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Overview

Vector-like quarks
« What are they?¢
« Why should you care?¢

« What do we look fore

Latest (and very complementary) results from ATLAS

» Pair-production Top-partner (with T=Whb)

« Pair-production Light-partner (with Q—=Wgq)

« Single-production Top-parther combination (with T=Ht/Zt)
All result using Full Run 2 data set (140/fb)

Conclusion

Joseph Haley




L Vector-like Quarks

“Quarks”: Color-triplet, spin-Y2 particles
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L Vector-like Quarks

EXPERIMENT

“Quarks”: Color-triplet, spin-Y2 particles
“Vector-like": Left and right chiralities have the same weak isospin

.  Weak current is vector-like: VLQs: SM quarks:

(Q*Q') (@*(1 = ~°)d)
« Can have bare VLQ mass term
= Avoids constraints from Higgs measurements

BCVSPIN 2024 Joseph Haley



)

L Vector-like Quarks

EXPERIMENT

“Quarks”: Color-triplet, spin-Y2 particles

“Vector-like": Left and right chiralities have the same weak isospin

VLQs: SM quarks:

(QY*Q) (@1 —~+°)¢)

« Weak current is vector-like:

« Can have bare VLQ mass term
= Avoids constraints from Higgs measurements

Couple to SM through mixing with SM quarks
Naturalness + FCNC constraints = mixing mostly with 3rd generation

VLQs
singlets doublets tr 1plets
5/3 X
Top-partnerT—= 23 | (1) | | N SR R ,_] .
Bo’r’rom—por’rnerB—»::_:123::::@)::_:_:—;B—:—;B_—- B -
_—1/3 v Y
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L Naturalness

EXPERIMENT

What is naturalnesse

If X is an observable that depends on n
independent inputs, a;:

X=za;+ax+.. +a,
It would be unnatural to have some [a;[ > |X|

Natural:

BCVSPIN 2024 Joseph Haley 6
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L Naturalness

EXPERIMENT

What is naturalnesse

If X is an observable that depends on n
independent inputs, a;:

X=za+a,+ .. +a,
It would be unnatural to have some [a;| >> | X|

Natural:

a = 4

a, = 2,098,572,309,800
a; = -1,099,785

=X =2,098,571,210,019

Unnatural:

a= 4

a, = 2,098,572,309,800
= -2,098,572,309,885

o
w
|

= X =-81
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L The "Hierarchy Problem”

EXPERIMENT

The mass (squared) of the Higgs gets quantum corrections from interacting with other
particles: My2 = 2p2 + (dm,)? + (dm, )2 + ...

The most significant correction comes from top quarks,
which causes a quadratic divergence!

« Ifthe SMis correct up to the Planck scale t
“bare mass” H H
MH2= 3.2#3%4594729634290543867496%474321596¢3 |  —TTTTT\ oy TTTTTF
-3.2#3459429634290543867+49647132159645 t

32 fuanfura oo Q """
=10 (in planck units) corrections, 2.g.
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L The "Hierarchy Problem”

EXPERIMENT

The mass (squared) of the Higgs gets quantum corrections from interacting with other
particles: My2 = 2p2 + (dm,)? + (dm, )2 + ...

The most significant correction comes from top quarks,
which causes a quadratic divergence!

« Ifthe SMis correct up to the Planck scale t
“bare mass” H H
MH2= 3.2#3%4594729634290543867496%474321596¢3 |  —TTTTT\ oy TTTTTF
-3.2#3459429634290543867+49647132159645 t
quanfum ... Q .....
=1 0_32 (in planck units) CWWC?:{I""‘S; 2.9.
Having vector-like quarks could naturally cancel the divergent top correction! T

« Adding a ~400 GeV vector-like top (T):

MHZ ~TO0 = 9 = T (inunits of ~100 GeV squared)

BCVSPIN 2024 Joseph Haley 9



)

L The "Hierarchy Problem”

EXPERIMENT

The mass (squared) of the Higgs gets quantum corrections from interacting with other
particles: My2 = 2p2 + (dm,)? + (dm, )2 + ...

The most significant correction comes from top quarks,
which causes a quadratic divergence!

« Ifthe SMis correct up to the Planck scale t
“bare mass H H
MH2= 3.2#3%4594729634290543867496%474321596¢3 |  —TTTTT\ oy TTTTTF
-3.2#3459429634290543867+49647132159645 t
quanfum ... Q .....
=1 0_32 (in planck units) COYWC?:{;“S/ 2.9.
Having vector-like quarks could naturally cancel the divergent top correction! T

« Adding a ~400 GeV vector-like top (T):

MHZ ~10 - 9 = 1 (in units of ~100 GeV squared)

» Thus, VLQs show up in many BSM scenarios
» Little/Composite Higgs, Topcolor, GUTs, ...

* And naturalness requires mass ~1 TeV = Accessible at the LHC!

BCVSPIN 2024 Joseph Haley 10



What do we look for?

mass and coupling (k)

* Via mixing with SM quarks = Depends on

_° Could dominate for large VLQ masses y

10 ETS T ! T T I T T T T T T T3
E \"-\ __ Q‘:—? E
L "o 5 T _
e e “ Ybj|
; — 5|
- — Bbj| ]
5 OF — T | 5
S — Xy |
© 1oL =
xm .
e
" [13Tev
1{1-1 A [ N N A TN N T N O T N Y ) A B B [~
400 600 BOO 1000 1200 1400 1600 1800 2000
m,, (GeV)

/,) / [
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L What do we look for?

XPERIMENT
I’ - _o _____ .. T T Tt === S 13“ ETs] T T 1 T T T T | — T T T T T T [ T T 135
{ Pair Production: | =
I b,t,t | HIRIN - -- Q| ]
I 1 el . \.\\ \ v YE} _
| T W+ H.Z 1 E \\W ;BT — TEJ;‘ 3
I : - ~ A — Bbj|
I B ~a~ o i
| . - | E 10 g -5 T_tl’ 3
N\ I/I/ , H’ Z I e = -L'? \\ _ o ij ]
[ T s [ (TBh =~ T~ "~ T i
I - I E 1:' = * ....\:-}.L.“'ﬂ_;._ =
| . | E (X T) S —— — . E
1 * Via QCD = Depends only on VLQ mass | L TR S ]
_ (Model-independent) ____ ;o
( H 1 . \ -1 I el v v e b by v Py ‘|.-L-;AL-_|:H|;’:$"=1:; ‘i":
SIngle prOdUChon' 10 400 600 800 1000 1200 1400 1600 1800 2000
m,, (GeV)

s 4 Decays: N\

« Dictated by qguantum numbers
t/b T =— Wb, Zt, Ht
B — Wt, Zb, Hb

+ Via mixing with SM quarks = Depends on * Branching rafios depend on
mass and coupling (k) model/representation
__* Could dominate for large VLQ masses \_ (), (T,B), (X,T), (X,T,B), efc. W,
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What do we look for?

x
o
m
el
<
m
2
—

Il’ l 1|:|" E I\i T T T T T T 1T 1 T 1 T 1T T T T T T T T | T 1T 1 E
I ' Co N - ga|
: R -T].,I | V| ]
[ : E S | B — TH|
! A N — BBj|
! : = mz?'m,_w .-H"\:**«;'.:'_"_'_'_'---.._____ — T_Er =
| , & = H_%hﬁ x\:5-"":-.-...'_'_'_'_':-.__‘_ o ij 3
' T e __
! : : - R . 3
| . | - xR —~>. =
I * Via QCD = Depends only on VLQ mass | L T T ]
i I = T S T 3
\_ [Model-independent) ___ ______ S ~
( H 1 . \ -1_ 1 111 111 L1 1 L1 1 11| 111 -.-;-;ALT:‘T- = hh"ix_
Single production: s 10" 5550680600 2007400 600 :;;Eﬁm 2000
f' : m,, (GeV)
S 4 Decays: N\
« Dictated by quantum numbers
/b T Zt, Ht (and Wq})
ko B — Wt, Zb, Hb
« Via mixing with SM quarks = Depends on * Branching ratios depend on
mass and coupling (k) model/representation
__* Could dominate for large VLQ masses \_ (), (T,B), (X,T), (X,T,B), efc. W,
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@ Phys. Lett. B 854 (2024) 138743

LAS Top-Partner Pair-Produced :

EXPERIMENT

Optimized for TT—WhWhb
Primary event selection:
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https://www.sciencedirect.com/science/article/pii/S0370269324003010

@ Phys. Lett. B 854 (2024) 138743

Top-Partner Pair-Produced : TT—=Wb+X

EXPERIMENT

Optimized for TT—-WwhWb, with W—{y and W—(qq)
Primary event selection: 30

Multiple small radius jets

with 21 b-tagged yIA
b
Large radius jet with W-tag
= |dentified as Wpog—0q
Small AR(¢,
( v) " .?, Large AR(Whod' b)
v““
Large Eymiss from v Y

& High-pr lepton (e or )

= |dentified as Wigx=¢v

BCVSPIN 2024 Joseph Haley 15
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@ Phys. Lett. B 854 (2024) 138743

Top-Partner Pair-Produced : TT—=Wb+X

EXPERIMENT

Optimized for TT—WbWhb, with W—(v and W—(qq)
Primary event selection: 30

Multiple small radius jets l
with 21 b-tagged
é b :

Smaill 4R(¢, e
() ““7‘ Large AFE(Wpqq. b)

\d

Large E;™ss from v ¢
& High-p; lepton (e or p!

arge radius jet with W-tag
> |dentified as Wyqag—0q

= |dentified as Wigx=¢v ‘

VLQ reconstruction:

that gives smallest Amy, o = | m{eP — mhad |

BCVSPIN 2024 Joseph Haley 16
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@ Phys. Lett. B 854 (2024) 138743

LAS Top-Partner Pair-Produced : TT—=Wb+X

EXPERIMENT

Optimized for TT—WbWhb, with W—{v and W—(qq)
Primary event selection:

Multiple small radius jets
with 21 b-tagged

/)

Large radius jet with W-tag
= |Identified as Whqg—qq

Large AR(Wjqq. b)

Large Ey™ss from v ) ¥
& High-pr lepton (e or ) ~ 4
= Identified as Wigp,— v §
i
VLQ reconstruction: g
. . . <
* Pair Wyeq and W, with b candidate 500 4
that gives smallest Amy, q = | my'eP — myhad |
SR2
Final requirements: 200 -
e 5= Ziets’&ETmiss |pr| > 1900 GeV SR1
s Amy, g = | m{eP —mshad| <500 GeV . >
VLQ | my T | 1400 1900 St [GeV]

BCVSPIN 2024 Joseph Haley 17
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@ Phys. Lett. B 854 (2024) 138743

LAS Top-Partner Pair-Produced : TT—=Wb+X

EXPERIMENT

Background dominated by SM tt

« Estimated with Monte Carlo simulation, but

W= H, 7
with data-driven correction to improve modeling
bt t
« Derive S; correction in “re-weighting region”
Similar kinematics to SRs, but low signal
contamination
§104'A'TL'A.'<,:"' e Em“'A'rL'A.'s”' St e
= {s = 13 TeV, 140 f6' + Data = {s = 13 TeV, 140 165’ + Data
2 1% TT—wbsX [t 2 0% TT— WbX [t
o Pre-fit, prediction normalised to data . o Pre-fit, prediction normalised to data A
i 102 Beforepreweighting E ;Ii,:lgelltesTop i 102 After rgweighting E;I::lgeI:sTop
10 [ Other 10 [ Other
B Multijet B Multijet
1 77 Uncertainty 1 72 Uncertainty
107" 107"
102 1072
E 15 , / E B o1s o ' / z
8 05 S 05
1000 1500 2000 2500 3000 3500 1000 1500 2000 2500 3000 3500
S; [GeV] S; [GeV]
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@ Phys. Lett. B 854 (2024) 138743

ATLAS Top-Partner Pair-Produced : TT—=Wb+X

Perform simultaneous fit to data of
reconstructed VLQ mass using:

1
- 2 Signal Regions %
« 3 Control Regions §
+ ttCR: Constrains dominate tt background 500 ¢
«  AmCRs with Low and High S;: Provides exirapolation SR2
between ttCR and SRs 201
SR1
1400 1900 St [Gev>]

BCVSPIN 2024 Joseph Haley 19
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Phys. Lett. B 854 (2024) 138743

LAS Top-Partner Pair-Produced : TT—=Wb+X

EXPERIMENT

Perform simultaneous fit fo data of

reconstructed VLQ mass in 3 CRs =]
[5)
O
e
g
> R e e R R A N E e R > 10° Err P T T T T e e g =
5] [ ATLAS * Data ] ] F ATLAS # Data 3 E
8 gL Ys=13Tev, 140" il n 2 [ {s=13Tev, 140 o' Cle 4
=z E TTWb+X O W+ets 3 = P TTWb+X I W+jets 4
£ L S"AmCR, Post-Fit W single Top | £ g SY"AmCR, Post-Fit M Single Top __ 500 -
2 B [ Other B 2 [ Other E
w i w W Multijet 3
102 W Multijet E = et h
F “Uncertainty ~7Uncertainty |
y 200
—'—)
1400 1900 S’I‘ [GeV]
2 o
o o
= s
© ©
fa] E o 5F
400 800 1200 1600 2000 24-00 % 400 800 1200 1600 2000 2400
m5P [GeV] m$P [GeV]
%105""\""I“"I""I""g
10} ATLAS # Data E
S Vs =13 TeV, 140 b (i 1
= TT—Wb+X [IW+ets =
2 tfCR, Post-Fit W Single Top
2 @other ]
W Multijet 3
77 Uncertainty E
2
m
E Q-»Aﬂv-.ﬂfﬂ-v‘//ﬁ‘//f%‘ﬁ//ﬂ//*é‘//’%‘///"///
3 ost
% 500 1000 1500 2000 2500
I
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Phys. Lett. B 854 (2024) 138743

LAS Top-Partner Pair-Produced : TT—=Wb+X

EXPERIMENT

Perform simultaneous fit fo data of

. P
reconstructed VLQ massin 3 CRs and 2 SRs =
O
O
d
g
- R R e R R s e > 10 E T T T T T T T S
8 [ ATLAS # Data ] & E ATLAS # Data 3 g
2 100 Vs =13 TeV, 140 fb” et | 2 [ Vs=13TeV, 140 ™’ et ] 4
= E TTsWb+X O W+ets 3 = P TTWb+X [ Wjets
é SY"AmCR, Post-Fit =§t.-’.i|f Top 1 é 10,2? SH"AmCR, Post-Fit =2IIT’IE:EI? Top ,: 500 +
= 102 W Multijet | = e W Multijet 7
E Uncertainty J L Uncertainty |
. 3
- 200 -
L] (]
e Data consistent with SM backgrounds:
2 E
@ ~E
(=] 0.5F
= Set Limits on VLQ production
400 800 1200
D il (e | | ey |
10° e = P T T T T T T T T T > ARRUARALAERARARERARE RARE RARN RS RARE RARNRERRRARS
3 ATLAS ' b & [ amas * Data 8 [ Amas * Data
= 75 = 13 TeV. 140 fb” o 8 el Ys=13Tev, 14010 o _ N8 10°F is=13Tev, 140" g E
= = ' ) h F TT—Wb+X W+ E = ' TT—=Wb+X WHj 7
S 10 TS WX BiWets 2 2 E SR1, PostFi =Sin+ j?els Top 1 M2 © SRz, Post Fit =Si: j?els Top ]
£ tTCR, Post-Fit M Single Top 1 g F ’ gle fop S + g gle fop
[ [ Other & r @ Other b & 12k [EOther |
N BMultijet = 10°E EMultijet E W Multijet E
~ Uncertainty 1 F #ZUncertainty 7 FlLl 77 Uncertainty
- . e mm— 1 . . -~ Signal* ] F Y e - Signal* 4
E . *normalised 10 *normalised _|
10 10 total Bkg. 3 10 total Bkg. 3
. =] A\ (=
2 3 @ _ i
© F0 0090 g i@ rmiiiiiiiiiss /+>=f(,,- =2 G £ *’Wﬁ“’*“/// ////f/%/ A
a 0.55— 3 o * o
% =0 T T 400 800 1200 1600 2000 2400 TT400 800 1200 1600 2000 2400
BCVSPI 2024 o il 1600 21
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@ Phys. Lett. B 854 (2024) 138743

LAS Top-Partner Pair-Produced : TT—=Wb+X

EXPERIMENT

= Limits on cross-section vs. mass .
Electroweak Singlet T

> BT >Wb:Ht:Zt)= Yo :Va:Va

g 77T 71 E
Pure TT=— WbWb E_: E ATLAS —_— CE)bser\t/egll__.im.itt E
B ==* Expected Limi i
= B(T - Wb) = 1 =~ 1 s =13TeV, 140 fb™ ¥ Expected Limit +1c
1 107" Limits at 95% CL - - =
= xpected Limit +2¢ -
g Er T T T g [ — Theory (NNLO+NLL) .
E - ATLAS " (E)bser:fe: |I__Imltt ’ 1072 SU(2) Singlet T i
B ) ==+ Expected Limi e ingle =
~ 101 ig= 13TeV°, 143 fo! Expected Limit +10 - .
L_ - Limits at 95% C Expected Limit 20 - ’
L - — Theory (NNLO+NLL 103 =
o} B = -
1072 B(T—Wb) = 1 - .
E 10—4 I 1 1 | | 1 1 L ] 1 L 1 ] 1 L 1 ] 1 1
B 1000 1200 1400 1600 1800 2000
1078 my.q [GeV]
10_4I L | ) | | L | | ) ) | ! | | ) )
1000 1200 1400 1600 1800 2000
My, q [GeV]
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@ Phys. Lett. B 854 (2024) 138743

LAS Top-Partner Pair-Produced : TT—=Wb+X

EXPERIMENT

= Limits on cross-section vs. mass .
Electroweak Singlet T

= B(T > Wb:Ht:Zt)= "o : Y%

S [— — — — -

ie) i | 1 | ! =

Pure TT = WbWb E_: E ATLAS —_— (E)bser\t/egll__.im.itt E

i 7 =+ Expected Limi i

ﬁB(T — Wb) =1 ~ 10 Iyi.s_=_13TeV; 143fb1 I Expected Limit +1c |

1 ;l; SRR Expected Limit +2¢ 3

g S A=) I — Theor .

O - P y (NNLO+NLL)

= - ATLAS == (Observed Limit o .

[~ B e ==+ Expected Limit 102 SU(2) Singlet T g

"1: 101k I'_’igrr:itss;at ;50’/ Cﬁ . Expected Limit +10 ; E

a = : Expected Limit =20 - i

L - — Theory (NNLO+NLL 103 =

o] B - 3

102} BT—Wh) = 1 . .

E 10—4 | S T T ! [T T N SN N WA SR S ' L

B 1000 1200 1400 1600 1800 2000

1023 my.q [GeV]
10_“_ . Singlet excluded for my,q £ 1360 GeV

1000 1200 1400 1600 1800 2000
my, q [GeV]

B(T — Wb) =1 excluded for my,q < 1700 GeV

350 GeV increase from previous limit my,q < 1350 GeV
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@ EXOT-2021-35 Submitted to Phys Rev. D (last Friday!)
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BCVSPIN 2024

Light-Partners Pair-Produced : QQ—=Wq+X

Ql

Joseph Haley

q

W/H/Z
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@ EXOT-2021-35 Submitted to Phys Rev. D (last Friday!)

Light-Partners Pair-Produced : QQ—=Wq+X

E

x

PERIMENT

Like TT=Wb+X, but a few significant * 0
differences: ’
« Require zero b-tagged jets A 7
0
« Background dominated by W+jets s
W/H|Z

= Data-driven S; correction for both W+jets and tt backgrounds

> L L L L N B 3 > L A B
] - ATLAS + Data E 8 5ol ATLAS ¢ Data ]
g 100 Vs = 13 Tev, 140 fb! CIW+ets g F fs=13Tev, 140 b Ciw+ets
= C QQ— Wg+X mtt ] -~ - QQ - Wg+X g .
£ 12001 WRwR, Post-correction [CISingle Top ~ 2 400[ tTRWR, Post-correction [ISingle Top 7
o r []Other Bkgs ] - []Other Bkgs —
W 1000 . B Multjet w C ¢ [ Multijet 1
- ¢ Uncertainty - 300; Uncertainty -

800[— -] C

600~ = 200

400(— = -

- 3 100

200 3 C
o_—‘—ﬁh : : ‘ . . ‘ — —— : . -
E) 15 E ¢ Before Reweighting B E’ 15 ¢ Before Reweighting -
Ee "E ¢ After Reweighting E " E ¢ After Reweighting ]
ol 1_+--- SRS X X N TITE TSRS WIS SIS L 8 1_‘* ISNE N N SFUPEE N SRPUNPASHE. IR, [ SHThaaa. -
g pUEeteRhrmedmyrTTT AT TN
05F = 05F =
800 1000 1200 1400 1600 1800 2000 2200 2400 800 1000 1200 1400 1600 1800 2000 2200 2400
5, [GeV] S, [GeV]
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@) EXOT-2021-35 Submitted to Phys Rev. D (last Friday!)

Light-Partners Pair-Produced : QQ—=Wq+X

E

x

PERIMENT

Like TT=Wb+X, but a few significant : 0
differences: ’
« Require zero b-tagged jets . 7
« Background dominated by W+jets s
W/H|Z

= Data-driven S; correction for both W+jets and tt backgrounds

« Sensitivity limited by statistical uncertainty = Only need to fit SRs

P R SRR A R EE SRR RE R RRERRRRERRE P SRR AR R R AR AR AR R
g 70 ATLAS # Data g [ ATLAS # Data ]
fin] [ Vs=13TeV, 140 o CIW +jets 7 [T Vs = 13TeV, 140 fb! Cw +jets  —|
60 Q@ — Wa+x 1 3 L Q@ - wgex B
[ SR i i CSingleTop ] [ SR2 [lsingle Top |
5o Post-Fit ) i [CotherBkgs 80— Post-Fit [CJother Bkgs —|
E H [l Multijet E : [ Multijet i
40F : i Uncertainty - -, Uncertainty |
r i --- Signal* ] 60— i --- Signal*
I H i *m =14TeV, L ; : “m=14TeV, |
30— e normalized —| L ; RERE : normalized |
r H ! tototal Bkg. ] 40— : i tototal Bkg. _|
T
F : 3] 20, -
10 ‘ ; = ; .
I [EPEEP IR rerares mraren "_‘ g OF== | T e T . o e ij
D 1.25;—I * + * * 3 o 1.25F E
o f| 2 ey + ............. + ...................................... 7z s 1;4+_H.>.+.»... .».,.~+”.A.. LAY P TIAATY CAAITH PAyAId V. 4
E 3 | E A
8 0.75F * 3 075F t l (] z
0'1) 200 400 600 800 1000 1200 1400 1600 1800 2000 D'50 200 400 600 800 1000 1200 1400 1600 1800 2000
myla[GeV) mT, [GeV]
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@) EXOT-2021-35 Submitted to Phys Rev. D (last Friday!)

Light-Partners Pair-Produced : QQ—=Wq+X

E

x

PERIMENT

. . ope 8
Like TT=Wb+X, but a few significant 0
. q
differences:
« Require zero b-tagged jets A 7
0
« Background dominated by W+jets s
. . . W/H/Z
= Data-driven S; correction for both W+jets and tt backgrounds
« Sensitivity limited by statistical uncertainty = Only need to fit SRs
§ obamas T Va4 8 Lamas T g
w [ Vs =13TeV, 140 fb” COw +jets W ool s =13Tev, 140 b Cw+jets
60[- Q0 — Wg+X N T = [ @@~ Wa+x 1 1 . .
. IR = I g | NO signs of new physics
E : ;-Multijet_ E L -Multijet. ] . .
I sl I sy = Set limits
;é OTSGI ...... + ...... * ...... + ...... + ,,,,,, * *“ ............ “E g 07;§E++++*ul" ...... i ,,,,,, ié
be 200 400 600 800 1000 1200 1400 1600 1800 2(;00 D'50E 200 400 600 800 1000 1200 1400 1600 1800 2;00
mytq [GeV] mle. [GeV]
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@ EXOT-2021-35 Submitted to Phys Rev. D (last Friday!)

Light-Partners Pair-Produced : QQ—=Wq+X

E

x

PERIMENT

= Limits on cross-section vs. mass

_ Electroweak Singlet Q
for benchmark scenarios

| T T I T T T I T 1] T | T T T I T T T

— —
3‘- 10 g_ \/A; TLAS i — Observed Limit _E
—_— |6 - Vs=13TeV,140fb™" - Expected Limit E
HOE QQ Wqu G 1 - SU(2) Singlet Q I Expected Limit+ 16|
= e A Wt e e e Y ? Limits at 95% CL Expected Limit + 2¢ g
K= 10 = ATLAS —— Observed Limit & N —— Theory ]
®) - Vs=13TeV, 1400 - Expected Limit % 10'L o
G 1 __ B(Q— Wq) =1 " Expected Limit + 16 = 3
T = Limits at 95% CL Expected Limit + 2¢ N ]
- _ -2 —
g_} C Theory 10 = =
° 10e : :
- 10° E
107 : :
- Mo g F o S ¢ o« o ) s oaop Bop g g [ pop P
&l 800 1000 1200 1400 1600 1800 2000

0=
F—---— My, q [GeV]

c o ), N 1 e
800 1000 1200 1400 1600 1800 2000
my.q [GeV]

Excluded formy o <1150 GeV

Excluded for my o < 1530 GeV

840 GeV increase from previous limit m,,o < 690 GeV GeV
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ATLAS Top-partner Single-produced Combination

EXPERIMENT

Statistical combination searches
for single T production H/Z

W/z T

b/t

b/
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ATLAS Top-partner Single-produced Combination

Statistical combination searches ! !
for single T production

H/Z ™\
= Three input analyses W)z T
with different numbers of leptons b/t
t __J
g
HtZt
b/q
H/Z
b/q
t b
W !
o Z-vv: E{MS (0F) « t=tvb (1{) o 7= (24)
« Boosted f—=bqgq « Boosted H//=qq/bb « f=qqb/tvb

BCVSPIN 2024 Joseph Haley
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EXPERIMENT

Single-Production Combination: Sighal Regions

Analysis Target signal Decay channels Discriminants
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LAS

XPERIMENT

Single-Production Combination: Results

For a given model and k, set limits on cross-section vs. mass

Singlet T

Doublet T

BCVSPIN 2024

o(pp = T — HYZt) [pb]

a(pp = T — HU/Zt) [pb]
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Singlet T

Doublet T

Single-Production Combination: Results

For a given model, set limit on cross-section vs. (M, k)
...tThen compare to theory cross-section to get limit on x vs. mass

0.8

0.7

0.6

0.5

0.4

0.3

0.2

0.8

0.7

0.6

0.5

0.4

0.3

0.2

0.11

0.1

1

1.2

1.2

1.4

1.4

LI B L L B

ATLAS

Vs=13TeV, 13910 "

. Tsinglet
Nt 8 e =108,28,2025

1.6

1.8

M. e Tymg=50%

2

ATLAS
Vs =13 TeV, 1391b '

T doublet
F’w+€z+§H:1‘§2:€H:0‘s

1.6

1.8

2

95% CL Obs. Comb

22 24 28
m; [TeV]

95% GL Obs. Gomb
<en Ty/my = 50%

22 24 26
my [TeV]

95% CL limit on 6(pp — T — HYZ!) [pb]

95% GL limit on o(pp — T — HY/Zt) [pb]

| g 0.06
ATLAS
Vs =13 TeV, 13910 "'
. Tsinglet
0.8 '. _ —E =

s & tE +E, = 1.8,=8,-025
0.7 95% CL Exp. Comb

el e Tymp=50%
0.6 "

0.5 0.03
0.4
0.3

0.1

1 12 14 16 18 2 22 24 26

my [TeV]

ATLAS
Vs =13 TeV, 1391b '
T doublet
0.8 g +E, 5, =1.8,=5,05

0.7 95% CL Exp. Comb

-e-- TYme = 50%
0.6 7

0.5

0.4

0.3

0.2

0.11 12 14 16 18 2

22 24 26
my [TeV]

95% CL limit on 6(pp — T — HUZt) [pb]

95% CL limit on o(pp — T — Ht/Zt) [pb]

ATLAS
= 10Tev, 1301

(AL LN LA LN N I L L

-

v el b B b b B beas

T singlet
F,\N+§Z+&H=1,Ez=§“=[l25

95% CL upper limits
—Obs. Comb
----- Exp. Comb
W Exp. 1o
Exp. +20
-~ Exp. Monotop
- Exp. HIZt
- Exp. OSML

0.9

0.8

0.7

r’m,)_50%

T[T I T [ TT T [T T [T TrTT

| p 7
7My=209,

r
. _7.’07,:10%
S rT[’m.':S”/E, o

1 12 14 16 18 2 22 24

my [TeV]
. Vs=13TeV, 139 fb"

L O L L L

T doublet 95% CL upper limits
0.9 B +E +E =1E,=E =05 — Obs. Comb

- Exp. Comb

W Exp. tio
Exp. +20

‘ -~ Exp. HIZt

e - Exp. OSML

0.8

I a7
- I'Mr=509,

I_’"“F?Oﬂ/o
Fy/im
My=109,

/m

r=59

i el b b b bevna Bewn ey

Oil\\\ll\\‘l\ll\\\lll\‘\lll\\\II\I‘”\
‘" 12 14 16 18 2 22 24 26

my [TeV]

33



L Conclusion

ATLAS has a wide range of searches for VLQs

« Significant gains in sensitivity -

Signal®

» Using full Run 2 data set

» Improved analysis techniques

e.g. b-, W-, Higgs-, and top-tagging

> Improved background modeling i |
] + H T rh 800 1000 1200 1400 1600 1800 2000
7 My, [GeV]

» Combination of single-VLQ searches

* Most results are best limits to date

P ST A I W W S
112 14 16 18 2 22 24 26

« Unfortfunately, still no direct signs of VLQs =

... but Run 3 is underway, bring much more data,
... and even more new searches!
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Thank you!

And special thank you to:

DOE for supporting this research

The ATLAS Collaboration

+ Complete list of ATLAS exotic results:
AILAS twiki.cern.ch/twiki/bin/view/AtlasPublic/ExoticsPublicResults

TTN
fr

5.7 The BCVSPIN 2024 Organizers!

Joseph Haley
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LAS List of presented analyses

EXPERIMENT

» Search for pair-production of vector-lke quarks in lepton+jets final states containing at least
one b-tagged jet using the Run 2 data from the ATLAS experiment (Phys. Lett. B 854 (2024)
138743)

» Search for pair-produced vector-like quarks coupling to light quarks in the lepton plus jets
final state using 13 TeV pp collisions with the ATLAS detector (Phys. Rev. D 110 (2024) 052009)

« Combination of searches for singly produced vector-like top quarks in pp collisions at Vs =13
TeV with the ATLAS detector (Submitted to Phys. Rev. D August 2024)

Backup:

» Search for single vector-like B -quark production and decay via B—bH(bb) in pp collisions at
Vs =13 TeV with the ATLAS detector (JHEP11 (2023) 168)

BCVSPIN 2024 Joseph Haley 36


https://www.sciencedirect.com/science/article/pii/S0370269324003010
https://www.sciencedirect.com/science/article/pii/S0370269324003010
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.110.052009
http://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/EXOT-2021-02/
https://link.springer.com/article/10.1007/JHEP11(2023)168
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L ATLAS Detector

EXPERIMENT

The LHC is a “top factory” (~1 tt/second)

ATLAS is a “top detector”
Efficient e/u identification

Nearly 411 coverage = E;mis

High granularity tracking

= b-tagging

All results using the ATLAS Run 2 data set (L = 139 fb!, Vs = 13 TeV)
BCVSPIN 2024 Joseph Haley 37
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L General Strategy

EXPERIMENT

Multiple analyses to target Test all possible branching ratios:
each decay:
/'/1/‘ _ X
! \ Unphysical
, = Ht+X thH L S Our goal: maximize
g T | sensitivity in full triangle
L/ thitd [ e
& tHZ 7w, Woth \
— Zt+X Lozl [ tHiz, wotz '3
1 :,\""\_thz Wowp T ‘
_ L 42 L ziz WbtZ,wowe X WD '
‘\G ----- BE R e e BRRR RE. e 1
BR(T->Wb)
[~ Wb+X
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Previous Results (36
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@ Phys. Lett. B 854 (2024) 138743

LAS Top-Partner Pair-Produced : TT—=Wb+X

EXPERIMENT

= Limits on cross-section vs. mass

Electroweak Sinalet T
f

= Limits on T mass for any combination of branching ratios | 74
(assuming T decays to SM particles: T=Whb/Zt/Ht)

P - e E
1 1700 d Limit .
=it s F Limit +1c ]
) T g9 ATLAS Limit +26 E
E _rl_|_l_ - - :
= [ ATLA! tt, 08F Is =13 TeV, 140 b’ 1600 < NLO+NLL) -
It [ (s=13T A= TT-Wb+X SEhgetT :
p 1077E Limisatl  0.7F- B} 1500 = :
Q ~ — = £
T f 0.6F _ 2 i
- S oh SU(2) Singlet 1400 © s
102 ¢ - . _E. E
= 0.5: S 3 N .
- = 1300 1800 2000
Te]
= ~ - _ o
- O3 G 1200 %
108 s 02F 2 o 21,10 < 1360 GeV
1000 1 - ‘ 100
N 0.1F <
- N
% 01 02 03 04 05 06 07 08 09 1 100

B(T — Wb) ,
GeV
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@ EXOT-2021-35 Submitted to Phys Rev. D (last Friday!)

Light-Partners Pair-Produced : QQ—=Wq+X

E

x

PERIMENT

= Limits on cross-section vs. mass :
. Flectroweak Sinalet O
for benchmark scenarios o(pp — Q) [pb]

0}

= Limits on Q mass for any combination of branching ratios

P =
(assuming Q decays to SM particles: Q—=Waq/Zqg/Hq) i :-%'
‘5 1 1600 ©3 =
g— T T IS — ATLAS (= %__L ]
i - —~ ]
T 1 oo (s =13 TeV, 140 fb" 1500 S
={n ] 0.8f QQ — Wg+ X = .
T - 1400 § 0 B 1]
S 0.7 £8 8 8 £
=[ . ES £ 2 5 -
= = 1300 o £ = & = ]
Sr 0.6¢ L SU(2) Singlet 1R
%:_ 0.55— 1200 CEI III‘ | LIl _7
= |24 ™ S 1100 &
5 s 0.3 > & <1150 Gev
S o O S/ S < e
=1 - s/ 1000 2
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LAS Singlet-Production Combination: Results

XPERIMENT

Limits on Singlet our Doublet

« Cross-section vs. mass for k =0.3 or 0.5

ATLAS
s=13TeV, 139 fb" E,=¢ =(1-8)2
50

45

FT/ IT'IT [o/o]

40
35
B
25
20

15

100 01 02 03 04 05 06 07 08 09
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Observed 95% CL limit on m_ [TeV]

Joseph Haley
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@ J. High Energ. Phys. 2023, 168 (2023)

Single-produced Bottom-partner: B —Hb —bbb

EXPERIMENT

Large-R jet with mass = m, & 2 b-tagged track jet

= |denftified as boosted H=bb

High-p; b-tagged small-R jet from B decay
= Critical to reduce huge multiet background
At least one “forward” jet from spectator quarks

Purely data-driven background estimate using “ABCD” method

q

» Extrapolate background from conftrol region (B) to search
region (A) using transfer functions measured in neighboring

» Validate by applying method

regions (C/D)

in two orthogonal regions

BCVSPIN 2024

Only 1 b-tagged track jet

S —
21000/~ A7rAS
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Joseph Haley

Large-R jet mass sideband
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@ J. High Energ. Phys. 2023, 168 (2023)

Single-produced Bottom-partner: B —Hb —bbb

EXPERIMENT

Large-R jet with mass = m, & 2 b-tagged track jet

= |denftified as boosted H=bb

High-p; b-tagged small-R jet from B decay
= Critical to reduce huge multiet background
At least one “forward” jet from spectator quarks

Purely data-driven background estimate using “ABCD” method

q

» Extrapolate background from conftrol region (B) to search
region (A) using transfer functions measured in neighboring

» Validate by applying method

regions (C/D)

in two orthogonal regions

BCVSPIN 2024

Only 1 b-tagged track jet
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Large-R jet mass sideband

T

i mammmmrmrmammm.

> 220 ;
&, F ATLAS
= 200 {s=13Tev, 139 b
w -
< 180 m,. €[135,200] GeV
@i 160/~ H2T2B Dataset
140— Systematic Uncertainty
120
100F
80F
60F
40F
20F

« Data (Region A)

D Background Model

-
—y o
T

data / model

o
[
.

1 | 1 1 1 1 1.7
1000 1200 1400 1600 1800 2000 2200
mg [GeV]

44


https://link.springer.com/article/10.1007/JHEP11(2023)168

@ J. High Energ. Phys. 2023, 168 (2023)

Single-produced Bottom-partner: B —Hb —bbb

EXPERIMENT

LN L I s B B e

Binned maximum-likelihood fit to reconstructed B mass g 120 arias o Dets ]
Cy . . 8 - {s=13TeV, 1391 VLB, ,;, 1.3 TeV, k =04 |
distribution Mg z 100/~ VLB->bH(bb) ----VLB:)WB, 1.3TeV, k=04 |
) . . % [ Signal Region ["]Background 7

No sianificant excesses found in full Run 2 dataset @ gor PO Uinoarainty 1
R i

@ 1250 . + + A

E 1-- (2 FF ey ke e

a 0.75;+ + + [
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@ J. High Energ. Phys. 2023, 168 (2023)

Single-produced Bottom-partner: B —Hb —bbb

EXPERIMENT

L L UL B L B B L B B

Binned maximum-likelihood fit to reconstructed B mass 3 1200 0 AN 7
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@ J. High Energ. Phys. 2023, 168 (2023)

Single-produced Bottom-partner: B —Hb —bbb

EXPERIMENT

Binned maximum-likelihood fit fo reconstructed B mass 120F iias epam
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ATLAS  Single-produced Top-partner Combination

EXPERIMENT

Statistical combination searches
for single T production

H/Z
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ATLAS  Single-produced Top-partner Combination

EXPERIMENT

Statistical combination searches

for single T production
= Three input analyses

MonoTop

b/t

g
o5 [
A

BCVSPIN 2024

Osml <

Joseph Haley

b/q
H/Z
HtZt - b/g
t
b
W {
;- v
5_
t
b
W+ Q/f
glv
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