electronic noise

Direct APD hits (~11 ns faster than scintillation light)
In-time PU (spread in collision time, varying flight paths)
Out-of-time PU

Satellite bunches (RF buckets separated by 2.5 ns)
Beam halo

Cosmic muons

1906.06441]
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—150F ]
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Ngl, > 25
HEF > 0.2 and Eycar, > 50 GeV
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pyiraction 0 08

ESSS, /EgcaL < 0.8

tiet > 318

Event level selection

At least one signal jet

piss > 300 GeV trigger
Quality filters
max(A¢pr) < 71/2
max(A¢rpc) < 77/2
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[1906.06441]

Displaced Jet (Timing

Search for delayed jets (due to slow/heavy LLP and indirect path)

Few ns for TeV scale LLP with L = 1 m

First search to use ECal timing to identify delayed jets

Backgrounds tiec = median tlrystal)

11/20/19

ECal time resolution tails (inter-calibration uncertainty, crystal-
dependent scintillator rise time variations, run-by-run shifts
associated with readout electronics)

Electronic noise

Direct APD hits (~11 ns faster than scintillation light)
In-time PU (spread in collision time, varying tligit paths)
Out-of-time PU

Satellite bunches (RE-bucCkets-sepparated by 2.5 ns)
Beam halo

Cosmic muons
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Event level selection
At least one signal jet
pss > 300 GeV trigger
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Search for delayed jets (due to slow/heavy LLP and indirect path)

Few ns for TeV scale LLP with L = 1 m

First search to use ECal timing to identify delayed jets

Backgrounds i = median térystal)
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ECal time resolution tails (inter-calibration uncertainty, crystal-
dependent scintillator rise time variations, run-by-run shifts
associated with readout electronics)

Electronic noise

Direct APD hits (~11 ns faster than scintillation light)
In-time PU (spread in collision time, varying flight paths)
Out-of-time PU

Satellite bunches (RF buckets separated by 2.5 ns)
Beam halo
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[1906.06441]

Displaced Jet (Timing

Background predictions from
ABCD method (3x)

Background source Events predicted

Beam halo muons  0.0277305 (stat) (07 (syst)

Core and satellite 0.09 o
bunch collisions 0‘HJ—FOIOS (stat) "5 (syst)

Cosmic ray muons 1.0ﬂ:8 (stat)ﬂ:g (syst)

CMS 137 b (13 TeV)
/; T T T T ‘ T T T T ‘ T T T T ‘ T T T T ‘ T T T T 1 0
) 3500 pp — § § § — g+ G GMSB Approx. NNLO+NNLL exclusion
9
~ 95% CL observed = 1 Otheory

m.

. 95% CL expected =10

experiment

2500

2000
107"

1500

95% observed CL upper limit on cross section (fb)

1000 Py
2.5 3 3.5 4 4.5 5

|Og10(Ct0/mm)

Events / 0.5 ns

— —

o o

w N
IIIII|'|]] TTTTIm

—
o
(S

—_
o

107
1072
107°
10

107°

11/20/19 John Stupak - University of Oklahoma

137 b (13 TeV)

CMS ¢ Observation
[] Cosmic ray muon background

[ Beam halo muon background
-------- GMSB m, = 2400 GeV,cty=1m
-------- GMSB m, = 2400 GeV, ct, =10 m
"""" GMSB my = 2400 GeV, ct,=30m

[_] Core and satellite bunch background

| IIIII.I.I.l| IIIII.I.I.l| |III|l|.II IIIIIlIJI IIIIIlIJI Lo

jet
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[1906.06441]

Displaced Jet (Timing

137 b (13 TeV)

. ' w g1 T T T T T T T T T T T T T g

Background predictions from s wpoes o :
o 10 E [ ] Cosmic ray muon background =

- = [ ] Core and satellite bunch background ]

i) 10° [ Beam halo muon background =

ABCD method (3x f ol | oo
b 10 —p e GMSB m_ = 2400 GeV, ct, =10 m E

-------- GMSB m§=2400 GeV, ct, =30 m -

=

=

1|5t £ CETPPE S
Background source Events predicted ~E | | Tt
Beam halo muons  0.0277305 (stat) (07 (syst) L B o T L e W
Core and satellite 0.09 107

0.11799 (stat) 007 (syst)

bunch collisions

10° &
Cosmic ray muons 1.0ﬂ:8 (stat)ﬂ:g (syst) =
10 E
CMS 137 b (13 TeV) 1o
/; L L L N B B 10 2 4 6 8 10 12
) 3500 pp — § § § — g+ G GMSB Approx. NNLO+NNLL exclusion + (ne)
9 -
= 95% CL observed =1 o, ) 137 b7 (13 TeV)
10 T T T T TTTT T T T T TTTT T T T T TTTT T T T T TTT
E .« 95% CL expected =1 Oexperiment | ! E
' CMS 95 % CL upper limits 3

——— Observed

—
o
w

pp—> 56,9 ~g+G
m,g = 2400 GeV - Expected median =10, .

2500 _--—-- Expected median +2 o__
experiment

—
o
™

CMS displaced jets (36 fb™)

= 1 8 1 1 . 0799 1 ] ------ Approx. NNLO+NNLL o(pp — g g)

2000

107"

—

1500

95% observed CL upper lifnit on cross section (fb)

95% CL upper limit on cross section (fb)
o
IIIIII| I Illlll|—|| IIIIIII| I IIIIIII| T TTTI

u
S =
1000 1072 ; ;
2.5 3 3.5 4 4.5 5 . T T
10g, ,(Cx/mm) 10 10° 10° 10° 10°
11/20/19 John Stupak - University of c%o (Mm)



[1909.06166]

Delayed/Non-Pointing Photon

Search for LLP decays to a photon

Similar few ns delay (up to ~10)

Utilizes dedicated out-of-time photon
reconstruction

Exploits non-normal ECal incidence angle

— elliptical shower - Og
C R
Trigger: 5 83: CMS G(At) = Aeﬁ/ @ \2C
. % O 4 i
2016 - conventional yy (pt > 42, 25 GeV) 0.6 T 2016(35917) Noorg = 31.6 = 1.2ns
05 —~—2017 (41.5b™7) C,y16 = 0.077 + 0.001 ns
2017 - yy OR dedicated y (pT > 60 GeV, Ny, = 30.4 +1.2ns
L 0.4 C,...=0.095 + 0.001 ns
elliptical shower) + Hr > 350 GeV 2017
Offline: 0.3

> 3 jets plus:
2016: 2 displaced photons

2017: 2 displaced photons OR
displaced photon + Hr

0.2

01 L1 | ! ! ! ! ! ! L1 |
102 10°
11/20/19 John Stupak - University of Oklahoma A/ Oy 21




[1909.06166]

Delayed/Non-Pointing Photon

Dominant backgrounds: y+jet and QCD

Jet and photon requirements Ny
~eliminate non-collision backgrounds

Background predicted with ABCD A B

10 - 41 5 fb (13 TeV) 415 fb (13 TeV)
> E T T T I T T T T T T E (D E I T T T T T E /é\ :I TTT | TTTT | TTTT | IIIIIIIIIIIIIIIIIIIIIIIIIIII ]
E..[ CMS 2017y 1 S 10°k CMS 2017y 4 . [ OMsBSPss _1 1
102 . —= — E _ 3 B ot T CMS expected (= 10) 77.4 fo™ (13 TeV), v, vy _|
—~ E Data [t <1.0 ns] 3 - 10 - Data [p™*° < 100 GeV] ] g CMS observed 77.4 o™ (13 TeV), y, vy 3
'E - ° R ] o ?_ ° T T _§' ATLAS observed 20.3 fb™ (8 TeV), vy
o 108 (Scaled x 0.012) = U>J E . (Scaled x 0.056) | OMS obsermed 49 1 ( ToV).4
> - 3 3 , | ' ’ |
L i L Data [tY = 1.0 ns] . 10 S —— Data [p_’:'ss =100 GeV] 3 y 10° E
E = EE! - .
- N GMSB A: 200 TeV ] 10° GMSBA:200TeV i
107 -l Tcu2mlt =1.0ns] 5 F o T cu2m[p™* =100 GeV] A 10 - -
S L S Y E 10 E |: I'-f T = g
102k ) i S .
g 1 jj =
- e A T 3 1E 3
10° 107 E Yy —f
10_4:E 10_2_5 R ?: 10_1—'—||||||||||||||||||!||||'|r/;|||||||||||||||-'—
- E: """" 3 100 150 200 250 300 350 400 450 500 550 600
107 [ . 1073 L I S M., (GeV)
0 200 400 600 800 1000 0 10 20 “
[ 100 150 200 250 300 350 400
pT* (GeV) t, (ns) A (TeV)

11/20/19 John Stupak - University of Oklahoma SUSY breaking scale 22



[1905.09787]

Dilepton DV

Search for LL Heavy Neutral Lepton (HNL) with
small mixing with muon neutrino W

Utilizes LRT and same DV reconstruction
algorithm as the displaced jet search

LRT filter: 1 prompt and 1 displaced muon
SR requires DV with:

> 0.06 e
e ! ATLAS Simulation ]
ExaCtly 2 OS traCkS é 005:_ + \{g= 13 TeV, W _)HN_)uue\;e _:
- I e i T
Tlght muon = 0.04- my = 7.5 GeV, displaced
% - mN f }(2) ? %\gvdicsig;faecded .
Tight* electron or muon v 003 ** S E
0.02F t, Par -
m > 4 GeV - ; ’ ’ N
0.01— . N
4 < R <300 mm : ch o e e, T
O_LLLLL_‘L‘J_ g 1gl® o & 70 Y v vvv® ® e o s 5§
L , , , 107 1 10 102 10°
minus usual requirement on number of pixel hits ¢t [mm]

2/15/19 John Stupak - University of Oklahoma 23



[1905.09787]

Dilepton DV

> SR R =
Backgrounds § 45 ATLAS E
: : : o 40 - 9fp !
Material intersections and S ‘o= 10TeY. 28
metastable states studied in CR §  so- o =
o D 5 o E
Found to be negligible for 20F B E
Mpv > 4 GeV 15F- =
. 105 WYi2sS) -
Random track crossing 5; ++ | =
background modeled with 05—""35""3 36 38 4
ABCD method my, [GeV]
N¢in DV vs. SS/OS DV tracks Ny = Np €
Np
leptons in DV same-charge DV opposite-charge DV opposite-charge DV estimated
2 Bl 0 0 (signal region) | A < 2.3 at 90% CL
0 D|169254 168037  |C

2/15/19 John Stupak - University of Oklahoma



Dilepton DV

[1905.09787]

2/15/19

1073

107°

I Illllll‘ | IIIIIIII I II|II|I’ I |III|II‘ | IIIIIII‘ I II|IIII’ [ TTTIII

........... Expected

[ Expected + 1o
[ ] Expected = 2¢

ATLAS /s =13 TeV, 32.9-36.1 fb”
95% CL exclusion, dominant v, mixing
Observed (prompt, LNV)
—— Observed (displaced, LNV)
——— Observed (displaced, LNC)

’ I

I IIIIIIII I IIIIIIII | IIIIIIII I IIIIIIII I IIIIIIII I IIIIIIII R

John Stupak - University of Oklahoma

25



Direct Detection
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Magnetic Monopole[

Monopoles are extremely highly-ionizing particles
Produce many high-threshold hits in TRT

Stop in ECal, after leaving a pencil-shaped energy deposit

1905.10130]

Dedicated trigger: Based on number and fraction of high-threshold (HT) hits in TRT Rol (w/ HCal energy veto)

Offline selection: EM cluster seed with Et > 18 GeV

Background modeling: ABCD method
Fraction of nearby HT TRT hits

. . 1.1 | | —

EM cluster energy dispersion I - -

1= 3

E! 102E T T T | T T T T I T T T T I lE : A :
= F ATLAS : 0.9F =
© Is=13TeV, 34.4 o~ = -
- I 0.8 —

105 - E - -

: 0.7 E

- 0.6 —

LS U . S E 055 -

. 0.4 = DY spin 12 —

-1L DY s i;-d""' B N W i S oV Spin-0 - = gl=19, 3

107 F 9500 B Limi LO Prediction - 0.3 i = m = 1500 GeV—

- e gl=2g lg1=2g, 1 —  Data2015-16 S -

i |"-|.-|" .lg!=1|g9 Lo A L |T| |g||=|1g|D |_ 0'2 ; I : I l I : I I l : ] : l I l ; I I__
0 1000 2000 3000 4000 5000 0.2 0.4 0.6 0.8 1 1.

. . w

11/20/19 m[GeV]  John Stupak - University of Oklahoma
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[1902.016306]

Heavy Stable Charged Particle

Search for several varieties of heavy stable charged
particles (HSCP:) squark/gluino R-hadron, chargino, stau

Slow, muon-like particle

Earller searches from ATLAS and CI\/IS show intriguing trend

Eé,

: [1411.6795]

's=8TeV,19.1 fb" ]
Charginos i

= theory prediction |

Cross-section [fb]

------ expected limit + 1
...... expected limit £ 26
ved limit

—e— obser

-
o
T

e Leviree, L, Lo, L, Leviree, . TN
450 500 550 600 650 700 750 800
X, mass [GeV]

11/20/19

Numbers of events
Selection cuts 2016
PT Mass
(GeV) Ios 1/B (GeV) Pred. Obs.
>0 |9244+189 94
> 100 | 43.24+8.9 46
Trk-only > 65 > 0.3 S 200 43409 7
> 300 | 0.86+0.18 0
> 400 | 0.25 £ 0.05 0
>0 |53.1+10.6 50
> 100 mTyFmminG 8
Trk+TOF | > 65 | > 0.175 | > 1.25047> 200 | 0.82 £0.17 2
> 300 | 0.15+0.03 1
> 400 | 0.0440.01 1 _o

) | T | | |

5 AT[_AS = theory prediction

5 10 Vs=13TeV. 32" == expected 1o limit =

? = ' --- expected +2c limit 3

3 -o- observed limit

8 - |5 = 8 TeV theory prediction
10% -- Vs=8TeV, 19.1 b observed 3
10%: =
1O e

15 ..................................... “
600 800 1000 1200 1400 1600 1800 2000

mgluino [GeV]

John Stupak - University of Oklahoma

[CMS PAS EXO-16-036]
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[1902.016306]

Heavy Stable Charged Particle

Conventional triggers: muon and calorimeter-based MET
Pixel detector: dE/dx — By

Calibration via low-momentum p, 7, K*

=

Resolution = 14%
HCal + MS: time of flight = [

Calibration via high-momentum u

Stopping power [MeV cm?/g]

. TTT‘TTTT‘ TTTTTTTTTTTT {TTTT‘ TTTTTTT

~ ATLAS
F Vs=13TeV, 36.1 fb"

e Data
] Z—uu simulation

0.001 0.01 0.1 1 By 100 1000 104 106 ; ]
HCal resolution = 0.07 0.01 -
Combined resolution = 0.02 fe 7oz o 1 112 13B14
Candidate mass calculated separately from dE/dx and ToF info using: m = p/fy
Signal region Trigger Candidate Candidates Final requirements
selection  per event nl p|GeVIC Bror  (8Y)dE/da Mass
SR-Rhad-MSagno ET™° ID+CALO > 1 <1.65 >200 <0.75 <T.UTorF & dE/dx
SR-Rhad-FullDet Ft ~/u  LOOSE > 1 <1.65 >200 <075 <13 ToF & dE/dx
SR-Rhad-FullDet [Fg ~/u ID+CALO > 1 <1.65 >200 <0.75 <1.0 ToF & dE/dx
SR-2Cand-FullDet ET /u  LOOSE = 2 <200 >100 <0.95 . ToF
SR-1Cand-FullDet FE7t /@  TIGHT =1 <1.65 >200 <0.80 - ToF
11/20/19 John Stupak - University of Oklahoma 29



[1902.016306]

Heavy Stable Charged Particle

Background modeling

Probability distribution functions derived for momentum, Bror, and (BY)de/ax In data
sidebands

Randomly sampled to determine mtor (and Mqe/ax) Shape

Normalized to data in low mass CR

105 I I I I I I I T I
— 5000 | | r : 0 £
. 9 e Data
% - ATLAS o 25 GC) |_T>j 10° ATLAS 4 [] Background
S, Est. bkg fs = 13, 0 TeV 36.1 o > 10° Vs =13TeV,36.11b Background unc.
:—'_5 40001 —1 Exi) signal (g 2200 GeV) _2 L o
[ ] Data R | .
S SR- Rhad MSagno it  ; BT AT_’L
ID D
2000 S "
1000~ ;&8 — 0.5 =
| I . : L
A 200 400 Mo ion ¢z 3 % 8 © & 8 % 8 B g .
0 1000 2000 3000 4000 5000 [GeV] . . it
Rhad-MSagno Rhad-FullDet 1Cand-FullDet 2Cand-FullDet

Myesox [GEV]

11/20/19 John Stupak - University of Oklahoma
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1804.07321]

Disappearing Track

Search for charged particles which decay within the tracker = “disappearing” track

Motivated by anomaly mediated SUSY breaking:
Small chargino/neutralino mass gap: chargino = neutralino + soft mi=
Trigger: exploit ISR to create MET
Dedicated: MET > 75 GeV + isolated track with pt > 50 GeV

Conventional: Higher MET threshold w/o track requirement

35.7 fb' (13 TeV)
[ T T T T T T T T I T T T T I

_ CMS ¢ 2016data _|
I [ ]acb |

Offline event selection:
MET > 100 GeV
Jetw/ pr > 110 GeV
Back to back with MET

Aq)max(ji,jk) <25

—

o
—
(&)

Events /0.2

— —=300GeV ¥ (t=3.3ns)

B W R
Bl t E
[ ]Zow =

—_
o,
n

Izl N

Il Diboson .

[ Single t
|

10°

11/20/19 John Stupak - University of Oklahoma



[1804.07321]

Disappearing lrack

Disappearing track selection:

Dominant backgrounds: . 95% expected
. I 68% expected
Tracks from e () which undergo hard bremsstrahlung | s Median expected

11/20/19

38.4 fb' (13 TeV)
T | | T I | | -

>7 consecutive hits in innermost tracker layers (13 total) 7

13

10
- CMS

- tanB=5u>0
B (X, - ¥, ©) =100%

T.

>3 missing hits in outer tracker layers
Isolated from calorimeter deposits

Tight impact parameter requirements (combinatorial fakes) oL

- 95% CL limit

1 - = Observed

(material interaction)

Fake tracks - naturally no corresponding calorimeter deposit

| 1 | | | | | | | | | | =
200 400 600 800

Both backgrounds estimated using fully data-driven methods 10

m;: [GeV]
. Estimated number of background events

Run period Leptons Spurious tracks Total Observed events

2015 0.14+0.1 0tp? 0.14+0.1 1

2016A 20£04+01 04+02£04 24£05+04 2

2016B 31+£06+02 09+04£09 40+£07+£09 1

Total 52+08+03 13+04£10 65£09+£1.0 7

John Stupak - University of Oklahoma 32
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Summary of Results

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

July 2019

ATLAS Preliminary

[Ldt=(18.4-36.1) b Vs =8,13 TeV

Model Signature  [£dt[fb] Lifetime limit Reference
RPV % — eev/euv/upv  displaced lepton pair  20.3 x‘]’ hle;\mel T — . 1:14'0 lmn I T T lm(lé)‘ I:'ﬁTeV m(:«?) I! DITerI 1504.05162
GGM v - zG displaced vix + jets 20.3 )(‘]’ lifetime 6-480 mm m(g)=1.1TeV, m(x})=1.0 TeV 1504.05162
GGM 0 > ZG displaced dimuon 32,9 )(‘; lifetime 0.029-18.0 m m(g)=1.1TeV, m(x})= 1.0 TeV 1808.03057
GMSB non-pointing or delayed y  20.3 )(']’ lifetime 0.08-5.4 m SPS8 with A= 200 TeV/ 1409.5542
AMSB pp — xix3.x7 Xy disappearing track 203 |7 lifetime 0.22-3.0m m(xi)= 450 GeV 1310.3675
§ AMSB pp — xix9.x1 X7 disappearing track 36.1 | lifetime 0.057-1.53 m m(x;)= 450 GeV 1712.02118
2 AMSB pp — h‘)(f,)(;')(; large pixel dE/dx 18.4 )(f lifetime 1.31-9.0 m m(yi)= 450 GeV 1506.05332
Stealth SUSY 2 MS vertices 36.1 § lifetime 0.1-519 m B(g — 5g)= 0.1, m(g)= 500 GeV| 1811.07370
Split SUSY large pixel dE/dx 36.1 g lifetime >09m m(g)=1.8TeV, m(y3)= 100 GeV 1808.04095
Split SUSY displaced vix + Es 328 | § lifetime 0.03-13.2m m(g)=18TeV, m(x})= 100 GeV 1710.04901
Split SUSY 0¢,2-6jets +ET 36.1 g lifetime 0.0-2.1m m(g)=1.8TeV, m(x7)= 100 GeV | ATLAS-CONF-2018-003
H-ss low-EMF trk-less jets, MS vtx 36.1 | s lifetime 0.18-120 m m(s)= 25 GeV 1902.03094
s FRVZH-2y4+X 2 e-, u-jets 20.3  [Jaliielime o-3 mm m(yg)= 400 MeV 1511.05542
'? FRVZH — 2y4 + X 2 e—, p—, n—jets 36.1 v4 lifetime 1.5-284 mm m(yq)= 400 MeV CERN-EP-2019-140
% FRVZ H — 4y4 + X 2 e-, u—, n-jets 36.1 | ya lifetime 3.7-178 mm m(yq)= 400 MeV CERN-EP-2019-140
-§ H— 2424 displaced dimuon 329 | Zqlifetime 0.009-24.0 m m(Zs)= 40 GeV 1808.03057
H—2ZZ4 2 e, pu + low-EMF trackless jet 36.1 24 lifetime 0.21-52m m(Zy)= 10 GeV 1811.02542
VHwith H — ss — bbbb 1 -2( + multi-bjets  36.1 | slifetime  0-3 mm B(H - ss)= 1, m(s)= 60 GeV 1806.07355
& (200 GeV) - s low-EMF trk-less jets, MS vtx36.1 | s lifetime 0.41-51.5m ¢ x B=1pb, m(s)= 50 GeV 1902.03094
% ®(600 GeV) — 55 low-EMF trk-less jets, MS vix36.1 | s lifetime 0.04-21.5m o xB=1pb, m(s)= 50 GeV 1902.03094
P(1TeV) > ss low-EMF trk-less jets, MS vtx 36.1 s lifetime 0.06-52.4m o x B=1pb, m(s)= 150 GeV| 1902.03094
. HV Z'(1 TeV) - ququ 2 ID/MS vertices 20.3 s lifetime o x B=1pb, m(s)= 50 GeV 1504.03634
%j HV Z'(2 TeV) - quqy 2 ID/MS vertices 20.3 sliiemlne o ] —————— - quplb m(s): 50 Gs\/ y 1504.03634
0.01 0.1 1 10 100 cT [m]
Vs=8TeV  Vs=13TeV | | 1 | |
0.01 0.1 1 10 100
7 [ns]

11/20/19

RPV SUSY, T — bl, m({f) = 420 GeV
8TeV, 19.7 fo" (displaced leptons)

H — XX (10%), X — ee, m(H) = 125 GeV, m(X) = 20 GeV
8 TeV, 19.6 o (displaced leptons)

H— XX (10%), X = un, m(H) = 125 GeV, m(X) = 20 GeV
8TeV, 20.5 fb" (displaced leptons)

GMSB PS8, 7, — G v, m@%,) = 250 GeV
8 TeV, 19.7 fb™ (disp. photon conv.)

GMSB PS8, 7, — G v, m@%,) = 250 GeV
8 TeV, 19.1 fb™" (disp. photon timing)

RPV SUSY, m(@) = 1000 GeV, m(z?) =150 GeV
8 TeV, 18.5 b (displaced dijets)

RPV SUSY, m(d) = 1000 GeV, m&f’) =500 GeV
8 TeV, 18.5 b (displaced dijets)

AMSB %, % = 7, +*, m(¥.) = 200 GeV
8TeV, 19.5fb™" (disappearing tracks)

cloud model R-hadron, m(g) = 1000 GeV
8 TeV, 18.6 b (stopped particle)

AMSB 7, tan(B) = 5, u > 0, m(x;) = 800 GeV
8 TeV, 18.8fb" (tracker + TOF)

AMSB 7, tan(p) = 5, u > 0, m(x;) = 200 GeV
8 TeV, 18.8fb" (tracker + TOF)

CMS long-lived particle searches, lifetime exclusions at 95% CL

John Stupak - University of Oklahoma
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Gluino R-Hadron

so][ndevtvhat out Gluino R-Hadron, § —» gy, m(¥) = 100 GeV .,
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Future Prospects
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[ATL-PHYS-PUB-2019-011]

Disappearing lrack

ATLAS disappearing track reconstruction requires hits on all 4 pixel layers, vetoes hits in SCT

In pure Higgsino scenario, chargino proper lifetime is just 7 mm = cr = 14 mm

Use 3-hit “tracklets”

Fake rate increases drastically

Reconstruct soft (pr = 300 MeV) = with dedicated algorithm in Rol around tracklet

Require consistency with 2 track DV

Ready for Run 2 data reprocessing (imminent)
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[ATL-PHYS-PUB-2018-031]

Disappearing lrack

For HL-LHC, ATLAS tracker will be replaced

5 pixel layers
4 double-sided silicon strip layers

‘ }7‘ < 4 ZT ;“(f ;ZT ;Z? production, tanf =5, u > 0 Pure Wino
I I I I I I I I I | I I I I I I I | I I I I 1 I I
_ Disappearing Track Analysis ATLAS Simulation Preliminary
T Ys=14 TeV, 3000 fb™", u = 200

All limits at 95% CL

Compared to Run 2 PU,

tracklet take rate will
increase by tactor ~200 E
background - BpecedUimit(o,)

56 discovery =

Theory -

Run 2 Limit (arXiv:1712.02118) -

R R T R R FT

m(x,) [GeV]
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[CMS PAS FTR-18-018]

L1 Trigger

Triggering for H(125)—XX—4j signal with X proper lifetimes cz = O(10 mm) is a
significant challenge

CMS plans to have L1 track trigger for HL-LHC

Baseline design could be extended to reconstruct tracks with impact parameters in
few cm range

Track jet clustering can be done in firmware, enabling displaced jet tagging at L1!

CMS Phase-2 Simulation Preliminary  PU200 (14 TeV) CMS Phase-2 Simulation Preliminary  PU200 (14 TeV)

% 220 C L1 Rate 25 kHz % 70 - L1 Rate 5 kHz
® 200 B[H(125) = ¢ ¢ — 4b] = 10" ® B[H(125) = ¢ ¢ — 4b] = 10"
12] B —e— Ext. Displaced Tracks, m¢ =15 GeV 12] - —e—— Ext. Displaced Tracks, m¢ =15 GeV
GC_) 180 C ---@--- Prompt Tracks, m, = 15 GeV qc) 60__ ----@--- Prompt Tracks, m, = 15 GeV
Lﬁ B ——eo—— Ext. Displaced Tracks, m = 30 GeV Lﬁ B ——eo—— Ext. Displaced Tracks, m, =30 GeV
160 - ---®--- Prompt Tracks, m, = 30 GeV O ----@--- Prompt Tracks, m, = 30 GeV
- ——eo—— Ext. Displaced Tracks, m, = 60 GeV 50 N ——e—— Ext. Displaced Tracks, m, =60 GeV
140 u ---®--- Prompt Tracks, m, = 60 GeV n ----®--- Prompt Tracks, m, = 60 GeV
120 40
100 I
301~
80 .
60 204—
4 R
i 107 "8t e, e ...
20 B @i aenee et e ‘.'~:::::::::::::::.=--------::::::I:::EEEE::::: === *
_________ -
0 | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | |
0 2 4 6 8 10 0 2 4 6 8 10
ct [cm] ct [cm]
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Conclusion

Many recent/ongoing searches for LLPs at the LHC

Interest only likely to grow as conventional searches
continue to come up null, and data doubling time increases

A wide variety of LLP signatures currently covered at the LHC

But certainly plenty of gaps and/or room for improvement
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Stop R-Hadron

Stop Squark R-Hadron, Various Decays
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Chargino
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1

Excluded Chargino Mass
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Xi(Wino-like) » m=x?(Wino-like)
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Monopole

11/20/19

Drell-Yan-Like Magnetic Monopole Production
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LLP Schematic

[Jamie Antonelli]

«anus neutral displaced Bl BSM
m— Charged HSCP dilepton M lepton
e QNY Charge B quark
photon
B anything
disappearing displaced
track 3 lepton
(llll.... ::
.: l“ ’0"’
displaced o ’»,’ displaced
dijet %, photon
" A
displaced V o Not pictured:
placed stopped particles
vertex conversion bpeap 5

John Stupak - University of Oklahoma
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1902.01630]

arged Particle

-0.8 \0.7 \-0.6 -o|.5 -o.4\-|o.3\\-o.2\\|-n1Ion|’lo.1 /0'2|/0'3 o.|4 05,08,/ 07,/08,/ 69 710 _~ 11 _~ 1.21 g 0_1:‘ RN RS L R AR LA LR R
1 1 O : :
| \7 [TITTT] J | 2 0.09- ATLAS e Data ]
| | | _ -1 a
111117 ([T 5 0.08 T TEIE [ 2 simuation 4
| T T 1T [T 1T 11 - - .
e % & 0.07F £
\ / 0 - .
© 0.06 -
s =13 TeV, 36.1 fb” . . L - .
0.0 0.05 0.1 0.15 0.2 0.25 0[5 - _
d[m] 6.0 5.0 4.0 3.0 2.0 1.0 005; =
0.04[ s
0.03- 3
0.02- s
0.01- =
Lowermassrequirements 8 o b b b by -
min min 6 07 08 09 1 11 12 13 14
Selection mror [GeV] myg a. [GeV]  Noy +on  Nops, po  Significance
350 300 8.0+£3.0 8 0.5 BTILE
SR-Rhad-MSasmo 550 450 1.840.6 4 0.056 1.59
&t 700 600 0.740.3 2 0.11 1.24
850 750 0.4+0.1 2 0.028 1.92
350 300 11+2 14 0.22 0.77
550 450 2.840.7 6 0.081 1.40
SR-Rhad-FullDet 700 600 1.4+0.4 2 0.28 0.57
850 750 0.95+0.2 2 0.18 0.93 4
175 240+20 227 0.5
375 1742 16 0.5
SR-1Cand-FullDet 4, 2.240.2 1 0.5
825 0.48+0.07 0 05
150 1.5+0.3 0 0.5
350 0.06+0.01 0 0.5
SR-2Cand-FullDet  g.q 0.007+£0.002 0 0.5
800 0.0017+0.0009 0 0.5
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Emerging Jets

[1810.10069]

(13 TeV) CMS simulation (m,_ =5 GeV) (13 TeV) y 8107 (18TeY) | 161157 (13 TeV)
w :HH‘HH‘HHHH‘H“‘H“HH‘HH‘HH‘HH: = : +Data ; g +Data 7
g - CMS — QCD |ight jets i E 1000 . Predicted * Predicted ]
; 105_ Simulation CT"DK =1mm = l_; 500 0.35 &8 Predicted unc. : 300 &8 Predicted unc. ]
b E ...... ct, = 5mm E o B i
2L ----cr, =25mm 1 5 0.3 100~ - .
g 1 e ct, = 60 mm | 225 i s i 200 ]
S g"] — - ct, =100 mm E 150 0.25 F % A .
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C 107 [ o 122 0 < - Qéf& AAAAA . 100 ,:
S A = 45 ore L T, ] g N
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102 e gy e | 25 3| af ‘ 13 ar ‘ .
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. I‘"'-'%T_F‘E‘! S - 5 éggr—— — i éggﬁ 1
- o immmi I 1 - "(E — i i -a(—“a : i ]
10‘3O "()1'"(')'2' L I(I)IBI L '(')|4' L '(')IS' (I)I6I 6'7' L 'bls' '-'“'197'-‘ 5 2 005 <l 7000 1200 1400 1600 1800 2000 2200 2400 <l 510 15 20 25 30 35 40
' ' ' ' ' ' ’ ' ' OLBD 1 H; [GeV] Track multiplicity
400 600 800 1000 1250 1500 2000 )
my [GeV] o Dot rlz)é‘;?glgiel}tuiﬂs_:pc b7 3030:50 2016 EOT
DK 2un / Event / LS: 281707 / 1308250303 / 826
Source of uncertainty (%
Set number : y (%) ..
b quark fraction non-b quark composition
1 2.8 1.4
2 0.6 4.4
3 2.9 28.3
4 5.0 4.4
5 0.9 4.0
6 1.6 2.1
7 1.0 6.3
. Model parameters
Set number Expected Observed Signal Mg, [GeV] ., [GeV]  cTry, [mm] Source Uncertainty (%)
1 168+ 15t 5 131 (36.7 T 40 e 600 5 1 Track modeling <1-3
2 318+ 50+ 14 47 14.6 = 2.6)x10 400 1 60
3 194+ 70+ 55 20 156 + 1.6 1250 1 150 MC event count 2-17
4 25+ 25+ 15 16 151+ 2.0 1000 1 2 Integrated luminosity 2.5
5 139+ 19+ 06 14 353+ 4.0 1000 2 150 Pileup <1-5
6 94+ 204 03 11 207+ 25 1000 10 300 Trigger 6—12
7 440 4+ 0.84 = 0.28 2 5.61 £+ 0.64 1250 5 225 ]ES <1-9
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Delayed/Non-Pointing Photon

optimized ABCD boundaries:

¢T (m) A < 300TeV A > 300TeV

2016 20177y 2017y 2016 2017+ 2017y
(0,0.1) 0 ,250 05,300 05,150 O ,250 0.5,300 0.5,200
(0.1,100) 15,100 15,200 15,150 15,150 1.5,300 1.5,200
Systematic uncertainty Sig/Bkg Bins 2016 2017 Correlation
Integrated luminosity Sig ABCD 25% 2.3% Uncorrelated
Photon energy scale Sig ABCD 1% 2% Correlated
Photon energy resolution Sig ABCD 1% 1% Correlated
Jet energy scale Sig ABCD 15% 2% Correlated
Jet energy resolution Sig ABCD 15% 1.5% Uncorrelated
Photon time bias Sig ABCD 15% 1% Correlated
Photon time resolution Sig ABCD 0.5% 0.5% Correlated
Trigger efficiency Sig ABCD 2% <1% Uncorrelated
Photon identification Sig ABCD 2% 3% Correlated
Closure in bin C (¢t < 0.1m) Bkg C 2% 3.5% Correlated
Closure in bin C (ct > 0.1m) Bkg C 90% 90% Correlated

20177y category
Bin boundary
[t, (ns), P (GeV)] A > c 0
Ndata 458372 281 41 67 655
(0.5, 300) Nglfgst'ﬁ* 458370 £660 281+15 414424 67660+ 280
Nglf;jjjc) 460369 £660 28116 41.5+£27 67660 +280
Ngggi. 524652 1364 1 332
(15,200 NES™™ 5246504710 1364+36 09+08 330420
Ng’lf;gfjfc) 524650+700 1364+35 09+1.0 330420
Ndata 525 694 322 0 333
(15,300)  NES™ 5256904700 322417 0194021 330420
N&f;;fgc) 525690 £700 322+17 020+024  330+20
20177y category
Ng‘ggi. 21640 362 56 3201
(0.5150)  NEST" 216404140 364417 540430 3200+ 60
Ng’lf;gfjfc) 21640140 362+18 53.6+33 3200460
d
No,;;;? 21863 139 24 3233
(0.5, 200) Ngf;t' t21860+£140 142411 211417 3240+ 60
N&fgszfgc) 21860140 139+11 206+18 3230460
Ndata 24824 418 0 17
(15,150) NPt 248204150 420420 0254028 167444
Ng’lfgzjjfc) 24820150 420+£20 0294036 17.0+44
Ndata 25079 163 0 17
(15,200  NES™ 250804150 163412 0114012 169 +44
post-fit
NMlomoc) 25080£150  163+12 0.11+014  17.0+44
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Disappearing Track

13 TeV
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Number of missing outer hits

Source of uncertainty Range [%]
Theory 3-9
Integrated luminosity 2.3-2.5
Pileup 2-3
ISR 89
Jet energy scale/resolution 2-6
pmiss modeling 0.4
Missing inner hits 1-3
Missing middle hits 0.3-3
Missing outer hits 0-3
E.10 selection 0.6-1
Trigger efficiency 4-6
Track reconstruction efficiency 1.5-4.5
Total 10-18
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Displaced Jet (Timing

1

Timing layer
L, —
L,
|| [1805.05957]
Variable Derived uncertainty (%)
co=1m c1p=10m
py/raction 0.01 0.03
Nedh o 3.2 4.2
HEF 2.8 2.5
ES3S, / ErcaL 0.9 0.9
b 22 15
11/20/19
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[ATLAS-CONF-2019-000]

Displaced Jet (ID DV

ATLAS

EXPERIMENT

Run 350013, LB 243
Event 842252132
Recorded 2018/5/10 23:47:17

Muon Stream Event

Selected
Displaced
Vertices %
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[ATLAS-CONF-2019-000]

Displaced Jet (ID DV
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Integrated luminosity of dataset 1.7
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John Stupak - University of Oklahoma

53



[1902.03094]

Displaced Jet (Low-EM Fraction

BIB enriched data

High-ET presel BIB-weight > 0.34
| ' |

| T
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N
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Cluster z [m]
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[1910.06926]
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Displaced Lepton Jet
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ATLAS Detector
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Calorimeter
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ABCD

Info from Will Buttinger: https://
twiki.cern.ch/twiki/bin/view/Main/
ABCDMethod

Including info on likelihood-based
approach (which can account for
signal contamination)

Simultaneous signal and
background fit

Signal normalization
controlled by u

Background constrained to
obey ABCD relation (within
uncertainty)

11/20/19

Transfer Factor
Control region 1
(region C)

Signal region
(region A)

Transfer Factor
Control region 2
(region D)

(a) Nominal regions

VR2 Transfer Factor
Control region 1
(region C'")

(W uoidal)
7 uoiday
Lo pI|eA,

VR2 Transfer Factor
Control region 2
(region D')

(c) Possible validation regions 2

VR1 Transfer Factor Validation Region 1
Control region 1 (region C') (region A')

VR1 Transfer Factor
Control region 2
(region D)

(b) Possible validation regions 1

VR3 Transfer Factor VR3

CR1 ( region C ) (region A')

VR3 Transfer Factor

CR2 (region D')

(d) Possible validation regions 3

Figure 10: Illustrations of the nominal signal and control regions, and possible validation and ac
companying control regions. The ability to define the validation regions depends on the discreteness

of the observables defining the plane.

John Stupak - University of Oklahoma

58


https://twiki.cern.ch/twiki/bin/view/Main/ABCDMethod
https://twiki.cern.ch/twiki/bin/view/Main/ABCDMethod
https://twiki.cern.ch/twiki/bin/view/Main/ABCDMethod

