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Vector-Like Quarks

The Compact Muon Solenoid experiment (CMS) at the CERN Large Hadron Collider records
proton-proton collision data in order to study the particles and forces that exist in very high
energy conditions. The discovery of the

Higgs boson in 2012 was a triumph for the field of
particle physics, but pointed toward the probable
existence of unknown high-mass particles. p

Vector-like quarks (VLQs) are heavy fermions
that are predicted in several “new physics” models.
Their decays to lighter particles like bottom or top

quarks and W, Z, or Higgs bosons create exciting D
detector signatures that we can search for in CMS. ;

Example bWHH decay. Each ™. _ o
The VLQs “T" & "B” would be similar to standard I can decay to bW, tZ, or § \ H
model t & b quarks — but much much heavier! tH— 6 possibilitiec! e

Event Selection

We select events with 1 electron or muon, missing energy, and several large-radius jets.
A jet’s parent particle is identified by a Deep Neural Network called “DeepAK8”[1].
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Deep Neural Network Training and Optimization

Search for VLQ pair production in single lepton events from CMS Run 2
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. Compact Muon Solenoid

To separate signal from background in low purity categories, we trained

a MultiLayer Perceptron (MLP) Network using scikit-learn [2].
e Fully-connected deep neural network that can handle multiple labels

True label

W jets

e Trained to separate T or B signal from top pair and W boson backgrounds

tt |

e Architecture has 3 hidden layers with 10 nodes, given 16 training observables

e Optimized for high accuracy and high “F1” score to help reduce false positives

104

Events per bin

1015—

10 E

10'2 1 ] 1 ]
0.0 0.2 0.4 0.6 0.8 1.0

CMS Simulation Private Work

103}

1025—

1005—

1 W+ jets
| tt

) TT(1.0TeV) |
1 TT(1.8TeV) (]

| Good shape distinction for TT i :

Predicted T quark score

138 fb' (13 TeV)
900" ~ T T T T T T
s0oE. CMS { Data W TOP 3
= e/u+jets Bkg. uncert. BEw F
700" i sRs —TT(12TeV)x10 [@acD EH
= 600F ---TT (1.5 TeV) x 20 E
» 5005 £
- = =
@ 4005 v B
300 s
200F-
100
2ls 2
R
g|5 9r
S|5-2F | .
0 0.2 0.4 0.6 0.8 1
MLP T score

CMS Simulation Private Work

W+ jets

tt TT1.0

Predicted la bel//

2% oF rigna./ events are
labeled rigltt./ Only 14% of top
éacégramw( iy /aée/ec/ as S‘iyua/

40.3

40.2

40.1

0.9

0.8

0.7

0.6

0.5

Event Categorization

Single lepton events

e/u from a t quark e/ from a W boson Information from the lepton and DeepAKS8
3 separated AK8 jets 3 separated AKS jets Jet labels can be combined to |dent|fy which
b, t, W, Z, and H particles were found.

t quark + 3 DeepAK8 W boson + 3 DeepAK8
tags tags

. bW +tZ

High purity: events with 2 bW, tZ, tH pairs
Low purity: all others. Train a neural net!

Low purity events for the MLP | Low purity events for the MLP DIVIdlng events into CategOrieS giveS more
statistical power when fitting the data.

Results

To search for production of T & B quarks, we study the T or B score distribution
in each of the event categories. Low purity events are separated based on how
many t quark, H boson, or Z boson jets appear. The signal distribution peaks
sharply near values of 1, but data is consistent with the standard model
background prediction. The full search combines single lepton events with
same-sign dilepton and multilepton events [3].
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This search excludes VLQ pair production for T quark masses up to 1.54 TeV and B quark masses
up to 1.56 TeV, depending on the decay scenario. For all decays, T quark masses below 1.48 TeV are
excluded. These are the strongest limits to date for T quarks and B quarks that decay to tW!
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