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Motivations of displaced-jet searches

% The existence of long-lived particles is common in the BSM scenarios, it is
also common for the LLPs to decay to jets.

% Theoretical motivations are extremely rich:
* Split-SUSY: decays of the gluino are suppressed by decoupled heavy squark

m=\4 [ TeV\"’
Wﬁ/é 10 (2 (229)

PeV M=

g

e Gauge mediation: decays of the NLSP are suppressed by SUSY-breaking scale

4
0.3 m (100 GeV ° (F),
0 . mMNLSP 100 TeV

e RPV SUSY: decays of the LSP are suppressed by small B-violating/L-violating
couplings
(100 Ge\/) (10—8 )2
CTo ~ 3 min
mrsp ARPV
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Motivations for displaced-jet searches

% Theoretical motivations are extremely rich:

e Other examples include stealth SUSY, “hidden-valley” models, heavy neutral leptons,
axions, dark matter candidates, neutral naturalness, ...

Motivation | Top-down Theory IR LLP Scenario

(neutral) LLP signature map RPV SUSY

mini-split SUSY 3
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Dark Matter Co-Decay SM+S
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Dynamical DM SMHV (+8)= ! exotic Z

decays

WIMP Baryogenesis
Baryogenesis Exotic Baryon Oscillations
Leptogenesis- exotic Higgs
decays

Minimal RH Neutrino
with U(1)p.L Z’
Neutrino with SUR)r Wr
long-lived scalars

Masses with Higgs portal

Diserete Symmeties— [arxiv: 1806.07396 (MATHUSLA physics case)]

* Given the large number of physics cases displaced-jet signatures can appear, we’d like
the search to be as model independent as possible
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Goals and challenges

* For the search presented in this talk, we mainly focus on reconstructing
displaced-jets in the inner tracking system of CMS.

% Our goal: to develop a search that is as inclusive as possible, while still can have
excellent sensitivities to each individual channel

@ Challenges:

» Need specialized triggers to have minimum requirement on additional
objects;

» Background rejection is extremely challenging — need a background
rejection power of ~10'" in total, ~107 offline

» Offline discrimination techniques need to be carefully designed to be
inclusive to different LLP models

* Results based on 2016 data published: CMS-EXO-18-007/PRD g9 (2019) 032011

* Results based on 2017+2018 data (further combined with the 2016 analysis) recently
become public: CMS-EXO-19-021
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% Diagrams:
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Specialized displaced-jet triggers

% The HLT system of CMS has the ability of reconstructing prompt tracks and
displaced tracks online.

» Enable us to capture the displaced-jet signatures in a model-independent way

% Implemented and maintained two dedicated displaced-jet triggers to
lower Hy threshold

» “displaced” (“inclusive”) trigger:
v Online CALO H;> 430 (650) GeV,

v At least two online CALO jets, each satisfying:
« p>40 (60) GeV, Inl<2.0;
« At most 2 prompt tracks — IP,p<1mm;

« Atleast 1 displaced track — IP,;>0.5mm, Sig[IP,5]>5.0 (no requirement on
the displaced tracks)

% The "displaced” trigger has better efficiency for low-mass LLPs, while the

“inclusive” trigger recovers efficiency for high-mass LLPs with small or
large lifetimes
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* Look for all possible jet pairs (passing the offline jet py
selections); For each jet pair, we attempt to reconstruct a
SV using displaced tracks associated with the two jets:

» Two-body decay is very common;

» Even if one of the decay products is “invisible”, we can still
find two non-prompt jets if the LLPs are pair produced;

PRINCETON
UNIVERSITY

Secondary vertex reconstruction

\Y%

» Can also be sensitive to three-body, four-body decays, etc.

 Tracks are matched to jets by requiring AR < 0.5 ; Calojet |

e Secondary vertex is reconstructed using displaced

Reconstructed tracks (and CALO jets) in a simulated LLP event

tracks (IP,5>0.5mm, Sig[IP,5]>5.0) with adaptive Calojet -~ :

vertex fitter (a deterministic annealing algorithm)

[Waltenberger, Friihwirth, & Vanlaer, J. Phys. G 34 (2007) N343]
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Preselections on SV/dijet candidates

< Vertex invariant mass > 4GeV, p1 > 8GeV,
< Developed a set of special variables to further improve the signal-background
discrimination while still remain inclusive:

SV

IP,

P, IP,

PV

7/

** For all the tracks assigned to
the SV, find the one having
the second largest 1P,
significance;

% Require this quantity to be
larger than |5

05/27/20

PV

SV

*%* For each track, find the most
compatible primary vertex
(Sig[IP;p] < 5);

% Compute the fraction of

charged energy coming from

most compatible PVs for the
dijet:

“* Fraction of the charged
energy coming from the SV:

ZtrackeSV Etrack
Ztrackedijet Etrack
< Require this quantity to be
larger than 15%

Jety Jety
o ZtrackEPV1 Etrack + ZtrackEPVz Etrack

Ejet; + Ejet,

G

7/

** Require this quantity to be
smaller than 0.2
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e Nl-veto map

% (Auxiliary) Nl-veto map to further improve the rejection against nuclear
interactions
 Map the tracker material in the transverse plane using data in 2017/2018

®Preselection: vertex candidates =5 ClMslplre”T’”ﬁ"y S i
overlapping with the Nl-veto map are S. 20f E
> r
vetoed; 155 =
102— =
» The loss of fiducial volume for r<30cm SE E
is ~4%; o E
_5;_ —
. : ~10F- 3
» The efficiencies for signal events to :
-15— -
pass this requirement are generally b N E
well above 90%. N TR
- —525 -20 -15 -10 -5 O 5 10 15 20 25
X [cm]

(~ X 3 gain in background rejection after all the other selections applied)
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= Additional variables for discrimination

 Also developed other special variables for discrimination

 The idea is to check the consistency between the SV system and the dijet
system

y 95.9 fb™' (13 TeV)
95.9 fb (1 3 Tev) O- rrrr|rrrrjrrror|prrrr oot
R TS e L e e o S R - Sigt CMS }  Data
S0 CMS t Data o Preliminary )
@ £ Preliminary Mot MG E Qe Multijet MC
- ] %)
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= E==m==== = T. = 3
o ) x % E ) Jet-Jet model ..~ _
107 Jet-Jet model ___. m, =300 GeV, ct, = 30 mm Lﬁ 107 My =300 GeV, ct, =30 mm

== my =300 GeV, or, =300 mm ]

s m, = 300 GeV, ct, =300 mm

10°
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T e 102 . .
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=1.5F = (2)1 sE ;
3 e : et 1o i :
"(‘U' 1: Eabhhhabh il Shh i S il ahh b’ hh - PR = E 1: _____ 1 _______________ 1 _________________________________ .
Oo.5F = © . . :

E 1 1 1 1 1 1 1 1 1 E 00.5:_ _:
0 02 04 06 08 1 1.2 14 16 18 2 : . . . . . . . E
-1000 -500 0 500 1000 1500 2000 2500 3000
Cluster RMS

K

® Cluster RMS: estimate L., of the SV using track parameter and the dijet direction, then

cluster estimated L, using hierarchical clustering algorithm, an RMS is computed by
comparing the cluster and the SV;

® i: take the sum of the signed IP,p significances of the six leading tracks of the SV (the sign is
determined by using the dijet direction as the reference direction)
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_ i Multivariate discriminant based on gradient boosting

% Use gradient boosted decision tree (GBDT) as a multivariate discriminant

[J. Friedman, Ann. Statist. 29 (2001) 1189] 95.9 fb' (13 TeV)
— rrrTrrTrTTTT T T T T T T rrrrrryrrrTrrTTrTrT T T T T T T T T T T T

) CMS ata
o . I0°E Preliminary + I\D/Iutlti'et MC jf
 Input variables: S . ook ! :
o s my =300 GeV, ct,=3mm 3
» Vertex track multiplicity; W pb Jet-detmodel oo somm
» Significance of L, 107; : T =300 Gel, oo = 300 mm ?
» Cluster RMS; oL s

» |k 5

1%, 1., ., T N T T R T e
@ Training samples: %.5_ ]
e Signal sample: LLP events with different S e R Y
masses and lifetimes Qo .55 =
e Background sample: data in the control R R B R R B R R S R R
region (the statistics of simulated QCD events GBDT score

is limited)

The input variables were carefully designed and selected, such that the GBDT
is efficient for different LLP models, masses, and lifetimes.
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I Final selections and background prediction

largest GBDT score
% Three final selection criteria:

Optimized selection:
Selection 1:
For the first jet: #3D prompt tracks < 2;

Selection 2:
For the second jet: #3D prompt tracks < 2;

Selection 3: GBDT >0 .988

» Background prediction is based on
ABCD(EFGH) method (small correlation
between selection 3 and selection 1/2 for
background processes )

e Expected background yield: 0.75+0.44(stat)+0.39(syst)

® Number of observed events: |

Events

10"

* In the vertex/dijet candidates passing preselections, choose the one with the

-1
95.9 fb™' (13 TeV)
- I I I I I I ! -
— CMS + Observed events : —
= . 1 3
- Pfe/lmlnafy Background predictions 1 7]
1
E | TR m, =300 GeV, ct, =3 mm ! 3
- signal region ' 7 '
B - --- m,=300GeV, cr, =30 mn!» F_Inal
T signal
- == m, =300 GeV, ct, =300 mm . .
i . region
?11‘:: oliilibilil I _E
;L;-:-:_ meemeed e
EF lesssssss T """" | |
0y Oo 03 05 > 0o Og 0.9
Q9 T\O. 2 QT\O. 3 QT\Q 5 gT\O. Ve g<'\0 9 g<'\0 9 5 thO 9 8;9 ?§7
GBDT score

Nearly background-free with Run-2 luminosity, achieved a background rejection of ~107 offline.
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Limits on exotic Higgs decay

» Exotic decay of 125GeV Higgs : SM Higgs decays to two long-lived scalars
in the hidden sector, each of them then decays to a quark-antiquark pair

(Higgs as a portal to the hidden/dark sector)

-1

132 fb" (13 TeV) ;
f 107 I LI T I ||||||| I I ||||||| I - 132 fb1(13 TeV)

95%CLupper|imits ~~ 10 T T T T T |||||| T T T |||||| T
in 10° CMS. :,II\: L CMS 95% CL upper limits
o . f Prelimipary e Median expected S 10 o
= 10 o . [ Preliminary . Median expected

s, — Observed —= 10
© 10°eg99 — H,m =125 GeV )
< 4 = = — Observed
5 (P[H S8, S — dd % 10" 99 = H, m 12_5 GeV B
s =40 GeV 103 H — SS,S —bb v mg=40GeV

10?
¢ mg=55GeV 102

1074

1 10 10° 10°
Ct, [mm]

Cct, [mm]

* Current best limits for c7, between |mm and ~Im;

* Limits become worse for low-mass LLPs: tracks and jets are collimated
due to the boosting;

* Limits become worse for heavy-flavor decay: need tertiary vertex

reconstruction to recover the full decay chain
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Limits on LLP — j + MET

»  Mini-split SUSY: long-lived gluino decays to a quark-antiquark pair and an
LSP

» Gauge mediation: long-lived gluino decays to a gluon and a gravitino

.. -1 .. -1
CMS Preliminary 132 fb™ (13 TeV) CMS Preliminary 132 fb™ (13 TeV)
— 3500 — — — =31 = — 3500 — = —
> pp — 99, § — qqx. m_ =100 GeV mini-split 1 O > pp — 99, § —gG GMSB o)
[ oA 1 = [ 1 =
Q) 95% CL NNLO,,ox+NNLL exclusion . c Q) 95% CL NNLO,,0,+NNLL exclusion cC
[ o — .9 —_ —_ — R __1 .9
é@sooo - - expected +1 Gexperiment | 46 émsooo = = expected =1 Oexperiment = =" CMS delayed jets E ..6
— observed = 10y, - % —— observed =10y, ! %
] on on
i @ %)
o 2500 o
_ o (&)
2500 __ 0_1 10—1
] 2000
D
2000
1
500 1072
1500
1072 1000

0 05 1 15 2 25 3 35

e Current best limits for c7, between |mm and ~Im (with up to ~70%/50% signal efficiency);
 Complementary to the CMS delayed-jet+MET search
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Limits on semi-leptonic decays

» RPV SUSY A5, /1, 35: top squark is long-lived, and then decays to a down
(bottom) quark and a charged lepton (with equal BR to e, i, 7)

CMS preiiminary 132 fb™' (13 TeV)

—_— —10 — _ -1

= pp - TLT—dl %, RPV 310 3 CMS Preliminary 132 fb™ (13 TeV)
(¢b] x ] = — : —10 —
(5 2200{95% CL NNLO,,,,+NNLL exclusion 1 e % pp ~TLT—bl A, RPV 1L
. 1 9 2200 959 i I —
Elygooo = = expected = 1 Oexperiment i = (2. 95% CL NNLO, 0, +NNLL exclusion ] 8
—— observed =1 Otheory 7 % EZ-HZOOO E E expeCted =1 Oexperiment ] "3
1800 1 % —— observed =1 0y, ) 8
o )}
= ()]
1600 o o
S
o

107"

2.5 3 3.5 4
Iog10 (cty/mm)

4
)

log, | (ct/mm

* Top squark masses up to ~1700GeV can be excluded;

e Current best limits for c7, between Imm and ~10m (with up to ~50%/40% signal
efficiency);
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Limits on fully-hadronic decays

»  RPV SUSY 1%, /142 € — ths/t — dd

CMS Preliminary 132 fb™ (13 TeV)

. -1
3500 B CMS Preliminary 132 fb™ (13 TeV) .
S —- 09,9 — " — a — —_— —10 —
% pp — §§, § —~tbs 1", RPV } =2 % o400|PP = TLT—~dd " dRPV 1 2
o . — 311 - Rl
9. 95% CL NNLOapprox+NNLL exclusion : S (D 95% CL NNLOapme+NNLL exclusion : c
o = = expected =1 : 1 = e ]l 8
é 3000 = = P Oexperiment k) é 2200 = = expected = 1 Oexperiment 5
—— observed + 1 o - Q i i o
- * theory %)) 2000 - Observed =+ 1 Otheory N
7))
3 (7))
4 3
2500 &) 1800 b
107
1600
2000 1400
107"
1200
1500
1000
1072
0 0.5 1 1.5 2 2.5 3 3.5 4 800

0 05 1 15 2 25 3 35 4
I /mm
og,  (cty/mm)

* Gluino masses up to ~2600GeV / top squark masses up to ~1800GeV can be excluded;
e Current best limits for c7, between |mm and ~10m (with up to ~80% signal efficiency);

Iog10 (ct,/mm)
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Summary

<+ We presented an inclusive search for long-lived particles decaying into
displaced jets, for now mainly focusing on the reconstruction in the inner
tracking system

<+ With specialized displaced-jet triggers, dedicated offline reconstruction/
discrimination techniques, the search placed the currently most stringent
limits on a large variety of long-lived models, including Split-SUSY, RPV
SUSYs, gauge mediation, exotic Higgs decays...

< Many new opportunities/directions can be pursued: (some personal
thoughts)

>
4
>

05/27/20

Novel L1/HLT algorithms to expand the coverage;

Combine with the info in other sub-detectors to expand the coverage,
Tertiary vertex reconstruction to reconstruct the full decay chain for heavy-
flavor decays of LLPs;

More sophisticated reconstruction/discrimination techniques with advanced
ML tools.

Comments/suggestions/new-ideas are welcome!

Jingyu Luo (jingyu.luo®@cern.ch)

PRINCETON
UNIVERSITY

17


mailto:jingyu.luo@cern.ch

05/27/20

Backup
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track
Ap

Xy

.. \Dijet direction

PV

If the dijet system is consistent with
the SV system, vertex L, can be

estimated based on the track IP2D, track
curvature and the dijet direction:

| |zpkak
Sin(¢track - 47dijet) R

track
exp __ IP 2D
Xy —

Displaced tracks are clustered based on
the similarity in L, °xP using hierarchical

agglomerative clustering algorithm;

The cluster that is closest to the
reconstructed vertex (i.e. AVF vertex) is
chosen.
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Cluster RMS

m, =300 GeV, ct, =30 mm

—em m, =300 GeV, ct, = 300 mm

IIIIIII.l| IIIIIII.l| IIIIIIII| LLLin

5 '.' 1

10 - :"'-'!_"I

1s . r-:--...:.:.-”_| IIIIIIIII i ]

F ]
10°g 3
O :
%1.5__ . —
-IC—U' 1:—4 B e ) *------+---¢-- .
Q50 E

0O 02 04 06 08 1 12 14 16 1.8 2
Cluster RMS

Niracks (Li)}(’p(l) _ ny)z

RMSCIUSteI' — 1/Ntracks Z
i=1 Xy
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w E Preliminary Multi
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q>_)10 = e m, =300 GeV, ct, =3 mm
LIJ1O7: Jet-Jet model
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Dijet direction Track
95.9 b (13 TeV)
(@) Ertrrrrrrrryrrrrr T T T T T T T T T T T T T T E|
) 10 B CMS ata 5
SN0 Preliminary too t" E
AN, oF Multijet MC a
» 10 =
c sF e my =300 GeV, ct, =3 mm =
PV q>)10 = Jet-Jetmodel ____ | .60y o csomm
IP L 107:5 X 0 E:
= s m, =300 GeV, ct, =300 mm 3
10 E
» For each track associated to the secondary oo S;
vertex, assign a sign to the 2D impact > S
parameter based on the angle between .z
the IP and the dijet direction; - I - t
» We then take the sum of the signed 2D l """ _
impact parameter significance for the first ¢ ]

—1000 -500 O 500 1000 1500 2000 2500 3000
K

6 tracks:
6 ~.
k= 2, Sig[IP,p]

Use |k | as the discriminant variable
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Cut flow table

<+ Event yields after different selection requirements applied for data

collected in 2017 and 2018:

Signal efficiency (my = 1000 GeV)

Selections Observed events in data cTy

3mm  30mm 300 mm
Displaced-jet triggers, 17758640 69.42% 91.16%  80.54%
offline Hy selections
Offline jet pr and 7 selections, 8387775 68.88% 90.73%  73.45%
vertex x“/ng.s < 5.0
Vertex pp > 8GeV 3794960 68.19%  90.29% 69.40%
Vertex invariant mass > 4 GeV 1129531 66.48%  89.29% 61.57%
Second largest Sig[IP,p] > 15 422449 66.00%  88.99% 60.85%
Secondary vertex track energy fraction > 0.15 93873 64.32%  87.58% 58.44%
¢ <0.20 15891 63.61%  86.92% 57.87%
Veto using the NI-veto map 13721 63.56%  84.92% 55.35%
Number of 3D prompt tracks < 3 for each jet 2753 54.62%  76.37% 48.44%
GBDT > 0.988 | 1 | 51.47%  73.51% 42.48%

« Offline selections provide an extremely strong background rejection power of ~2 X 10’
* Offline selections are highly efficient for signals (can be ~70%-80%)
» Furthermore, they are also inclusive to different long-lived models with different final-state

topologies
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| Limits on jet-jet model

» Jet-jet model: pair-produced long-lived neutral particles decaying into quark-
antiquark pairs

-1
132 fb™ (13 TeV) - 132 b (13 TeV)

— 1083 T T ||||||| T T ||||||| T T ||||||| T T ||||II§ 3‘ EI b | rr | rr L | L | mrT | T I.I |. T I?
é 75 CMS 95% CL upper limits - "-g- 106;C|V|S 95% CL upper limits ]
o 10F Preliminary —— Observed E = Preliminary —=— Observed 3
0% e Median expected _él 0 Median expected
- “m, = : - vty =3mm :
10°E  Jet-Jet model x =50 Gev E 10t Jet-Jet model 0 7
= * my =100 GeV 3 = + ¢ty =30 mm 3
10455 (=300GeV 3 stk rotp=300mm ]
10 © m,=1000GeV - " ]
, - 3 102Ex o -
10° 3 - .
1oL 10 E
......................................... 125 ?;

107" 107! E .
-2 Il Il ||||||| Il Il ||||||| 1 1 ||||||| 1 1 ||||||T E E
10 1 10 102 103 104 10—2 111 | 111 | [ 11 | I 11 | 111 | [ 11 | I 11 | 111 |

0O 200 400 600 800 1000 1200 1400 1600
Ct, [MMm

o [mm] m, [GeV]

e Best limits reach ~0.04fb @30mm, with ~70% signal efficiency in 2017/18.
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