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Going Wild at LHC

Non Non
conventional 4 > conventional
final states Analysis Strategies
- Unique detector signatures - Trigger unusual objects
« Final states can include non SM - Background usually
particles data driven
 Unusual interactions of new - Creative analysis techniques
particles with the detectors exploiting all aspects of detector

- Extend the coverage & reach!

VN

Explore more final states Increase luminosity &
Improve detector performance

Livia Soffi [
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Rediscovered Interest in LLP

« Stfrong interest for Run2 and HL-Phase2

Emerging
Jets

- No hints of new physics in
prompt searches

: | Disappearing
: tracks

- Very small backgrounds from

SM
Displaced
- Dark Matter related optons
signatures B
Displaced 5
Jets
° Wh y LI_ .2 ?/IZ thxceesd
1
9 @ Displaced
F :g _ photons
small couplir{' phase space suppressed

* Be as much as model-independent as possible: BSM scenarios, such as SUSY
or Hidden Valley as benchmark models to test the significance of the
searches

Livia Soffi I 3
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signatures at CMS

Disappearing Tracks

EXO-16-044/ Submitted JHEP

2015+2016; 38.4 o

HSCP and Stopped Particles

EXO-16-036 and JHEP 05 (2018) 127

2016; 12.9 fbo-!' and
2015+2016; 38.4 fb!

Displaced Jets

EXO-16-003/ PLB 780 (2018) 432-454

2015; 2.6 o

‘i Displaced Vertices

EXO-17-018

2015+2016; 38.5 fbo-!

Displaced Leptons HIG-16-035 (low mass mumu) 2015; 2.8 fbo-!
Displaced Photons Projection at HL LHC TDR-17-006 HL LHC proj.
Emerging Jets EXO-18-001 2016; 16.1 fo-!

Livia Soffi
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CMS

Disappearing Iracks |

« |solated prompt track with missing hits in the outer layers of

the silicon tracker without energy in the calorimeters or muon detectors.
I 1
- ' ' >+ ~0 =+
Model: Anomaly Mediated SUSY Breaking (AMSB) X;i — Xim
L J

LL X~ due to small mass splitting:
Mg+ — Myo — T 100 soft fo be reconstructed, O(MeV).

13 TeV

- Trigger: MET > 75 GeV && prisO-

2 R |
§ ol CMS Simulation I Diboson B New .‘5 trk > 50 GeV
" -== 700 GeVy (ct=10cm) T . ( {. 20 .
| —-700GeV (ce=100om)  EESngel - W.l . Estimated background from
15 == 700 GeVY (cr=1000cm) gy " _ data
B B Z- :
- Bl <10GeV " 1  Tracks Selection:
1 . - ER G L Reduc®
* 3 > Missing outer 1« 3 hits in pixel + = 6 hits in tfracker gpurioys
L cks
hits in tracker - |d0| <0.02cmand |20| <0.5cm '
0.5 —
1 AR(frack, lepton) < 0.15 are vetoed Redu»‘ceed
'y e == {.:-:.!' - ; 7] . . . .
OB R e e b U Vetoing tracks within gaps in acceptance ‘?:é?ons

Number of missing outer hits

Livia Soffi EX0-16-044 } 5



Disappearing Tracks |
Run period Estimated numbe'r of background events Observed events
Leptons Spurious tracks Total
2015 0.1 +0.1 Ofg'l 0.1+0.1 1
2016A 20+04+01 04+024+04 244+05+04 2
2016B 31+£06+02 09+044+09 40+07+09 1
—» Total 52+08+03 13+04+10 654+09+1.0 7 <—
38.4 fb' (13 TeV) 38.4fb" (13 TeV)
3‘ 1 l I I ' I ] 1 I ' I ] ) l | ? ) ) 1 I J ) l I =
- c P h 4
}% 10° CMS 95% CL upper limits = o [TT] HSCP search
> F tanp=5u>0 % oxpected | " 10 1] not enough
10°E % _.20 ) = 100% W 68% expected = E CMS issing outer hits -
1 1 *=** Median expected = - tanf=5,u>0 -
T. = 1000 cm/c (33 NS) === Observed ) - -
10l — NLO+NLL prediction— 10E ~
\ : -_95% CL limit -
N\ - / X 95% expected -
1 I 68% expected ]
------ Median expected
1E" == Observed E
107" : ;
10-2 [«—] Longer tracks due to Vg % ~ _1; [l] not enough tracker/pixel hits _-
1 | L 1 L | 1 1 ] | 1 L 1 ﬁ — 10 - 1 1 ] | L 1 1 | 1 L 1 | L i
200 400 600 800 200 400 600 800
m.. [GeV] m.. [GeV]
Livia Soffi EX0-16-044




CMS

HSCP and Stable Particles

HSCP: Heavy Stable Charged Particles leave anomalous L
p<0.9

dE/dx + measuring time in muon chambers
- Tracker Only/Tracker +TOF

no collisions affer long times = (100ns to 10 days).
- Hadronic (calorimeters) and leptonic (muon chambers) decays

- Stopped particles: LLPs trapped in the calorimeters decay when [B <0.5

. . 12.9 b (13 TeV) 1400 2015 + 2016: 38.6 fb™' (13 TeV)
2 10:CcMS \ ' Tracker-Onlyz > sl T : | 31 2
T [Prelimina 1 2 - CMS S b
= - ‘Theoretical Prediction —=— gluino; 50% gg . — 1200 [ —— Observed \\\\0 ?
S 1 == guino(NLONLL) —+0luino;10%Gg E?** [ ---.Median expected . 2 29,0
E = stop (NLOWNLY) 727 807 107 097653 1000 ... 68% expected & 2
= : S stau; dir. prod. (NLO)__;:::zg; cs . : {\\Qe- —28 =
PPN stau (NLO) —e— stau; dir. prod 800 E 10 us <1< 1000 s S
S107E\\ = jai-te (LO) —o—sty T I ; 27 1
&S EN\ == al=2e(L0) —e—[Q] = Te - - 0o g a
o N\ \ Ql =2 : . 26 ©
) - 00 F'E S 130 GeVv s
1072E = y 9 o5 O
- 400 |- E
- - 24
-3 | | Q
107 7 200p 23 S
n n I g o
i | . 0 - : 22 °
104 —+—r—— 1l e 1 0 200 400 600 800 1000 1200 1400 1600 e

1000 2000 m. [GeV]

Mass (GeV) g

Livia Soffi EXO-16-036 and JHEP 05 (2018) 127] 7



CMS

Inclusive Displaced Jets

Pair-produced long-lived scalar neutral particles /top squarks (RPV) decaying

to jets and leptons

« Information from reconstructed tracks used 1o discriminate the displaced-jets

signal from mulfijet events.

- Dedicated tagging
algorithm fo identify

displaced jefs.

CMS Preliminary 2.6 fb™ (13 TeV)
AR LR R AR AR R RERRRRREN AR RER

N h
o - 1mm o
o 10mm ~ r
~ 1 ~100mm 3§ £ |
1) ~-1000mm | 9
L tQcb ]

107 t Data

10-8\;.]uulun\vn.h.uh.uJ.u.u.luwl-‘u
0 0.10203040506070809 1
Jet o ax

- Study of exclusive categories:

Jet-Jet/B-Lepton

CMS Preliminary 2.6 fb™ (13 TeV)
SRR R RN LN LN RN LN RN RERRE

©
- - 1mm ] Qo014 —1mm -
0.12 L 10mm ] o r — 10mm |
-~ 100mm ] ~0.12- - 100mm
0.1 ~1000mm | £ | - 1000mm
yaco | ot }QCD |
0.081— L
i + Data 0.8 t Data
0.06[- 0.08]
oot 1 0.0
002 . 0.02;
G_.N e e C: N Hﬁ-i e T
-1-050 05 1 1.5 2 25 3 3.5 -85 -3 25 -2 -1.5 -1 -05 0 05
Iogm(I'Psig log, | (©p)
2.6 b (13 TeV)
L | * :
e CMS B-Lepton: pp— tt*, t— bl
S == Observed + 10,
oy == Expected+ 16, .
- Xpected = experiment
= 10°
g
N
(&)

Observed

Niags Expected
2 1.09 +£0.16 1 g
>3 (494+1.0)x10* 0
Livia Soffi PLB 780 (2018) 432-454

CMS Preliminary 2.6 fb" (13 TeV)
o)

600

800

1000 1200
m-[GeV]

1

o x B? upper limit at 95% CL [fb]

e



CMS

Displaced Vertices |

* Pairs of muliitrack displaced vertices produced inside the beampipe (< 2 cm)
with transverse distance dvyv.

Multijet: Long lived X"/ 3§ Dijet: Long lived

><—

~

« Models: RPV-SUSY:

CMS Preliminary 38.5fb" (13 TeV

140 e e - Dedicated displaced vertexing:

E | ~ :

120 | 3-track x 3-track 1 - Vertex made of = 5 tracks with dxy /

% C T —4— Data ]

2 | q o(dxy ) > 4

o100 Background template -

(0 - Including hits in the innermost pixel layer.

dyyv in Control-Region —

- Data-driven backgrounds:

Evaluated in Confrol-Regions built using
displaced vertices with < 4 fracks.

leviticiod* Fit the distribution of dvy to extract signal
25 3 35 4
. d,, (mm)
Livia ouin EX0-17-018 ! 9




CMS ] "
Displaced Vertices ||
N 25-tfrack two-vertex events
Predicted signal yields
dyy range Fitted background yield Observed 03mm = 1mm 10 mm
0-04mm 0.51 £ 0.01 (stat) == 0.13 (syst) 1 28+0.7 35+£08 1.0£0.2
0.4-0.7mm 0.37 £ 0.02 (stat) == 0.09 (syst) 0 2005 37409 054+0.1
0.740mm 0.12 = 0.02 (stat) = 0.08 (syst) 0 1.1+03 1143 31+7
107 CMS| E(ellimlinlally _ 38|5 fb1 (.1,3.1.-9.\()_ CMS Preliminary 38.5f" (13 TeV)

g ; T . ot = 0.3 mm ; E 100; g—>tbs — Observed --- Expected . 59,
(ED B 95% gtl).sl;rrf:dr limits: 1 é 90;_ de
© N e Median expected | S 805— S
68% expected - - —
10 E_ = 95% exgecied = 70 §
- === tt* production 1 - .
- 605— é
i 50:— 3
11 N 405— @)
- ] E 2
i 30 &

I 20

i 105

107 L 15500 1000 1500 2000 2500
500 1000 1500 2000 2500 3000 M., . (GeV)
paRe

M (GeV)
Livia Soffi EX0-17-018 {10



CMS

containg dark hadrons, ex: long-lived dark-pions, 7.

— 4 can decay back to SM particles.

Emerging Jets are produced in the hadronization of dark-fermions, ()4, and contain

multiple displaced vertices from the decay of dark-pions:

+2 Emerging Jets

'Signal: 2 Prompt Jets

'Displaced Di-Jet; 'Emerging Jet}
Signal model parameters List of values
Dark mediator mass My, [GeV 400, 600, 800, 1000, 1250, 1500, 2000
Dark pion mass m, [GeV 1,2,5, 10
Dark pion decay length 7 ’ mm| 1,2,5,25,45, 60,100, 150, 225, 300, 500, 1000

Analysis optimized for each of the 336 signal hyphotesis

Livia Soffi EXO-18-001 « From A. Escalante /ICHEP2018

Emerging Jets

The Dark QCD model: arXiv:1502.054009. - <\.‘3i
4’ g

¢ (X, ,/1
@ Mediator, X,, charged under dark-QCD and QCD. e
@ Dark fermions, ()4, that hadronize and form dark jets . (“’\T*s,*e<

11



CMS

Emerging Jets

Idea: Extension of the displaced jet search and tagger to emerging jets.
7 Different Signal Regions (SR) cover the 336 Dark QCD signal hyphotesis.

@ Dedicated optimized

kinematic selection.

@ Dedicated emerging |et tag
BiNg J 24

Dark pion lifetime [mm)]

sele¢ Ii()l],

Example of 3 and 7 selections

S

400

Set number HT PT1 P12 P13 Pr4 },rImss

% 900 225 100 100 100 200
1200 300 250 200 150 0O

kinematic selection

Livia Soffi EXO-18-001

Nem(>)

CMS Simulation Preliminary (13 TeV)

@GeV)

Ty

Signal acceptance (m

600 800 1000 1250 1500 2000
Dark mediator mass [GeV]

:Pudz(<) Dn (<) (IPp) (>) [em]  azp (<)

4.0 20 0.25 0.25
2.5 10 0.05 0.25

'.‘I’[‘v”‘l“'

e From A. Escalante /ICHEP2018 12



CMS .
Emerging Jets
Set number Expected Observed
1 168 = 15 (syst;) = 5 (systp) 131
2 318+ 5.0 (syst;) £ 14 (systy) 47 Observed events in agreement with
3 1944 7.0 (syst) £ 5.5 (systa) 20 backround expectations in all 7 regions
4 225+ 2.5 (syst;) £ 1.5 (systp) 16 P Blons.
5 139 £ 1.9 (syst;) = 0.6 (systp) 14 — First Dark QCD limits from CMS.
6 94 &+ 2.0 (syst;) £ 0.3 (systp) 11 |
7 4.40 £ 0.84 (syst;) = 0.28 (systy) 2
CMS Preliminary 16.1 ™" (13 TeV) 7o) . CMS Preliminary 16.1 6" (13 TeV) §
‘e [m,=10GeV = e [m,=1GeV =
- — Expected limit S - — Expected limit 103 5
I P Expected limit + 1o : 5 I Expected limit + 1o : 5
e [ Qpserved fimi e o [ Opserved limi I3
;i A o RS i §
o R e eSS
o -l 10° 5
C C
o 10? i 2
E o E
'g . 10 'g
Q 10 £ Q
> - -
- o -
O N 2 1 @)
1 X 1 N R ca o e it B r X
400 600 800 1000 1200 1400 1600 1800 2000 0 400 600 800 1000 1200 1400 1600 1800 2000 0
my [GeV] my [GeV]

| *] Weaker constraints for Mz, =1GeVand c7r 2 10 ecm due more decays beyond pixel tracker.

Livia Soffi EXO-18-001 « From A. Escalante /ICHEP2018 13
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Exploring the unconventional for HL LHC..

Livia Soffi
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Promising signatfures with delayed

ohotons//

Search for delayed photons/Z in SUSY events

—G V/L(ee) K

o |f IS . P D
* Photon/Z (ee) arrives on ECAL Y
in delay w.r.f. prompt | i
particles \/ .
Al
- So far tagging events w/ - _ - h
ECAL time informatfion G -

(res 200-300 ps)

Challenges of the search:
* Non-standard electromagnetic objects, customize trigger/

reconstruction/simulation
Livia Soffi TDR-17-006 I 15




Time compatible
with that of a
relativistic
particle from
the IP

Livia Soffi

Out Of Time Photons Detection

Events

107"

1072

Time sensibly 10
iIncrease with

parent particle 10°¢
lifetime O(ns)

DR —ore S—————
I I I I | I I I I I I I I I | | | I
| CMS Phase-2 13 TeV
= Simulation Preliminary I Background
a —ct=36.5mm
B — ¢t =730.5 mm
—ct=2192 mm

iyl

LI

10 15
Photon Time [ns]

TDR-17-006 | 16



CMS

Compact Muon Solenold

Upgrade to Precision timing at HL LHC to: N/

180-200ps
e >

1. Reject spurious secondary vertices and
reduce beamspot uncertainty

L

}_
2. Measure precisely photon time of flight in H

ECAL 30ps

CMS Phase-2 Simulation Preliminary

L o esopa ECAL Phase2 + Timing Layer

10°

r— 1OU E | T T T | T | T T =

5 105; 13 TeV I?\t\ie\giiated Lumi =300 fb" ECAI. Phd$e1

5 ok . ECAL Phase2(beamspot dominant)
= o, =180 [ps

152505 x%xxxx 3¢ PO OO 002000000 X~////
D RERESEREREIAE: KRIKERIRIKKS /A
xxxxxxxxxxxxx SIS Y
S0 0 060006206 6204558 xxxxxxxgxxxx SN
2K RICHIRHARS X KRR S A7
PO 0 60000 00600000 06206¢ 0588 REREREKEIST N
B RIS X SRS 0
RHRIRIRAR, 6¢ TS LIT )
S SIS II X eiéiéA LSS T
s ssssecsss X % S5 T
B SR, % 5 e G PPI PP IS
BRI IRICHK IR X . AT TR S
BRI IHKIRCH L, CHXAK A A
O a0 o0 0,000 0600 600,08 LT ST S LTSS
BECRHCIERCRHRICHXHRIH L ST TT S
Bese \Yé%XXXX;Y?XXX\ LS LA LT LY
B0 OI8 00 6 608 620 665026 64 SIS,
SKIRHRECHIRIHKIARS AL T LTI ege o ° °
R R SRR (S PSS S 055 8 AP PP PP I NI PP P IIPY
RS HREIHK IR ST
O s S0 0 B 6 0000200600008 ALLLAIA S/,
R SRR LILK SLLLLL LY
S IRIREH LKL LSS
b \%é%xxx 0000000 SIS S SIS AP I PP I ISP P IIIPYY,
800006200 626080600676 ST,

10_1\“\

200 400 600

1072

Livia Soffi TDR-17-006] 17



! é&“UN"’a

Conclusions

» Extensive search program in CMS targeting different LLP. charged/

neutral, fast/slow, decays to quarks/leptons/photons..

 Target signatures also for HL LHC exploiting full potential of the

detector: precision fiming is a key ingredient!

- So far all observations are compatible with the SM expectation

* Many new results exploiting full 2016 and

2017 data under process of approval will be

shown soon

* Looking forward for new data coming in

2018!

Livia Soffi

Events / GeV

el

3 m
3 x10 2018 16.6 fb”' (13 TeV) 2018
[ T T T T T T I T T T T I T T T T ]

,g/MaS with p,> 35 (25) and Inl <2.5

B —— 2016 Data
B —— 2017 Data

[ —e— 2018 Prompt Data

| 2016/2017 Data normalized
| to 2018 number of events

Events with two tight electrons

1 1 1 1 1 1 1 1 [ 1 "
80 90 100 110
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MTD Proposal

. Phase-2 upgrade for HL-LHC 2026: maintain excellent performance of
the detector in efficiency, resolution, and background rejection

-> withstand radiation damage and pileup

TEST BEAM PRELIMINARY
500 _\ I | I I I I ‘ I | | I ‘ | 1 I | | I I 1 I I I _I'

- #& uncorrected

CE nor the ECAL no precision timing

Counts

e amp. walk correction

information for MIP - . —

. ]
: /'/\\ ]

300 |- [ 4 -

- s9aus _ 479 +1.0) ps [ My |

| ocr =(479+£1.0)p L | o, ~21ps ]

L (-,:-:;'-':;30.6;0,61@5 ;g EF # T !

dedicated MIP Timing Detector (MTD) %gﬁm"\
[T S5\ S
O@‘a tracks from pileup vertices S e
‘6‘0‘\ jets and pmiss
Qe{\O iIdentification abillity of isolated leptons and photons
6\z6\6 b jet idenfification
. O acceptance extension for isolated objects

Livia Soffi diphoton vertex location 119/19
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HL-LHC Plleup

03—
. 5 - HL-LHC 200 PU X
Inst Lumi @ HL-LHC: 5.2 or 7.2x1034 S 025) — HLLHC 140PU -
. . . 3 i LHC 1
cm—2s—1, yielding 140 or 200 pileup 3 o2 ;
) B
X B :
Q - |
= 0.1 — —
F - g -
S Cm 0.05[ .
t{ Er...._—am-—r::“:’ff;j ----- — l*“'/'/ E
" 180-200ps % o5 1 15 2

Vertex density (mm )

» spatial overlap of tracks and energy deposits:
degrade identification and reconstruction and confuse the trigger.

MTITD:

* slicing the beam spot in consecutive time exposures of 30 ps:
—> reduce the ‘effective multiplicity’ of pileup recovering the Phase-1 track

purity of vertices.

« consolidate the particle-flow performance @140 and extend it up to 200

Livia Soffi I 19/19



Livia Soffi

Displaced Signhatures



! &“UN"%
CMS e

Disappearing tracks

The previous CMS search excluded at 95% confidence level (CL) direct electroweak
production of charginos with a mass less than 505 GeV for a mean proper lifetime of 7
ns, while the ATLAS search at 13 TeV extended the exclusion limits on chargino mass to
460 GeV for a lifetime of 0.2 ns. These searches are complementary to searches for
heavy stable charged particles, which are able to exclude charginos with much
longer lifetimes [15, 16]. Two significant improvements with respect 1o the 8 TeV search
for disappearing tracks have been implemented for this search at 13 TeV: a new
dedicated trigger developed specifically for this search, and an estimation of the

background from standard model (SM) leptons entirely based on control samples in
data.

The branching fraction forye = 1 — e 0 Imxis set fo 100%, and tan B is fixed to 5 with p
>0, where tan f is the ratio of the vacuum expectation values of the two Higgs
doublets and u is the higgsino mass parameter. In practice the ye £ 1 -ye 0 T mass
difference has little dependence on tan 3 and the sign of

Livia Soffi [23



HSCP CMS

e Stable R-hadrons with lifetimes from 1ns to O(10) ns

12.9 b (13 TeV) . 129 fb™ (13 TeV)
5 fems T " 7T 7 T T Tracker-only EEeMs T T T T T Tracker+TOF
210" EPreliminary @ Preliminary
. 8 fa ¢ Observed 8 ¢ Observed
* H ed Vyl |O N g _l ve d ’ C h a rg e d ~ 10t ¥ e [ A | Data-based SM prediction . 10° a [ 4 | Data-based SM prediction
. . c uin _ Py _
particles that might have speed, wp B Glino (M - 1000 GeV) \ B stau (M - 404 GeV)
v, significantly less than the speed ok
of light, ¢, and/or charge, Q, not o
equal to tle. 1
10"
. . . . 10’2 | I R R R
+ Distinctive signatures of ° 0 w0 0 o e
Iorge dE/dX Gnd long N , 12.9 b (13 TeV) N ' 129 b (13 TeV)
hme‘Of‘f“ghT 9 10 E—CI s\ " " Trdcker- Only= 9 10 E—C'@(én \ " Tracker + TOF=
‘6’ ;?’re imina ; ; E relimina E
c - Theoretical Prediction —=— gluino; 50% gg | c ~ Theoretical Prediction —=— gluino; 50% gg ]|
O 1% E==guino(NLOsNLL) ——glino;10%g9 o  © 1L m==gluino (NLOWNLL) —e— gluino; 10% Gg =
= B stop (NLO+NLL) ~ —* gluino; 10% gg; CS 3 = 2 I stop (NLO+NLL)  —=— stop 3
= 50 stau; dir. prod. (NLO)+ s:op' cs . = B 5 stau, dir. prod. (NLO) —e— stau; dir. prod. n
C_l) i 9 stau (NLO) " :1:3: dir. orod ] El) i 8 stau (NLO) —e— stau ]
107"5\\ Q= 1e (LO) o S anprod. 4 10"\ mmiQ=1eO) e Q| =1e 4
o x —e— stau 3 o ' -
e dE/dx measurement S N E=Q=2(0)  ——Q=Te 1 & [ | ==Q-200 Q-2 -
» A i (o)) R i
performed by the 102 < 102 :
silicon tracker : : : i
107 ¢ =R (U E
subdetectors : ] : E
-4 I | LN i | L A I | 1 | —4 I \ i . | | | |
10 1000 2000 10 1000 2000
Mass (GeV) Mass (GeV)

Livia Soffi [24
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HSCP

The first type of signal consists of HSCPs that intferact via the strong force and
hadronize with SM quarks to form R-hadrons. As in Refs. [31, 34], events involving
pair production of g and e etl, with mass values in the range 300-2600 GeV, are
generated under the Split SUSY scenarios.

As in Refs. [31, 34], two scenarios of R-hadron strong interactions with matter are
considered: the first follows the model in Refs. [36, 37] while the second is one of
complete charge suppression, where any nuclear interaction leaves the R-hadron
as a nevtral particle

The second type of signal consists of HSCPs that behave like leptons. The minimal
gauge mediated supersymmetry breaking (mMGMSB) model [38] is selected as a
benchmark for lepton-like HSCPs. Production of supersymmetric quasi-stable
leptons (t" 1) at the LHC can proceed either directly or via production of heavier
supersymmetric particles (mainly squarks and gluino pairs) that decay and lead to
one or more t | particles at the end of the decay chain

- The last type of signal is based on modified Drell-Yan production of long-lived

lepton-like fermions. In this scenario, new massive spin-1/2 particles have arbitrary
electric charge but are neutral under SU(3)C and SU(2)L, and therefore couple
only to the photon and the Z boson

Livia Soffi [o5



CMS

Livia Soffi

Numbers of events

Selection cuts 2016
pT Mass
(GeV) ;s 1/B (GeV) Pred. Obs.

>0 |924+189 94

> 100 | 43.2+8.9 46

Trk-only > 65 > 0.3 - > 200 | 434009 7
> 300 | 0.86 +0.18 0

> 400 | 0.25 4 0.05 0

>0 | 53.14+10.6 50

>100 | 7.7+15 8

Trk+TOF | >65 | >0.175 | >1.250 | > 200 | 0.82 +0.17 2
> 300 | 0.154+0.03 1

> 400 | 0.04 +=0.01 1

HSCP
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() Stopped Particles
- In an LHC orbit there are 3564 bunch slots (BXs), which are 25 ns long. Each BX could be filled
with proton bunches, which usually occupy the first 2.5 ns of the BX, or could be empty. The

trains may be spaced such that there could be multiple empty BXs between filled BXs. To

search for LLP decays during these empty BXs, dedicated triggers select events at least two BX
away from any proton bunches

- In the calorimeter search, we interpret the results in the context of two-body (ge — gyxe 0 ) anc
three-body (ge — qqgye 0 ) decays of a gluino into the lightest supersymmetric (SUSY) particle
(LSP), the neutralino (xe 0 ). Long-lived gluinos are predicted by “split SUSY" [37, 38], iIn which
gauginos have relatively small masses with respect to stermions, which could be massive, since
SUSY is broken at a scale much higher than the weak scale. This large mass splitting causes the
long lifetfime of the gluinos, since gluinos can only decay via a virtual squark. We also consider
the decay of a long-lived top squark (et — tye 0 ) that can be the next-to-LSP particle (NLSP) ir
various dark maftter scenarios [39-41]. Here the LSP should be loosely interpreted as any new,
neutral, non-interacting fermion, and not necessarily as a SUSY neutralino.

- In the muon search, we consider a different model for a three-body decay of the gluino (ge —
qaxe 02 ,ye 02 — u +u —e 0 ), which is complementary to the calorimeter search. In this
model, the mass of the LSP neutralino (ye 0 ) is chosen to be 0.25 fimes the gluino mass, and
the mass of the NLSP neutralino (ye 0 2 ) is chosen to be 2.5 times the LSP neutralino mass. A
second simplified model used in the muon search predicts exotic particles called MCHAMPs,
whose charges are multiples of the elementary charge e and which are predicted by several

BSM theories [20]. We assume an MCHAMP with charge | Q| = 2e decays into two same-sign
muons (MCHAMP — u tu £).
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Stopped Particles

The major background sources are cosmic rays, beam halo, and HCAL noise. Cosmic ray

and beam halo muons can emit a shower of photons via bremsstrahlung, which could be
reconstructed as a jet and mistaken for signal. HCAL noise [51] can give rise to spurious
signals, which in the barrel could appear in one or several HPDs within a single RBX, and

thus be incorrectly reconstructed as a jet.

In the muon search, we look for LLPs where the decay products include two muons. We

expect the signal to look like a pair of muons originating anywhere in the detector
marterial, but displaced from the IP. The muons would be back-to-back in the two-body
MCHAMP decay, but not for the three-body gluino decay. The primary background
sources in the muon search include cosmic ray muons, beam halo, and muon detector
noise. The latter two background sources are negligible after we apply the full selection.

Table 4: The background prediction for the calorimeter search. The total background median
value is listed in parentheses; this value corresponds directly to the median expected limits

shown below.
LHC Trigger HCAL Cosmicray Beam Total
period livetime [hrs] noise muons halo background
2015 135 04127 26+09 11+£01 4.1739(6.2)
2016 586 0.0135 88+31 26402 11479 (17.4)

- Given this extrapolation, we predict 0.04 background events in 2015 data, with a
negligible statistical uncertainty, and 0.50 £ 0.02 background events in 2016 data, where

the uncertainty given is statistical only.

Livia Soffi
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Displaced Jets CMS

The first variable quantifies how likely it is that the jet originates from a given PV. For a given
jet, a;et(PV) is defined for each PV as

EtracksEPV pfrracks (1)

tracks 7
tracks P T

A Max

The second variable quantifies the typical recoil angle of a given track in a jet from the flight
direction of the long-lived candidate particle. For each track, ®;p is computed as the angle
between the track p1 = (px, py) at the track’s innermost hit and the vector connecting the
chosen PV to this hit in the transverse plane. The tagging variable ©,p is the median of the ®,p
distribution for the tracks associated to the jet. o
2D

The third variable quantifies the significance of the measured transverse displacement for the
jet. For each track associated to the jet, the significance of the track’s transverse impact parame-
ter, I Pszig, is computed as the ratio of the track’s transverse impact parameter and its uncertainty.

The tagging variable Tl\%g is the median of the I Pszig distribution of all tracks in a jet. L "
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Displaced Vertices

Displaced vertices are reconstructed from fracks in the silicon tracker. These tracks are
required to have pT > 1 GeV; measurements in at least two layers of the pixel detector,
INcluding one in the innermost layer; measurements in at least six layers of the strip
detectorif |n| <2, orin atleast seven layersif |n| = 2; and significance of the impact
parameter with respect to the beam axis measured in the x-y plane (the magnitude of
the impact parameter divided by its uncertainty, referred to as | dxy | /odxy ) of at
least 4. The first three criteria are track quality requirements, imposed in order to select
tracks with small impact parameter uncertainties. The requirement on | dxy | /odxy
favors vertices that are displaced from the beam axis. The vertex reconstruction
algorithm forms seed vertices from all pairs of tracks satistying the track selection
criteria, and then merges them iteratively until no track is used more than once. A set
of fracks is considered to be a vertex if a fit with the Kalman filter approach [30] has a
v 2 per degree of freedom (y 2/dof) that is less than 5. For each pair of vertices that
shares a track, the vertices are merged if the three-dimensional distance between the
vertices is less than 4 times the uncertainty in that distance and the fit has y 2/dof < 5.

Each vertex is required to have at least five tfracks; distance from the detector origin
measured in the x-y plane of less than 20 mm, to avoid vertices from interactions in the
beam pipe or detector material; distance from the beam axis measured in the x-y
plane, defined as dBV, of at least 0.1 mm, to suppress displaced primary vertices; and
uncertainty in dBV of less than 25 um, to select only well-reconstructed vertices. Since
signal events contain a pair of long-lived particles, we require events to have two or
more vertices satistying the above requirements
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Emerging Jets

Four variables are used to select the emerging jets:
1.the median of the unsigned transverse impact parameters of associated tracks

(<IP2D>)

2. the distance between the z position of the track at its distance of closest
approach to the PV and the z of the PV (PUdz), used to reject fracks from pileup
vertices

3. a variable called DN, defined as:

ZpV — Zirk
Dn = 2 IP.: 2,
N \/[ 0.01cm * + [[Psig]

.where zPV is the z position of the primary vertex, zirk is the z of the frack at its
closest approach to the PV, and IPsig is the transverse impact parameter
significance of the track at its closest approach to the PV

4. 03D, which is the scalar sum of the pT's of the associated tracks passing a
selection on DN divided by the scalar sum of the pT’'s of all associated tracks
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Emerging Jets

Set number PlUg, (<) Dn (<) <IP2D> (>) [em]  a3p (<)
EM]J-1 2.5 4 0.05 0.25
EM]-2 4.0 4 0.10 0.25
EM]-3 4.0 20 0.25 0.25
EM]J-4 2.5 4 0.10 0.25
EM]-5 2.5 20 0.05 0.25
EMJ-6 2.5 10 0.05 0.25
EM]-7 2.5 4 0.05 0.40
EM]-8 4.0 20 0.10 0.50
Setnumber Hr pr1 pr2 P13 pPra P #flem(>) EM]Jset no. models
1 900 225 100 100 100 0 2 1 12
2 900 225 100 100 100 0 2 2 2
3 900 225 100 100 100 200 1 3 96
4 1100 275 250 150 150 0 2 1 49
5 1000 250 150 100 100 0 2 4 41
6 1000 250 150 100 100 0 2 5 33
7 1200 300 250 200 150 0 2 6 103
8 900 225 100 100 100 0 2 7
9 900 225 100 100 100 200 1 g  (QCD-enhanced
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