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Why Long-lived Particles?
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Why Long-lived Particles?

e Standard Model
=fermions+force mediators

e Dark sector
=DM+dark mediators

Standard Model of Elementary Particles

three generations of matter interactions / force carriers

e Not a surprise: dark sector particles have a wide spread in lifetime

Xiao-Ping Wang, Argonne National Lab
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Why Long-lived Particles?

* Feeble couplings:
R-parity violating Supersymmetry, sterile neutrinos,
portal models

e Suppression from heavy mass scale:
muon/charged pion, gauge mediated spontaneous
breaking Supersymmetry

* Near degenerate state:
higgsino-like chargino/neutralino, or anomaly-mediated
spontaneous breaking Supersymmetry

* Approximate symmetry:
KL to three pions (accidental PS suppression)

Xiao-Ping Wang, Argonne National Lab



Why Long-lived Particles?

Motivation | Top-down Theory IR LLP Scenario
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Why Looking for Long-lived Particle at LHC?

® Peak luminosity ==Integrated luminosity
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e | HC will accumulate more data

* Exp collaborations have broad physics programs: SUSY, composite
H, extra Dim, etc.

e New directions?

Xiao-Ping Wang, Argonne National Lab



Why Looking for Long-lived Particle at LHC?

* Physics potential from a lot of new data
* Very rare signal
e £.g. dark sector, rare decays, ...
* More data can help reducing systematics
* Precision measurements

Xiao-Ping Wang, Argonne National Lab



Why Looking for Long-lived Particle at LHC?

o PhyS|Cs potentlal from a lot of new data
-~ "Very rare signal
= E.g. dark sector, rare e decays, .

. I\/Iore data can help ducing systematics

e Precision measurements

An important example:
Long-lived particles

Xiao-Ping Wang, Argonne National Lab



How to Search LLP?

e Mostly related with displaced-vertex, less track-based
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How to Search LLP?

e Mostly related with displaced-vertex, less track-based

 QOur difference from previous work: focus on track-based
observables

Xiao-Ping Wang, Argonne National Lab
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Long-lived Sterile Neutrino Search

» Dec. 1930: W. Pauli hypothesizes the electron neutrino.

» Today: there are three active neutrinos that oscillate
— Key question: Origin of neutrino masses?

» Heavy neutral leptons (HNL) naturally occur in Standard
Model extensions toward neutrino masses.

» HNL with masses below my, “easily” develop long lifetimes.

HNL are a well-motivated prototype LLP
they have to be studied as thoroughly as possible!

Oliver Fischer and Federico Leo Redi Heavy Neutral Leptons Working Group Kick-off 1/6

Xiao-ping Wang, Argonne National Lab



Sterile Neutrino Models

e Basic seesaw model
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* Problem: production of N is suppressed by very small mixing

Xiao-ping Wang, Argonne National Lab



Sterile Neutrino Models

e Basic seesaw model
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Sterile Neutrino Signal

* Free parameters: mn, sinB

e Long life-time
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Sterile Neutrino Signal

Free parameters: my, sinB

Long life-time

10—12
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Event rate at HL-LHC
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The Lepton Behaviors
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The Lepton Behaviors
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Impact Parameter
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The Lepton Behaviors
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e [arge do cut, smaller signal efficiencys;
® For short lifetime, mny>10 GeV sterile neutrinos behave similarly;
e For long lifetime, heavier sterile neutrinos are slower and hence higher decay

probability within the tracker;
e For mn=1 GeV, decay product too collimated, suffering low do;

Xiao-ping Wang, Argonne National Lab



Valuable Knowledge from a SUSY Search
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Valuable Knowledge from a SUSY Search
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Valuable Knowledge from a SUSY Search

« Dominated by heavy flavor jets (b-jets) (data validated by using
the “tag and probe™);

« The sub-leading background is from ttbar, still heavy flavor;

« The transverse impact parameter distributions are the same for
isolated and non-isolated leptons.

« Different choices of the muon and electron pT results in different
background counting

« Wereproduced the background behavior through simulation
(simulation done via MG5NLO+Pythia8, signal sample jet-
matched).

Xiao-ping Wang, Argonne National Lab



Background Estimation

/

Efficiency o™ (pb)|Ny® = 0|N* < 2|N?¥ = 0| H® < 100 GeV Pt > 19GeV|p2 > 10.5GeV|  eopt
tt - bb+0+X 136 0.25 0.08 0.62 0.43 0.055 0.42 1.2 x 1074
W +bb,W — fv| 3.8 0.40 0.60 0.76 0.40 0.27 0.29 5.7 x 1073
CMS CMS
OHF+te + O-HF+M ncut W +bb ncut tt
kag — O.igut T O.igut ( W +bb,W —4v X EOp’l? + O-tf—>b5—|—€—|—X X Eopt) X ‘CHL—LHC
bb(e) bb (1)
0 10° ———————————
[ i - -1
E HE+e L =3000 fb
5 HF+u 104
Z 107 :
(qv] — I
() o .
< D 10% ;
T 107 T i
= 2 o =
— » 10°: : .
15 z | |
%) -3 , : '
GC) 10 10"
IS : : :
L | ; i i
10700 10°, Ty
0.0 0.1 0.2 0.3 0.4 0.5 10 10 10 10
do[cm] do[cm]
Xiao-ping We,...concsmmmmnss :




Results

107 1073
10-4. do=0.2cm | »
bkg=2000 107"
10-5! N/jf— 10-5.
-6 -
~ 10 N 10 6
D 40T —
2 107 2 107
L . ‘0
107° 10—8_
10-9 10—9_
10_10” 10—10i
10-11 ) . , : —11 | | | o | | | |
1 2 5 10 2 50 107 2 5 10 20 50
mn[GeV] mn[GeV]

Xiao-ping Wang, Argonne National Lab



Outline

e | ong-lived particle introduction
e | ong-lived sterile neutrino search

e General long-lived particle search at CMS
HGCAL



LHC Timeline
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CMS High Granularity Calorimeter
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LLP motivation @ HGCAL

e Own triggers

e Tracker with silicon cell 0.5~1
cm?2 for EM

* Angular resolution of 5x10-3
rad stand-alone from high
granularity (improvement by
combining with ID trackers)

* Timing resolution ~ 25 ps from
silicon sensor

e Semi-central coverage good
for forward LLP
Collinear enhancement
Pt PS suppression
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What is the HGCAL sensitivity for LLP?
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LLP Model

* Higgs portal LLP: a very small mixing

¥ D IX*H'H
 LLP production from Higgs decay

e (Gluon fusion

e \/ector boson fusion

e LLP decay

X — bb

* Trigger: displaced track trigger with/without large Hr
requirement, and traditional VBF trigger



The Search Strategy

e Choose the leading 5 tracks (Pythia, pr, hitting HGCAL ) and
calculate the 4D trajectories (including angular resolution effect)

 Perform a 2D track bundle vertex finder by minimizing the
quantity

AD =43 (v/(o = a2+ (-2 - R)

=1

Riis the curvature of the ith track, {xcen, ycen} are the center of the track
We obtain the fitted DV {x, y}, and define rpy = 1/x* + y*

The goodness of fit ADmin

* With the angular velocity of the track, we can determine the
referencing point to DV for each track {xi, Vi, zi, ti}

* A time delay quantity can be defined Af, =1, - \/xiz +y7 + 27




The signature of the signal

* Multiple tracks with large impact parameters from the
same displaced origin
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The SM Backgrounds

e QCD backgrounds

* Most of them are prompt
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 [arge impact parameter dominantly from Ks(ct ~ 2.7 cm)

e B(ct~ 0.045 m)and D meson (ct ~ 0.03 m) too small



The SM Backgrounds

e Fake track backgrounds

e wrong connection of the hitting points in the tracker system

y[m]
1.0,' !
T fake tracks
t>0
L t<O
0.50: - . i i
] Flat distributions in
L L < P S 0> “0 > 9Z()’ 09’7
10 -o5—Z/Z I\ 05 1:3<[m]
-0.
1.0

e Very distinct features comparing with QCD backgrounds
* Easy to have large impact parameter

e Poorly fit to the same origin



Kinematic Features

e Check the kinematic distribution for
I'DV, A:Dmina Ea Z, A_ta SDt7 SDZ7 SDAt.
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Xiao-Ping Wang, Argonne National Lab



Kinematic Features

e Check the kinematic distribution for
I'DV, A:Dmina Ea Z, A_ta SDt7 SDZ7 SDAt.

e Average of the tracks quantities (DV info from track based info)

100 e 10% 100 -
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20GeV 20GeV 20GeV
’ M 50GeV : 50GeV 50GeV
107" 1k bkg—jj 1 107" |5 bkg—ji 1 107" bkg—ij
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107 107 107
:'= -
4 L L -4 ‘ R Mhas OO T O -4 .
10 00 5 0 5 10 15 20 9.0 0.5 1.0 1.5 2.0 19 40 15

Xiao-Ping Wang, Argonne National Lab



Kinematic Features

e Check the kinematic distribution for

I'DV, A:Dmina Ea Z, A_ta SDta SDZa SDAt.

Standard Deviation of the tracks quantities
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The Cut Flow Table

e QCD bkg: pr>20GeV with jet matching

* Fake track bkg: five displaced tracks and Hr>100GeV
L1 trigger rate of 10 kHz

. HL-LHC 108 sec

type of bkg Nips 5 tracks 15y > 0.16 m [ADyi, < 0.02m| ¢>1ns |SDy < 0.3 ns
77 dijet 5.1 x 1014 9.4 x 1071 1.0 x 1072 (%)| 87x107t [3.0x1072 (x)| 7.3 x 1071
bb dijet 1.1 x 1013 1.0 77x1073 ()] 9.2x 1071 |24 %1072 (%)| 7.4 x 107}
fake track 1 x 102 5.6 x 1071 4.6 x 1072 2.2 x 1073 2.8x 1072 | 6.2 x 1075
ggF m, = 20 GeV}[1.3 x 10°BR|9.36 x 3.1 x 10~!| 5.3 x 107! 8.6 x 107! 9.9 x 107t | 9.6 x 107!
ggFm, = 50 GeVi[1.3 x 108BR|0.8 x 3.5 x 107! | 3.5 x 107! 8.8 x 107! 9.8 x 107t | 9.5 x 107!




Pre-cuts for DV fitting

SD, < 0.05 1§

type of bkg Nipi 5 tracks 13y > 0.16 m [ADpin < 0.02m|  ¢>1ns SD; <03ns| z>04m (df' > 0.03 m)® Nan
jj dijet 5.1 x 1014 9.4x107"  |LOx 1072 (x)| 87 x107" |3.0x 1072 (x)| 7.3 x 107" |3.4x 1072 (x)| 4.9x 107" 7 1§ (7.2 x107%)% | 2.8 x 1072
bb dijet 1.1 x 1013 1.0 TOx107° (+)|  92x107" |24 %1072 (x)| 7.4 x 107" |2.7x 1072 (x)| 4.9 x 107" § 2, L (6.5x107%)° | 3.7x 107
fake track 1 x 1012 5.6 x 1071 {Lﬁ x 1072 2.2 x 1073 28x1072 | 6.2x107° | 59x1072 | 54x1073 L 3.4 x107! 1.1x 1071
ggF mg, = 20 GeV|1.3 x 10°BR|0.36 x 3.1 x 10~} !5.3 x 1071 8.6 x 1071 99x 1071 | 96x107' [ 9.8x 107t | 8.6 x 1071 2.9 x 107! [4.3 x 10% x BR
ggFm, = 50 GeV [1.3 x 103BR/| 0.8 x 3.5 x 107! %.5 x 1071 8.8 x 107! 9.8x 107" | 95x 107t | 89x107! | 8.6x 107! 8.0 x 1071 ]9.5 x 10% x BR

 Fake track bkg suppressed because its random origin

Xiao-Ping Wang, Argonne National Lab




Kinematic Features

* [ransverse impact parameters

1 100
LHC13TeV with Ty, all dg :, LHC13TeV with Ty, all dg
N 20GeV | 20GeV
i 50GeV ’i-,_ 50GeV
107" & bkg-jj 1071 ¢ bkg-jj
T bkg-bb | - bkg-bb
— R .  fake tracks — P , fake tracks
'Igl ‘27 | 'Ig' -2 : ‘:'. i
Z|.s 10 Z.s 10 i :
-z -1z i
107 10° 5 i
10—4 - il “““ ""'::‘_._' “““““ W 10—4 - * R .i .........
0.00 005 010 015 020 0.25 0.00 005 010 015 020 0.25
do [m] (With B) do [m] (With B)

e QCD bkg has a good Gaussian shape because pre-cuts excludes Ks
meson decays

e Gaussian width comes from angular resolution
3 mx5x10-3rad =0.015m



Independence Check is Necessary

e QCD bkg: impact parameter cuts are independent?

e Should be, because they are from angular resolution smearing

type of bkg Nipi 5 tracks 15y > 0.16 m [ADpin < 0.02m| ¢>1ns |SD;<03ns|f zZ>04m |[SD,<0.05m Evte (df' > 0.03 m)® Niy
jj dijet 5.1 x 10 9.4x 107t [1.0x 1072 (%)| 87x1071 [3.0x 1072 (x)| 7.3 x 1071 |3.4x 1072 (x)| 4.9x 1071 |3.0x 1071 (7.2 x1074)° £ 2.8 x 1072
bb dijet 1.1 x 103 1.0 77x1072 (¥)]  9.2x 1071 |24 x 1072 (%)| 7.4 x 107! [2.7x 1072 (¥)| 4.9x 107! [29x 107 (6.5 x 10745 § 3.7 x 10~*
fake track 1 x 1012 5.6 x 1071 4.6 x 1072 2.2 x 1073 28x1072 | 6.2x107°% | 59x1072 | 54x1073 |58 x 10713 34 x 107! 1.1x 107"

ggF m, = 20 GeV|1.3 x 10°BR[0.36 x 3.1 x 107! 5.3 x 107! 8.6 x 107t 9.9 x 1071 9.6 x 1071 9.8 x 1071 8.6x 107! [1.2x 107t 29x107! }4.3x10° x BR

ggFm, =50 GeV [1.3 x 103BR| 0.8 x 3.5 x 1071 | 3.5 x 10! 8.8 x 107! 9.8x 107! | 95x107t | 89x107! 8.6x1071 [9.0x1072| 80x10"t §9.5x10% x BR

Xiao-Ping Wang, Argonne National Lab



Independence Check is Necessary

e QCD bkg: impact parameter cuts are independent?

e Should be, because they are from angular resolution smearing

type of bkg Nipi 5 tracks 15y > 0.16 m [ADpin < 0.02m| ¢>1ns |SD;<03ns|f zZ>04m |[SD,<0.05m Evte (df' > 0.03 m)® Niy
jj dijet 5.1 x 10 94 x1071  [1.0x 1072 (%)| 87x107! [3.0x1072 (%) 7.3 x 107 |3.4x 1072 (x)| 4.9x 107t [3.0x 10715 (7.2 x107%)% £ 2.8 x 1072
bb dijet 1.1 x 103 1.0 77x1073 (x)]  92x107' (24 x1072 (%)| 7.4x 107! [27x 1072 ()| 4.9x 107! |29 x 1071 (6.5 x 107%)> § 3.7 x 1074
fake track 1 x 1012 5.6 x 1071 4.6 x 1072 2.2 x 1073 28x1072 | 6.2x107°% | 59x1072 | 54x1073 |58 x 10713 34 x 107! 1.1x 107t

ggF m, = 20 GeV|1.3 x 10°BR[0.36 x 3.1 x 107! 5.3 x 107! 8.6 x 107t 9.9 x 1071 9.6 x 1071 9.8 x 1071 8.6x 107! [1.2x 107t 29x107! }4.3x10° x BR

ggFm, =50 GeV [1.3 x 103BR| 0.8 x 3.5 x 1071 | 3.5 x 10! 8.8 x 107! 9.8x 107! | 95x107t | 89x107! 8.6x1071 [9.0x1072| 80x10"t §9.5x10% x BR

* |ndependence check
e"(1 track d} > 0.03m)

IDd,, =
e(n tracks d} > 0.03m)

e ~71 independent, >1 conservative

* In summary, = 1 is conservative for bkg estimation



Independence Check

e QCD bkg: impact parameter for tracks are independent

* angular resolution smearing is independent for each track

jj dijets|d} > 0.01 m|d} > 0.015 m|dl > 0.02 m|dl > 0.025 m|d} > 0.03 m
IDd; 0.96 0.95 1.0 1.1 1.3
IDd, 1.0 1.1 0.87 - -

IDd3 1.2 0.95 - - -
IDd4 1.1 - - _ _
IDd;5 0.9 - - - -

bb dijets |d} > 0.01 m|d¥ > 0.015 m|d} > 0.02 m|d} > 0.025 m|d} > 0.03 m
IDd, 0.96 0.95 0.98 1.12 1.8
IDd, 1.1 1.2 1.1 - -

IDd3 1.3 0.90 - - -
IDd 1.2 1.1 - - -
IDd5 1.1 - - _ _

Xiao-Ping Wang, Argonne National Lab



Independence Check

 Fake track bkg: pre-cuts are independent with each other
e(A)e(B)

DB e(A&B)
mis-connected |r55; > 0.16 m|ADmpin < 0.02 m |t > 1 ns|SD; < 0.3 ns |z| > 0.4 m SD|, < 0.05 m
rpy > 0.16 m - 0.56 0.86 1.1 0.15 -
ADpin < 0.02 m * - 0.99 - 0.64 1.6
t>1ns * * - 0.88 0.81 1.0
SD; < 0.3 ns * * 9 - 1.48 -
2| > 0.4 m * * * * - 21
SDy,| < 0.05 m * * * X % _
mis-connected |r5, > 0.16 m|AD,;, < 0.02 m|t > 1 ns|SD; < 0.3 ns |z| > 0.4 m SD|, < 0.05 m
(d¥ > 0.01m)! 0.97 1.0 1.0 1.0 0.98 1.0
(df > 0.03m)? 0.91 1.1 1.0 1.1 0.95 1.1
(d¥' > 0.05m)? 0.85 1.1 1.0 0.99 0.91 1.1
(d¥ > 0.03m)? 0.65 1.0 0.99 1.4 0.79 1.2

Xiao-Ping Wang, Argonne National Lab




The Preliminary Results for HL-LHC
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e ggF result: with/without high Hr trigger requirement

 VBF result: standard VBF trigger

Xiao-Ping Wang, Argonne National Lab



Summary

e | ong-lived particle is well-motivated and is new direction
of future LHC

e Track-based study is powerful
e A sterile neutrino example
e |ncrease the sensitivity by 102~103

e CMS HGCAL is a promising new calorimeter
e Higgs portal LLP

e |ncrease the sensitivity by 102~103

Thank you.’



