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FAE: "FopmibR”

As a proverb goes, "stare at the coffee
and stay awake”
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Motivation for Long-lived Searches ... o.osu:

UNIVERSITY

|. The discovery of the Higgs boson is a great victory of the Standard Model
(SM), but it is not the end of the story(hierarchy problem, etc)......

Many extensions to the Standard Model have been proposed and many
searches targeting those models have been conducted, especially for one of
the most popular models known as Supersymmetry(SUSY).

11.SUSY becomes more and more constrained by searches done both in CMS
and ATLAS.

lll.However, new physics might be overlooked since:

1.Most of the previous searches are concentrated on prompt products.

2.Most of the previous searches are assuming the lightest super symmetric

particle(LSP) can not decay(R-Parity conservation), leading to large missing
energy in the detector.
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“"Leave no stone unturned”

“"Leave no stone unturned”
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Several analyses in CMS are searching for non-prompt signatures,
however, there are gaps not covered especially in the relatively shorter
lifetime regime.

Disappearing Track Stopped Particle
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This search is focusing on the gap between prompt and very long-lived
signatures. In addition, it is designed to use simple and standard event

selections.
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http://link.springer.com/content/pdf/10.1140/epjc/s10052-015-3367-z.pdf
http://link.springer.com/content/pdf/10.1140/epjc/s10052-015-3367-z.pdf

Compact Muon Solenoid

The LHC and CMS ...
Collider

-
-
.
—
——
C—

-~

— e

= -

- - S g -
- - A_

Large adrqn

Aug 17th, 2016 Bingxuan Liu




The LHC and CMS

UNIVERSITY
Sectional
CMS DETECTOR STEEL RETURN YOKE VieW
Total weight : 14,000 tonnes 12,500 tonnes SILICON TRACKERS
Overall diameter : 15.0 m Pixel (100x150 pym) ~16m* ~66M channels of the CMS
Overall length .28.7m Microstrips (80x180 pm) ~200m? ~9.6M channels detector
Magnetic field :3.8T

SUPERCONDUCTING SOLENOID
Niobium titanium coil carrying ~18,000A

MUON CHAMBERS
Barrel: 250 Drift Tube, 480 Resistive Plate Chambers
Endcaps: 468 Cathode Strip, 432 Resistive Plate Chambers

PRESHOWER
Silicon strips ~16m? ~137,000 channels

FORWARD CALORIMETER
Steel + Quartz fibres ~2,000 Channels

Large Hadron Collider

CRYSTAL
ELECTROMAGNETIC

CALORIMETER (ECAL)
~76,000 scintillating PbWO, crystals

HADRON CALORIMETER (HCAL)
Brass + Plastic scintillator ~7,000 channels

¥ s
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and CMS
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Transverse
“view of CMS

Muon
Electron

Charged Hadron (e.g. Pion)

— — — - Neutral Hadron (e.g. Neutron)
""" Photon

Silicon

. Electromagnetic
. )[! Calorimeter

Hadron Superconducting
Calorimeter Solenoid

Iron return yoke interspersed

Traglsverse slice with Muon chambers

through CMS

D Bamaey, CERN, Febricuy 2004

STEEL RHRURN YOKE

12,500 tonne] SILICON TRACKERS

Pixel (100x150 ym) ~16m* ~66M channels
icrostrips (80x180 ym) ~200m? ~9.6M channels

SUPERCONDUCTING SOLENOID
Niobium titanium coil carrying ~18,000A
MUON CHAMBERS
Barrel: 250 Drift Tube, 480 Resisti Chambers

) ive
ndcaps: 468 Cathode Strip, 432 Resistive Plate Chambers

PRESHOWER
< Silicon strips ~16m* ~137,000 channels
4 |
|
|

Three layers of silicon pixels not
drawn in this small region (4-11 cm

FORWARD CALORIMETER
Steel + Quartz fibres ~2,000 Ch:

annels

}“'
/

tO the beam)-
Let’s have a closer look.

HADRON CALORIMETER (HCAL)
Brass + Plastic scintillator ~7,000 channels
> N

Bingxuan Liu
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Theory Model and Experimental 0
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Theory model:
Displaced Supersymmetry
arxiv:1204.6038v1

Key features of the model:
LSP can decay
LSP can have long lifetime
(R-Parity Violating)

Benchmark:
We consider the as
the LSP, decaying to a bottom
quark and a lepton.

Final state:
An and a muon.

Leptons from top squark will have large impact
parameters(ldol) due to top squarks’ long lifetime.

Aug 17th, 2016 9 Bingxuan Liu
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Run 1 Search Strategy in a Nutshell:
Discriminating Variable

CMS Preliminary: L =19.8 fo” at s = 8 TeV
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e Distributions of
and signal

events in u |dO|-e |dO| 2-D
plane.

e [mpact parameter is a
powerful discriminating
variable!

Bingxuan Liu



Run 1 Search Strategy in a Nutshell:
Region Definitions UntvERSITY

e Background: W+ijets, tt, DY, single top, diboson, QCD

e /—77 and heavy flavor QCD (HF) contribute more given their relatively longer

lifetimes.

e The fraction of each background changes as the impact parameters of the leptons

Increase.

o

o

electron Idol [em]

1 T el w v
0 0.02 0.04 0.06 0.08 0.1 0.12 0.14 0.16 0.18 0.2
muon Id | [cm]

Aug 17th, 2016

* Prompt control region(|d0| < 0.01 cm):
Check the analysis setup such as
normalization, corrections to MC, etc.

* Displaced control region(|dO| > 0.01 cm):
Perform data-driven background estimate
and the closure test

+ ® Three non-overlapping search regions:

SR IIl: Both 0.10 cm < |[dO| < 2 cm

SR Il: Both 0.05 cm < |dO| < 2 cm but not
in SR I

SR I: Both 0.02 cm < |dO| < 2 cm but not
in SR I or 1l

11 Bingxuan Liu



Run 1 Background Estimates @

UNIVERSITY

e W+jets, tt, DY, single top, diboson are estimated using Monte Carlo (MC)
simulations.

e Apply a data-driven method ("ABCD” method) to estimate contribution from
HF:

A 3 Benchmark signal considered has
isolated, oppositely charged (OS) lepton

iSOlated isgla’[ed pairs, populating in region B.

SS O S Inverting the isolation or/and OS increases

the contribution from HF in A, C and D.

anti-isolatedanti-isolated A 3

SPAR
C D C

Aug 17th, 2016 12 Bingxuan Liu



Run 1 Results: Yields Table
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Event source SR1

SR2

SR3

Other EW
Top quark

0.65 +0.13 £ 0.09
0.77 £0.04 £+ 0.08
393 +0.42+0.39
HF 127-E02+38

ZHTT

(0.89 £ 0.53 +0.12) x 102
(1.25 + 0.26 + 0.12) x 102
(0.73 £+ 0.73 + 0.07) x 10~2

(98 + 6 4 30) x 102

<(89+53+12) x 10~*
(24+1.340.2) x 10~
<(73+73+7) x 104
(340 + 110 4+ 100) x 10~*

Total expected bkgd. 18.04+0.5+3.8

1.01 +0.06 £ 0.30

0.051 4+ 0.015 4 0.010

Observed 19

0

0

pp—tt* (Mg = 500 GeV)

0.1 =907 +53
0.3 8 +6.2
4.73 +£0.30 :0.83

e — Pl émi

¢t =llecm
e — Wem

6.54 +0.34 +1.16
203407 5.3
557 +=0.92 D98

1.34 +0.15+0.24
L3t 1.0-1+-90
26.34+0.7 £4.6

e Observation is consistent with the background estimate. No significant excess is

observed.

Aug 17th, 2016
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Run 1 Results: Limit

CMS Preliminary: L=19.7 fo ' at Vs = 8 TeV
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Limits are set on the
DisplacedSUSY benchmark
model.

For a top squark life-time of 2
cm, the top squark mass is
excluded up to 790 GeV.

Most stringent limit set on
this model at that time. First
displaced lepton search
without requiring a common
vertiex.

Published:

Phys. Rev. Lett. 114, 061801

Fermilab Today:
Off the Beaten Path

Bingxuan Liu


http://arxiv.org/ct?url=http://dx.doi.org/10.1103/PhysRevLett.114.061801&v=15d928f2
http://www.fnal.gov/pub/today/archive/archive_2014/today14-10-17.html

Run2 Analysis .

UNIVERSITY

Lessons learned from Run1 analysis:

|. The search power of the analysis is limited by the high level trigger
and reconstruction performance.

I|. Several selections on the event topologies put constraints on the

search such as extra lepton veto, oppositely charged lepton pair, and
lepton isolation.

[Il.Other final states like di-u, and di-e are worth investigating.

Strategies for Run2 analysis:

|. Develop dedicated high level trigger and reconstruction algorithms.

Il. Design new data-driven QCD background estimation method as
most of the selections mentioned above are introduced because
because of the data-driven method.

Ill. Perform searches in the di-u, and di-e final states.

Aug 17th, 2016 15 Bingxuan Liu



Displaced Muon Trigger

THE OHIO STATE

Im prOVGment UNIVERSITY

Efficiency for generated muons to be reconstructed as L3 muons

) 15'"""'""""""""""""_""""""""'g ® Developed a special high level
S 0oF +— Standard Algorithm E trigger algorithm (the red curve)
RIS New Algorithm = to increase the efficiency for

0.7 T — b, = displaced muons.

M= 200GeV, ct = 1m E

0-6% E * The performance is much better

054 = than that of the standard HLT

o.4§—+ —i algorithm.

03E E e This greatly increases the

= = 2 . .
02 E sensitivity to particles with
01, = longer life-time.
0 S 'A‘Ml ||||||||||| Ao b P T i Ly L1 o] ) ) . )

Y I * This algorithm is used in
N —— multiple HLT paths by several
T e e analysis teams.

0 10 20 30 40 50 60 70 80 90 100
Generated DO [cm]
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Displaced Muon Reconstruction 0
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Im prOvement UNIVERSITY

Efficiency w.r.t Production Radius pT Resolution w.r.t pT

CMS Preliminary Simulation s = 13TeV CMS Preliminary Simulation Ys=13TeV

| Tt - bubl pi>10GeV, hn'l<2.4

T bubl Displaced-u Algorithm:
M=200 GeV, ct=1 m i

M=200 GeV, ct=1 m ®Muon-only
P> 10 GeV, If*l<2.4 ®Tracker+Muon

—_
IlIIIII|

©
®

——
_._.—.——.— .
_._—.—

Resolution  o(a/p_)/(a/p.)

t

Muon reconstruction efficiency

o
(o2

| Standard Algorithm: —.—

-E]-D r ¥ i
.2~ OMuon-only [JTracker+Muon Thedt B -
L _ T

Displaced-u Algorithm: b 1
— @Muon-only M Tracker+Muon L} -I:]-'D'

IIII|lllIlIIIIIllIIlIIIIIllII _I|III|III|III|III|III|III|I]I|III|III|I

0 10 20 30 40 50 60 20 40 60 80 100 120 140 160 180 200
Production Radius [cm] Muon P, [GeV]

CMS DP -2015/015

* Developed a dedicated reconstruction algorithm for displaced muon.
® The efficiency for muons with large impact parameter is increased greatly.
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Run 2 Search Strategy in a Nutshell:

THE OHIO STATE

Region Definitions UNIVERSITY

e Prompt control region(|dO| < 100 um):
Check the analysis setup such as

-
§r — normalization, corrections to MC, etc.
-
| _J e Displaced control region(100 cm < |dO| <
200 um):
§| | Perform data-driven background estimate
g | CRIT SR e Three non-overlapping search regions:
§ )
\¥)
= SR 1: Both |d0| > 200 um but not in SR ||
or |l
S
e Displaced Electron Control Region (CR IlI)
- e: |[dO| > 100 um, pu: |dO| < 200 um
0 100 200 500 1000 -+ 100000

u ldol [um] e Displaced Muon Control Region (CR V)
e: |[dO| < 200 um, p: |dO| > 100 um

Aug 17th, 2016 18 Bingxuan Liu



New HF Data-driven Estimation 0
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100 200 500 1000 @ ---

w ldol [um]

100 000

Method R
Old Method

e The “ABCD” method used in Run 1 worked well,
however:

The two variables used in defining the orthogonal
regions (A,B,C,D) are model dependent.

Same strategy only works for signals with isolated,
oppositely charged lepton pairs in the final state.

New Method

e (Get the HF normalization in CR Il, Nur
e Scale Nnrto the search regions

® The scale factors are calculated using the impact
parameter shapes in HF lepton enriched control
regions.

e Validated in Displaced Electron (Muon) Region.

19 Bingxuan Liu



COnStrUCt HF + |ept0n COntrOl ReglOnTHEo@st

UNIVERSITY

jet '7

bb events in '

search § | :

jet region § |

5 1~ bjet ‘

e \We do not have cuts on the jets in the e-u search region.
e Similar to tag-and-probe method, we construct HF + lepton regions with no tight cuts

(except pT, eta, tight lepton veto Jet |d) on the jets near the leptons.
e Choose the criteria on tag bjet individually given different selection efficiency of

requiring e or u inside bjets.

Aug 17th, 2016 20 Bingxuan Liu
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e The impact parameter distributions agree well between data and MC.
e Dominated by HF events after passing 100 microns.

HF + Lepton Enriched Region ...,

2.6 b’ (13 TeV)
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800 100C

electron IdOI [um]

HF + Electron Enriched Region

o

800 100G

muon IdOI [um]

HF + Muon Enriched Region
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Impact Parameter Distribution 0
Validation niveRsiTy |

2.6 (13 TeV) 2.6 " (13 TeV)
|IIII| IIIIIIIIIIII |IIII|IIII|IIII|IIII|IIII: | | | | |

—4#— HF + e Control Data§ > — HF + u Control Data”
—#— e-u Control Data Preliminary —#— e-u Control Data

< Entries / cm > (Unit Area Norm.)
< Entries / cm > (Unit Area Norm.)

electron IdOI [cm] ' muon IdOI [cm]

Electron |IP Validation Muon IP Validation

e Compare the impact parameter of electron (muon) in Displaced Electron
(Muon) and HF + Electron (Muon) control region.

e Leptons in HF + Lepton control regions model leptons from HF in e-x final state
well.
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Run2 Results: Yields Table ....0....

UNIVERSITY

Event Source Search Region | Search Region 11 Search Region III
W—lv (1.1+05) x102 (244+17)x10~> (0.254+0.29) x10>
single top (84+1.2) x 1073 (35+12) x 10~ (1.504+0.91) x 10~
diboson (18.2+5.8) x 103 (39 +25) x 10~ (4.0 £4.6) x 10~
Z—ll (115+25) x 1073 (100 4 160) x 107> (69 +71) x 107>
t ) ) )
) ) )

tt (60.6 +5.1) x 103 (226 +25) x 10~ (8.0+1.6) x 107>
non-HF sum (203 +26) x 1073 (410 £+ 170) x 107> (824+71) x 10~
data-driven HF < 30 < 0.50 < 0.019
total background D2 < 0.50 < 0.020

observation 1 0 0

pp—tit; (Mg = 700GeV)

¢t =0.1cm 3.840.2 0.94 £ 0.06 0.16 4 0.02
¢t =1lcm 5.2 4 0.4 41403 7.04+0.3
¢t = 10cm 0.8 0.1 1.0+0.1 5.840.2
¢t = 100 cm 0.009 + 0.005 0.03 £ 0.01 0.27 £ 0.03

e Observation is consistent with the background estimate. No significant excess is
observed.
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Run2 Results: Limit  ...2...

UNIVERSITY

2.6 b’ (13 TeV)
IIIIIIII|IIII|IIII|II: P leltsaresetonthe
DisplacedSUSY benchmark
model.

CMS

Preliminary

—h

o

N

T T 11110

—_t
o

top squark ct [cm]

e [or atop squark life-time of 2
cm, the top squark mass is
excluded up to 870 GeV. Most
stringent limit on this model
today.

+ 2 std. deviation

- + 1 std. deviation

....... Expected

- (Observed

Aproved by CMS:

Link to public page
Presented in ICHEP:

Link to the talk

10-2|||| e v b v b v g
200 300 400 500 o600 700 800 900

top squark mass [GeV]
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http://cds.cern.ch/record/2205146?ln=en
http://indico.cern.ch/event/432527/contributions/1072042/attachments/1321320/1981614/Antonelli_ICHEP2016_CMSLLP.pdf
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Summary

UNIVERSITY

1. An analysis using simple event selections was done In
Runi to probe a wide range of new physics than can
oroduce and electron and a muon with large impact
parameters in the final states

2. Various improvements on the high level trigger and offline
reconstruction have been made during the time when the
_HC was shut down.

3. Preliminary Run2 result using data collected in 2015 is now
oublic!
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Summary

UNIVERSITY

1. An analysis using simple event selections was done In
Runi to probe a wide range of new physics than can
oroduce and electron and a muon with large impact
parameters in the final states

2. Various improvements on the high level trigger and offline
reconstruction have been made during the time when the
_HC was shut down.

3. Preliminary Run2 result using data collected in 2015 is now
oublic!

#MoarData#CMS#HExotica#lLonglLived
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