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Many extensions of SM have VLQs (TO )
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Vector-Like Quarks

Overview of Theoretical and Experimental Motivations

Many extensions of SM have VLQs 0 ’
— Can be singlets, doublets, triplets, ... Ol = ( lé’R) ¢ = <¢o>
— Mass from mixing, not Higgs (Yukawa) SLr 4

— Mechanism to stabilize Higgs mass !

—A;q,0r — AgtpI + h.c

2
A; Apy*u
n, =
\/E(M2 — m?)
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— Mass from mixing, not Higgs (Yukawa) SLr 4
— Mechanism to stabilize Higgs mass !
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Strong motivation from experiments —A;G O — AgigT + h.c
— Higgs properties align with SM l
— Possible explanation for BSM phenomena, m, o~ A ARy™y
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Production and Decay Modes of Vector Like Quarks

— |n association w/ t/b + quark
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Production and Decay Modes of Vector Like Quarks

— |n association w/ t/b + quark

Pair-Production: Strong
— Four massive (boosted) bosons
and 3rd generation quarks
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Production and Decay Modes of Vector Like Quarks

— |n association w/ t/b + quark

l[arXiv:2107.12402]

Pair-Production: Strong
— Four massive (boosted) bosons
and 3rd generation quarks

Recent non-minimal mechanisms
e.g. Chromo-magnetic moment
=> gluon-t/b-T/B vertex
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Jet Tagging in CMS

Evolving Architectures During Run 2
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Jet Tagging in CMS

Evolving Architectures During Run 2
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Jet Tagging in CMS AR <2 py(t) < 400 — AR > 0.8

Evolving Architectures During Run 2 i

For details on mass-decorrelated use of ParticleNet
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Single-Production Analysis
All-Hadronic T — tZ, Z - wv
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Single-Production Analysis
All-Hadronic T — tZ, Z - wv

Z — v (invisible): Missing pr
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Single-Production Analysis
All-Hadronic T — tZ, Z - wv

Z — v (invisible): Missing pr

Top Reconstruction: b+W
(b-tagging: DNN-based discriminator for AK4 jets)
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Single-Production Analysis
All-Hadronic T — tZ, Z - wv

Z — v (invisible): Missing pr

Top Reconstruction: b+W
(b-tagging: DNN-based discriminator for AK4 jets)

— Resolved: 1 AK4 (b) jet + 1 AK8 migj, € [65,105] GeV

DDT
T e 43
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Single-Production Analysis
All-Hadronic T — tZ, Z - wv

Z — v (invisible): Missing pr

Top Reconstruction: b+W

(b-tagging: DNN-based discriminator for AK4 jets)

— Resolved: 1 AK4 (b) jet + 1 AK8 mg, € [65,105] GeV
TZDIDT < 43

— Merged: 1 AK8 jet w/ mgp, € [105,220], 73, < .65

Johan Sebastian Bonilla Castro — VLQ/VLL @ CMS — ICHEP 2022 !

JHEP 05 (2022) 093



http://dx.doi.org/10.1007/JHEP05(2022)093

Single-Production Analysis
All-Hadronic T — tZ, Z - wv

Z — v (invisible): Missing pr

Top Reconstruction: b+W
(b-tagging: DNN-based discriminator for AK4 jets)

— Resolved: 1 AK4 (b) jet + 1 AK8 m;, € [65,105] GeV
TZDIDT < 43

— Merged: 1 AK8 jet w/ mgp, € [105,220], 73, < .65

Major BG: W/Z+jets
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Single-Production Analysis
All-Hadronic T — tZ, Z - wv

Z — v (invisible): Missing pr

Top Reconstruction: b+W
(b-tagging: DNN-based discriminator for AK4 jets)

— Resolved: 1 AK4 (b) jet + 1 AK8 myg;, € [65,105] GeV
TleDT < 43

— Merged: 1 AK8 jet w/ mg, € [105,220], 73, < .65

Major BG: W/Z+jets

SR Categorization:

Cen
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FUlRun 27 — tH, H — yy

Using H — yy as a probe for T

Reconstructing top quark
— Leptonic: byp + £ + £
— Hadronic: min ;(2 method
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CMS Preliminary 138 fb™' (13 TeV)

Hoyy
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Reconstructing H — yy
— Need high resolution

— y-Reco -> Vertex Selection -> y/yy ID
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Using H — yy as a probe for T

Reconstructing top quark
— Leptonic: byp + £ + £
— Hadronic: min ;(2 method

Reconstructing H — yy
— Need high resolution

— y-Reco -> Vertex Selection -> y/yy ID

Use of BDTs
— Suppress Non-Resonant Background

— Event categorization (based on miy)
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Hoyy

[, = 125.0 GeV, fi = 0.00 Combined

FUlRun 27 — tH, H — yy —em

Bliic

Using H — yy as a probe for T 2o

Events / GeV

B2G-21-007-PAS

Reconstructing top quark
i miLss

— Leptonic: by, + z; L ittt .

— Hadronic: min ¥~ method sl i L,

CMS Preliminary 138 fb™' (13 TeV)

95% CL upper limits

To>tHH-> YY)
----- Expected(H —y7) Observed(H —v7) I''m_, = 1%(NWA)
-

‘:’ +1 std. deviation \: +2 std. deviation

= = = T singlet

Reconstructing H — yy
— Need high resolution

— y-Reco -> Vertex Selection -> y/yy ID

c X Br(H— vy vy) (fb)

Use of BDTs
— Suppress Non-Resonant Background

— Event categorization (based on miy)

600 700 800 900 1000 1100 1200
T' mass(GeV

Johan Sebastian Bonilla Castro — VLQ/VLL @ CMS — ICHEP 2022 3



CMS Preliminary 138 fb™' (13 TeV)
Hoyy

[, = 125.0 GeV, fi = 0.00 Combined

FUlRun 27 — tH, H — yy —em

Bliic

Using H — yy as a probe for T 2o

Events / GeV

B2G-21-007-PAS

Reconstructing top quark
- miss

— Leptonic: by, + z; L ittt .

— Hadronic: min ¥~ method sl i L,

CMS Preliminary 138 fb™' (13 TeV)
- é 95% CL upper limits . ‘e

Reconstructing H — yy = - bt 11— o T, = 19(NWA)
— Need high resolution A e
— y-Reco -> Vertex Selection -> y/yy ID =

an

X
Use of BDTs °
— Suppress Non-Resonant Background
— Event categorization (based on my) Increased sensitivity -

INn low mass regions
Johan Sebastian Bonilla Castro — VLQ/LL @ CMS — ICHEP 2022 8 e e T e

T' mass(GeV



Pair-Produced VLQs

Full Run 2
Search for TT/BB
in Leptonic Channels

CMS-PAS-B2G-20-011
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Leptonic Decays of TT/BB
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1L: lep+MET -> W
W + b or min inv mass jet -> t
W/t + 3 deepAKS8 tagged jets
Multi-Layered Perceptron -> CR/SRs
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Exclusion Limits TT/BB

Scanning over VLQ Decay Branching Fractions

137 b (13 TeV)

CMS

Preliminary

137 fb' (13 TeV).

CMS

Preliminary

550
1500
1450
1400
1350
1300
1250
1200

1486
1150

1496 1496 1100
1050

(o
(&)
X
2
r
o
O
(7))
¢>)
q
<
¢»)
Q.
0
o]
c
QD
q
x
3
Q
(7))
(7))
3
[
~
o
(0]
<
S’

(A®D) Hwi| ssew yenb | paAIasqo 1) %56

Johan Sebastian Bonilla Castro — VLQ/VLL @ CMS — ICHEP 2022 11

CMS-PAS-B2G-20-011



https://cds.cern.ch/record/2809519?ln=en

Exclusion Limits TT/BB

Scanning over VLQ Decay Branching Fractions

137 b (13 TeV)

1562 CMS

\ Preliminary
BB — tWtW

1528 1533 "
Mt ~ 1,56 TeV

137 fb' (13 TeV).

CMS

Preliminary

550
1500
1450
1400

1489 1491 1496 1350

1300

1441 1442 1447 1455 1250

1200

1351 1349 1358 1357 1365 1486

1150

1496 1496 1100
1050

(o
(&)
X
2
r
o
O
(7))
¢>)
q
<
¢»)
Q.
0
o]
c
QD
q
x
3
Q
(7))
(7))
3
[
~
o
(0]
<
S’

(A®D) Hwi| ssew yenb | paAIasqo 1) %56

Johan Sebastian Bonilla Castro — VLQ/VLL @ CMS — ICHEP 2022 11

CMS-PAS-B2G-20-011



https://cds.cern.ch/record/2809519?ln=en

Exclusion Limits TT/BB

Scanning over VLQ Decay Branching Fractions

137 b (13 TeV)

1562 CMS

\ Preliminary
BB — tWtW

Mt ~ 1,56 TeV
Singlet-B

Singlet 4/ 7 .

137 fb' (13 TeV).

CMS

Preliminary

550
1500

1450

1528 1533
1400

1350

1300

1441 1442 1447 1455 1250

1200

1351 1349 1358 1357 1365 1486

1150

1496 1496 1100
1050

(A®D) Hwi| ssew yienb g paAIasqo 719 %56
(A®D) HwiI| ssew yJenb | paAIasqo 1) %S6

Johan Sebastian Bonilla Castro — VLQ/VLL @ CMS — ICHEP 2022 11

CMS-PAS-B2G-20-011



https://cds.cern.ch/record/2809519?ln=en

Exclusion Limits TT/BB

Scanning over VLQ Decay Branching Fractions

137 b (13 TeV)

1562 CMS

\ Preliminary
BB — tWtW

Mt ~ 1,56 TeV
Singlet-B

Singlet 4/ 7 .

137 fb' (13 TeV).

CMS| .,
\ Preliminary
TT — bWbW 1490

Méfmit ~ 1.54 TeV 1400

550

1528 1533

1350

1300

1441 1442 1447 1455 1250

1200

1351 1349 1358 1357 1365 1486

1150

1496 1496 1100
1050

(A®D) Hwi| ssew yienb g paAIasqo 719 %56
(A®D) HwiI| ssew yJenb | paAIasqo 1) %S6

Johan Sebastian Bonilla Castro — VLQ/VLL @ CMS — ICHEP 2022 11

CMS-PAS-B2G-20-011



https://cds.cern.ch/record/2809519?ln=en

Exclusion Limits TT/BB

Scanning over VLQ Decay Branching Fractions

137 b (13 TeV)

1562 CMS

\ Preliminary
BB — tWtW

Mt ~ 1,56 TeV
Singlet-B

Singlet 4/ 7 .

137 fb' (13 TeV).

CMS| .,
\ Preliminary
TT — bWbW 1490

Méfmit ~ 1.54 TeV 1400

550

1528 1533

1T — tHtH 1350
Mt~ 1,50 TeV

1300

1441 1442 1447 1455 1484 1250

1200

1351 1349 1358 1357 1365 1485 1486

1150

1496 1496 1496 1100
1050

(A®D) Hwi| ssew yienb g paAIasqo 719 %56
(A®D) HwiI| ssew yJenb | paAIasqo 1) %S6

Johan Sebastian Bonilla Castro — VLQ/VLL @ CMS — ICHEP 2022 11

CMS-PAS-B2G-20-011



https://cds.cern.ch/record/2809519?ln=en

Exclusion Limits TT/BB

Scanning over VLQ Decay Branching Fractions

137 b (13 TeV).

1562 CMS

g 1500
\ Preliminary
BB — tWtW 1450

M%imit ~ 1.56 TeV 1400
Singlet-B

Singlet 4/ 7 .

137 fb' (13 TeV).

CMS| .,
\ Preliminary
TT — bWbW 1490

1508 .
Méfm” ~ 1.54 TeV 1400
1T — tHtH 1350

550 550

1528 1533

1350 1491 1489

1300
1441 1442 1447 1455 1250

limit
*Singlet My LS50 TeV 1300

1481 1483 1484 1250

1200 1200

1351 1349 1358 1357 1365 1480 1483 1485 1486

1150 1150

1100 1486 1492 1496 1496 1496 1100

1050 1050

(A®D) Hwi| ssew yienb g paAIasqo 719 %56
(A®D) HwiI| ssew yJenb | paAIasqo 1) %S6

0.4 0.6
Doublet

Doublet

Johan Sebastian Bonilla Castro — VLQ/VLL @ CMS — ICHEP 2022 11

CMS-PAS-B2G-20-011



https://cds.cern.ch/record/2809519?ln=en

Motivations from
B-Physics Anomalies

Vector-Like Leptons For Signatures at CMS

. K'uu™) /K JIy(— p*u”)
Ktete /K J/w( — eTe™)

Phys.Rev.Lett. 115, 159901 (2015)
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LHCDb 9 fb’!
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Pair-Produced VLL
L — tt(z/v)
t—> bW, W — qq’
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Results of VLL NV,

Categorization: Based on NV,
— N_=0, QCD dominated, fit w/ NV,

jets
— N_=1, QCD and #t, tight-z, fit w/ DNN;
— N_=2, tt dominated, medium-z, fit w/ DNN.:
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Results of VLL NV,
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Two Event-Wide Graph Networks:
— QCD vs VLL: Ot region

— tt vs VLL: 1,27 regions (final fit)
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Conclusion and Outlook

LHC Pagel Fill: 7920 E: 6800 GeV t(SB): 01:21:31 05-07-22 18:08:40

PROTON PHYSICS: STABLE BEAMS

IP1: 4.47 IP2: 0.33 IP5: 4.47 IP8:

Inst. Lumi [{ub.s)™-1] 0.00

Intensity
Luminosity / 1e30 cm-2s-1
N WA u o

(-]

0
11:00 12:00 13:00 14:00 15:00 16:00 17:00

— ATLAS — ALICE — CMS — LHCb

BIS status and SMP flags Bl B2
Comments (05-Jul-2022 18:07:25) Link Status of Beam Permits  true W true
it Stable B 6 8 TeV of Runa! Global Beam Permit | true | true
irst Stable Beams at 6.8 TeV of Run3! Setup Beam true i true |
petar levalling ON Beam Presence (e e
Moveable Devices Allowed In | true | true
Johan Sebastian Bonilla Castro — VLQ/VLL @ CMS — ICHEP 2022 15 table Beams LS LR

AFS: Single 3b 2 2 2 QYRS ENABLED [JUEISIUCY:¥@ ENABLED



Today’s Results

— T — tZ(vv), 2.50 excess near 1.4 TeV
— T — tH(yy), strongest limits at low mass range

— TT/BB (lep), sets limits up to Mz < 1.54/1.56
— VLL (hadronic), excess throughout range up to 2.80
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Conclusion and Outlook

Today’s Results
— T — tZ(vv), 2.50 excess near 1.4 TeV
— T — tH(yy), strongest limits at low mass range

— TT/BB (lep), sets limits up to Mz < 1.54/1.56
— VLL (hadronic), excess throughout range up to 2.80

Complementary analyses underway
— Much of full data set to explore
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Conclusion and Outlook

Today’s Results
— T — tZ(vv), 2.50 excess near 1.4 TeV

— T — tH(yy), strongest limits at low mass range
— TT/BB (lep), sets limits up to Mz < 1.54/1.56

— VLL (hadronic), excess throughout range up to 2.80

Complementary analyses underway
— Much of full data set to explore

Run 3 has officially begun!
— July 5: First stable beams at 13.6 TeV

— 2022 data-taking ~30-50 fb‘lexpected
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CMS Experiment at the LHC, CERN N\
Data recorded: 2022-Jul-05 14:48:56.743936 GMT
Run / Event/ LS: 355100 / 51596902 / 53 \
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