EXPERIMENT

SATLAS

L

I

L L

=




Outline

* Vector-like Quarks
* Motivation

* Results using Full Run 2 Data

» VLQ pair production search in the Wb+X final state (TT—Wb and Wb, Ht,
Zt, BB—Wt and Wt, Hb, Zb)

> Search for EM%SS plus boosted single-top-quark (T—Zt)
» Search for pair-produced VLQ in Wq + X final State (QQ —»Wq +X)

* Summary
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Vector-like Quarks

““Quarks” : Color-triplets, spin 1/2 particles
P P P

Only left-handed charged currents for SM quarks
BOTH left- and right-handed charged currents for VLQs  (Q+*Q’)

Physically, this means:

“Vector-like”: Left and right chirality have the same weak isospin

(" (1 —~°)q)

* Chiral fermions can only get mass through coupling to the Higgs boson
* VLQs fermions can have mass without coupling to the Higgs boson
» Important: This avoids strong constraints from Higgs measurements!

Couple to SM through mixing with SM quarks

VLQs
Qlel | . . . P
singlets doublets triplets
I I D I X\ o AN
Top-partner 2/3 | (T) T T I i3
Bottom-partner —1/3 B B) (B)| 12 p
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Motivation

* Unresolved phenomena present within the SM despite its many successes i.e. hierarchy
problem, dark matter, strong CP problem, etc.

* The hierarchy problem is one which may be resolved through the addition of extra particles known
as vector-like quarks (VLQs)

* Hierarchy problem in a nutshell: loop diagram contributions from top quark causes quadratic

divergences in the Higgs boson mass => unnatural

mp = m§ + dmj;

where
2 3 1242 9 242 1 242 _ 2 2 2
6mH ~ _Q/‘{t/\ +mg A +m/1 A —_ _6t0pmH + 5va + (SHmH

with 8;o,mf; » my; [1]

/ E \
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Yt Yt qw aw H_ s B e {1
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* Having vector-like quarks could naturally cancel the divergent top correction!
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VLQ pair production search in the Wb+X final state
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VLQ pair production search in the Wb+X final state

Phys. Lett. B 854 (2024) 138743

* Optimised for the TT>WbWb channel with one W
boson decaying leptonically and the other
hadronically.

* Wb has the largest BR for VLTs

* High-pT hadronically decaying W bosons are tagged
as a single large-radius (large-R) jets.

W T candidates are reconstructed such that the mass
difference between the leptonically and
hadronically

* Decaying T candidates is minimised. The mass is the

W H. 2 final discriminant variable

SHI
o
S
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https://www.sciencedirect.com/science/article/pii/S0370269324003010

VLQ pair production search in the Wb+X final state

Phys. Lett. B 854 (2024) 138743

Region Definitions Fit Results my o= 1400 GeV
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https://www.sciencedirect.com/science/article/pii/S0370269324003010

Phys. Lett. B 854 (2024) 138743

Limits

Interpretation:
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Search for EMSS plus boosted single-top-quark
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Search for EMSS plus boosted single-top-quark

* Asearch for new particle in a final state with boosted top quark and MET is performed
» The results are interpreted in using simplified model for Dark Matter particle production and the production of single vector-like

quark T
* The use of a Deep Neural Network (DNN) based identification of large-R jet originated from hadronically decaying top

* Signal events are separated efficiently from background using extreme gradient-Boosted (XGBOOST) Decision Tree (BDT)

» BDT score used as a final discriminant variable

JHEP 05 (2024) 263
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https://link.springer.com/article/10.1007/JHEP05(2024)263

olpp —» T — Z1) [fb]

Search for EMSS plus boosted single-top-quark

JHEP 05 (2024) 263

* No significant excess above SM expectation is found
» Results interpretation=> expected and observed upper limit on the signal cross-section as function
of model parameters

* Due to improved and refined object reconstruction and used of XGBoost algorithm the limits
improved significantly compared to previous results (~400 GeV)
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VLQ pair production search in the Wqg+X final state
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VLQ pair production search in the Wg+X final state

Full Run 2 analysis searching for Vector-Like Quarks

decaying to Wq+X

pp— QQ — Wq+X
where q is a light quark

Complements searches where it is assumed that g is a

third-generation quark
Previous analysis performed during Run 1

Require at least one lepton (¢=e/u) from leptonic W decay

Optimized for a large-R jet (¢' q") from hadronic W decay
Q—-Waq—(q'q")q
Sensitive to Q—Z/Hq—(q' q" ) q

6/6/2024
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https://journals.aps.org/prd/pdf/10.1103/PhysRevD.92.112007

Event Selection and VLQ Reconstruction

Select only events that allow the possibility of
reconstructing the pair - produced VLQ candidates
Reconstruct neutrino

* Calculate py
« Use W boson mass as a constraint

Reconstruct W bosons
* Leptonic W:lepton + reconstructed neutrino
* Hadronic W: leading W-tagged large-R jet

* No W-tag = large-R jet mass closest to W mass

Reconstruct VLQ candidates

* Use (at most) the 3-leading small-R jets to
reconstruct the VLQ = Minimize AMy,,

Variable Cut Purpose
Preselection

Niarge R jets > 1 Hadronic decaying W candidate
lTar geR Jet > 200 GeV Required for the W-tagger

NimallR jets >2 Quarks from VLQ decay

pr Small-R jet0 > 200 GeV Boosted objects

pr P > 60 GeV Leptonic VLQ decay

MET > 250 GeV  Neutrino from W — {v decay

AR(small-R jet, large-R jet) > 1.0 Overlap removal

L]

v//
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Background Modeling

* Backgrounds are:

> W+jets  Dominant bkgs in

> tf decreas.ingorder
. * Data-driven shape

» Single top correction

» Multijet

 Data-driven normalization correction

» Other bkgs
 (diboson, Z + jets, ttV)
e Estimated from MC

* 3 Reweighting Regions (RwR), 3
Validation Region (VR) and 2 Signal
Regions are defined

* Derive correction on St in RwWRs
* Known mis-modelling in MC

* Shape correction: fit S distribution to
P, + eP1*, where x = Sy
* Normalization correction: scale MC to
data over St distribution

* [terative procedure

__data-other MC

~ MCto correct

Step | MC being Corrected | Other Corrections Used
1 Multijet -
2 tt and single top (1)
3 W + jets (1,2)
4 Multijet (2,3)
5 tt and single top (3,4)
6 W + jets 4,5)

6/6/2024 VLQ Searches in ATLAS @LHCP24 VBhopatkar
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arXiv:2405.19862

Background l\/\odelling Submitted to PRD

 Derived and applied corrections in Reweighting Regions (RWR) using S; Variable

* Validated the correction in the Validation Regions using reconstructed mﬁf

S; Distribution M, Distribution
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https://arxiv.org/abs/2405.19862

Fit Results my o= 1400 GeV SLAN05. 5D

Submitted to PRD
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https://arxiv.org/abs/2405.19862

C
3

o(pp = QQ) [pb]

10

~
Wn

BR(Q - Wq) =1

I I
ATLAS

—— Observed Limit E
\/g =13 TeV, 140 fb_1 fffffff Expected Limit -
<@(Q - WQ) =1 Expected Limit + 10 |
Limits at 95% CL Expected Limit = 20

—— Theory

mVLQ = 1530 GeV

| I | | | ‘ | | | ‘ | | | ‘ | | | ‘ | | | ‘ | | | |
800 1000 1200 1400 1600 1800 2000
my q [GeV]

o(pp — QQ) [pb]

arXiv:2405.19862

Submitted to PRD

SU(2) Singlet Model

T ‘ T T T ‘ T T T ‘ T T T ‘ T T T
—— Observed Limit

————
ATLAS
Vs =13 TeV, 140 fb™
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mVLQ = 1150 GeV

| | | | | ‘ | | | ‘ | | | ‘ | | | ‘ | | | ‘ | | | |
800 1000 1200 1400 1600 1800 2000
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With increased center-of-mass energy and integrated luminosity, as well as improved analysis
tools, We have more than doubled the excluded mass limit (1530 GeV) by using the full Run 2
dataset for B(Q = Wq) = 1 in contrast with the Run 1 result (~700 GeV)
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https://arxiv.org/abs/2405.19862

arXiv:2405.19862

Limits for Smgle VLQS Submitted to PRD

* Lower limits on the VLQ mass for various branching ratio (BR) configurations at 95% CL
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Summary

* Latest summary of the ATLAS Run-2 results for Vector-like Quarks are
presented
» Pair-production and single production searches are performed
» Limits are set on VLQ masses and couplings for singlet
» Scan over branching ratios of VLQs to other possible decay channels also considered

* No significant excess has been observed and hence each of the analyses set
the strongest limit

e Full list of recent ATLAS results can be found here

Stay Tuned for the upcoming Run-3 results!!
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EmlSS

Search for plus boosted single-top-quark

== e — j===1 — =1 = ==3 =] — = o— " | I
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I |
CRs for ttbar and for V+jets. I |
* Independent of MVA strategy. I = : ' B
* Common for the 3 models. l — “;:?e‘;mp e
= The XGB scores provide higher sensitivity in SRs. I SR (1b, Scalar) l Diboson
* SRs defined for XGB>0.5 for each trained BDT. I | B Z+iets
=  SRODb Scalar, SR1b Scalar. I I . v
=  SROb Vector, SR1b Vector.
= SROblf VLQ, SR1blf VLQ. | I
" (Additional fwd jet required for VLQ SRs). I |
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Search for EMSS plus boosted single-top-quark

Variable Description Scalar Vector VLQ
DM mediator DM mediator
E!II} iss Missing transverse momentum v v v
Q E,‘I’?iss and large-R jet pr balance: i—g::%;x; v v v
N, b-tagged jets A¢min (J ) E'rI‘n iSS) XGBoOST score  Niorward jets Njets Small-R jet multiplicity v v v
TCR 2 2 c [02, ].] — — ARmax Maximum AR between two small-R jets v v v
TVRlbLPhl 1 € [02’ 1] — T ™MT min (Elrrrniss7 b—tagged jet) Transverse mass of E?iss and the closest b-tagged jet v v v
TVRI1bHPhi (1f) 1 >1 <05 — (>1)
Mtop-tagged jet Mass of the large-R top-tagged jet v v
TVR2bHPhi > 2 >1 — — | .
ApT (J, jets) Scalar difference of large-R jet pt and the sum v v
VCR 0 c [0 2 1] o o of pr of all small-R jets.
Sy
HT Sum of all small-R jet pr v v
VVR (1f) 0 >1 <05 — (1)
Hy/EQiss Ratio of Hr and ERiss v v
SROb (1f) 0 >1 > 0.5 —(>1) (E to of Hr and £
SRlb (1f) 1 > 1 > 0 5 _ (> 1) AE(ErIrniSS, J) Energy difference between E‘?iss and the large-R jet v v
: Angular distance in the transverse plane between
A¢(ERSs J v v
¢( T ) ERiss and large-R jet
pT(J) Large-R jet pT v
mT(E%ﬂSS, J) Transverse mass of the E,'I’?iSS and large-R jet v
. Angular distance in the transverse plane between the
Ap(b-t d jet, J
¢( aggec et ) large-R jet and the leading b-tagged jet v
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