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Scalar LQ 1 gen
Scalar LQ 2™ gen
Scalar LQ 3 gen
Scalar LQ 3™ gen

VLQ TT - Ht/Zt/|Wb+ X
VLQ BB —» Wt/Zb+ X

VLQ Ts/3 T3 Ts3 = Wt + X
VLQY - Wb+ X
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VLQ QQ —» WqWq
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Z' mass 5.1 TeV
Z' mass 242 TeV
Z' mass 2.1 TeV
Z’ mass 4.1 TeV
W'’ mass 6.0 TeV
W’ mass 3.7TeV
W’ mass 4.3 TeV
V’ mass 3.8 TeV
V'’ mass 293 TeV
W’ mass 3.2TeV
WR mass 3.25 TeV
Wg mass 5.0 TeV
LQ mass 1.4 TeV
LQ mass 1.56 TeV
LQ; mass 1.03 TeV
_.ow_ mass 970 GeV
T mass 1.37 TeV
B mass 1.34 TeV
Ts/3 mass 1.64 TeV
Y mass 1.85 TeV
B mass 1.21 TeV
[Qmass  690GeV
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SSM Z7 — ¢t Z’ mass
SSMZ’ - 17 Z' mass 2.42 TeV
» Leptophobic Z” — bb Z' mass 21TeV
S | Leptophobic Z' — tt Z' mass
3 SSM W' = v W’ mass
Q SSM W’ - 1v W’ mass
S HVT W' — WZ - ¢vqq model E| W' mass
w HVT V' - WV — qqqq model E| V' mass
(0] HVT V' - WH/ZH model B V" mass 293 TeV
HVT W’ — WH model B W’ mass
LRSM Wk — tb Wg mass
LRSM Wk — th W mass
Scalar LQ 1%t gen LQmass 1.4 TeV
Q  Scalar LQ 2" gen LQ mass 1.56 TeV
= ScalarLQ 3" gen LQY mass 1.03 TeV
Scalar LQ 3" gen LQJ mass 970 GeV
VLQ TT — Ht/Zt/Wb+ X T mass 1.37 TeV
IQKV VLQ BB —» Wt/Zb+ X B mass 1.34 TeV
g VLQ Ts53Ts/3|Ts3 » Wt + X [ Ts/3 mass 1.64 TeV
W. VLQY -» Wb+ X Y mass 1.85 TeV
VLQ B - Hb+ X B mass 1.21 TeV
VLQ QQ —» WqWgq Q mass
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What are they, why should you care?¢
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SSM 7 — ¢t
SSM Z’' - 11

Leptophobic Z" — bb
Leptophobic Z" — tt

SSM W’ — ¢v

SSM W’ - 1v

HVT W’ — WZ — tvqq model B
HVT V' - WV — qgqqq model E
HVT V' - WH/ZH model B
HVT W’ — WH model B

LRSM Wk — tb

LRSM Wgr — uNg

Scalar LQ 1%t gen
Scalar LQ 2" gen
Scalar LQ 3™ gen
Scalar LQ 3™ gen

VLQ TT — Ht/Zt/Wb 4+ X
VLQ BB - Wt/Zb+ X

VLQ T5/3T5/3|T5;3 » Wt + X
VLQY -» Wb+ X

VLQB - Hb+ X

VLQ QR —» WqgWy

How do we search for them?
New combination of all LQ searches!

Why are they interestinge
New gauge bosons (if time permits)
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New search for low mass resonances

Conclusion

5.1 TeV
242 TeV
2.1 TeV
4.1 TeV
6.0 TeV
3.7TeV
43 TeV
3.8 TeV
2.93 TeV
3.2TeV
3.25 TeV
5.0 TeV

1.4 TeV
1.56 TeV
1.03 TeV
970 GeV

1.37 TeV
1.34 TeV
1.64 TeV
1.85 TeV
1.21 TeV

690 GeV
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SSMZ" - 17 Z’ mass
» Leptophobic Z’ — bb Z' mass
S  Leptophobic Z' — tt Z' mass
Q  SSMW ity W’ mass
Q SSM W' — 1v W’ mass
%v HVT W — WZ — tvqq model E| W’ mass
w HVT V' - WV — gqqq model E| V" mass
(0] HVT V/ - WH/ZH model B V' mass
HVT W’ — WH model B W’ mass
LRSM Wk — tb Wr mass
LRSM Wk — uNg Wg mass
Scalar LQ 1%t gen LQmass
Q  Scalar LQ 2" gen LQmass
= ScalarLQ 3" gen LQ; mass
Scalar LQ 3 gen LQS mass
VLQTT - Ht/Zt/Wb+ X T mass
V,:ﬁ VLQ BB - Wt/Zb+ X B mass
& &g VLQ Ts/3Ts3| T3 » Wt + X | Tsjs mass
%w. VLQ Y —» Wb+ X Y mass
VLQ B - Hb+ X B mass
VLQ QQ - WaWq lamss ~ 690Gev
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Heavy
quarks

Vector-like Quarks

VLQ TT — Ht/Zt/Wb + X
VLQ BB - Wt/Zb+ X

VLQ Ts/3 T3] Ts3 = Wt + X
VIQY - Wb+ X

VLQ B - Hb+ X

VLQ QQ —» WqWq

T mass 1.37 TeV

B mass 1.34 TeV

Ts/3 mass 1.64 TeV
Y mass 1.85 TeV
B mass 1.21 TeV




L Vector-like Quarks

“Quarks”: Color-triplet, spin-2 particles

BEACH 2024 Joseph Haley
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L Vector-like Quarks

EXPERIMENT

“Quarks”: Color-triplet, spin-2 particles

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

VLQs: SM quarks:

(QYQ') (@y"(1 —~°)d)

« Weak currentis vector-like:

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

BEACH 2024 Joseph Haley 3b
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EXPERIMENT

Vector-like Quarks

“Quarks”: Color-triplet, spin-2 particles

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

« Weak currentis vector-like:

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

VLQs:

(Qv*Q')

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

Top-partner T’ —
Bottom-partner B —

BEACH 2024

SM quarks:
(@*(1 = 7°)d)

j VLQs
Qlel singlets doublets tripletq
5/3 4
2/3 | (T) (1) T\ Nid)
-z | B " \BJ (B)] B B
s ) (y} ) Y
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L Naturalness

EXPERIMENT

What is naturalness?

If X is an observable that depends
on mn £Mde;vemdehf ::m,més, a;

X—‘:ﬂz'f'ﬂz'f‘-u 'f"ﬂ“

It would be unnatural bo have some

Jai >> X[

BEACH 2024 Joseph Haley 4a
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L Naturalness

EXPERIMENT

What is naturalness?

If X is an observable that depends
on mn 5&15{@’#&540(&“[" inputs, a;:

X=a; +ap +... +a,

Tt would be unnabural bo have some
faif >> [X]

Nabural:

= 4

a, = R,09%,572,309 500
-1,099,755

INY
(O
1}

> X = 2,095,571,210,019

Unnabural:
4

= 2,09%,572,509 500
A, = —2,09%,572,309, 555

S
~
)|
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L The "Hierarchy Problem”

EXPERIMENT

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

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

« If the SM is correct up to the Planck scale t
“bare mass” H H
MHZ= 3.2#3459472963429054386+496%47+32159643 |  ~—TTTT\ o TTTTTE
-3.2#3%45947963429054386+49647+32159645 t

27 quantum ... Q .....
=10 (in planck units) corrections, .9.

BEACH 2024 Joseph Haley 5a
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L The "Hierarchy Problem”

EXPERIMENT

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

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

« If the SM is correct up to the Planck scale t
“bare mass” H H
’\’\HZ= 3.2#3459472963429054386+496%47+32159643 |  ~—TTTT\ o TTTTTE
-3.2#3%45947963429054386+49647+32159645 t
fum oo Yeo.o.
=1 0-32 (in planck units) CWZLZ??O;TAQ& Q
Having vector-like quarks could naturally cancel the divergent top correction! T

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

MyZ~T0 = 9 = T (inunits of ~100 GV squared) |

BEACH 2024 Joseph Haley Sb
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L The "Hierarchy Problem”

EXPERIMENT

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

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

« If the SM is correct up to the Planck scale t
“bare mass” H H
MHZ= 3.2#3459472963429054386+496%47+32159643 |  ~—TTTT\ o TTTTTE
-3.2#3%45947963429054386+49647+32159645 t
uanfum ... Q .....
=1 0—32 (in planck units) corractions, <.9.
Having vector-like quarks could naturally cancel the divergent top correction! T

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

M.HZ ~T0 = 9 = T (nunits of ~100 GeV squared) H H

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

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

BEACH 2024 Joseph Haley 5C



L What do we look for?

XPERIMENT
10‘; I\{l I I | L | LI LI | LI L | 1 I I | LI I | LI I§
LN — ]
N -—QQ| ]
IR RN vbj|
— TB| 3
— Bbj| ]
10°E — T | -
— Xij ;

10

O ()

, - X1 .
* Via QCD = Depends only on VLQ mass L
- [Model-independent) ___ _ _____ .
( H H . \ -1- 1 L1 L1 L1 L1 L1 L1 L1 I~
Single erOdUCilon' q 10 4(‘)0 stl)o etl)o 10100 12100 14‘00 16‘00 1800 2000

m,, (GeV)

g b/t

* Via mixing with SM quarks = Depends on
mass and coupling (k)

\_° Could dominate for large VLQ masses y
BEACH 2024 Joseph Haley 6a




ATLAS What do we look for?
l’__o _____ .. T === S 10‘:1]|||]1[| T 1 T 1 LI I N I N N O N N O =
i Pair Production: | AN ]
I b,t,t I N - 0o
I el AN Ybj|
I T W 4 H 2/7 I F S \\ "'lh l:/’3li‘Y) ) TE] =
l o : RN — BB
I ~ 107~ TR TH |
I \ W HZ V€ FiTN e SN — Xij
| T Iz TES— T S\
I B I CE 10 B . " V\\""'»\_\\ \“"‘\—b\ = _
| b, t:f I E . ;.,__ \‘\'::,: — :t»_; _ 3
| _ ! i XD TR TN, =
1 * Via QCD = Depends only on VLQ mass | 1 = S ~
-1 l E_ \\"\\ \\\-, - 3
. [Model-independent) | _ _ _ _ ____ . ~__ .
( H H . \ '1_ 1 L1 1 L1 1 1 11 1 | L1 1 L1 1 ) ‘I\T-I-- ‘;L\[\-
Slngle prOdUChon‘ 10 450 6(170 850 1OIOO 12[00 14|OO 16IOO 1;'60 2000
m,, (GeV)
v /,DecaY$ )
« Dictated by quantum numbers
t/b T = Wb, Zt, Ht
B = Wt Zb, Hb
« Via mixing with SM quarks = Depends on * Branching ratios depend on
mass Ond Coupnng (K) mOdeVrepresenTOTIOI’]
__ * Could dominate for large VLQ masses \ (D), (TB), (X1, (XTB), etc. /

BEACH 2024
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L General Strategy

Multiple analyses to target Test all possible branching raftios:
each decay:

‘‘‘‘‘

; Unphysical
o HX L tHtH

B Our goal: maximize
® sensitivity in full triangle

AN

1itH “. ______________

1tZ 7 thaw, Wbt
7Z{ | tHtz, Wbtz

s /

BR(T>tH)

=
I

- J1tX

—
N~

S ZZ,WbWb . e ’

——————
S~

,,,, \\\ - ,”— X
; N /,' ‘\\ 7 N
S VA VAR WbtZ . Wb :
v 4 | S VA VA ,2WbWb A ;
AN / S~ r’, N e

~ " \\ d’

Q- e e 1
: w: BR(T=>Wb)
- WbtX

BEACH 2024 Joseph Haley 7



LAS Previous Results (36.1 fb1)

XPERIMENT
= e g 1400
T ATLAS
? Vs=13TeV, 36.1 ib” 1300
E 0.8 1-lepton + 0-lepton combination
m 07 Observed limit 1200

0.6
0.58 ;A U(2) doublet

inglet
0.4

03 H’+X./—' 0

1100

1000

95% CL mass limit [GeV]

02E % 1y <
0.1 / >, - ATLAS - 1420 ©
0 01020304 0506 o.;R(().Tej.\s,aVb; 0.9 D {s=13 TeV, 36.1 fb™ _E O,
0.8 - VLQ combination _; 1400 é
2 K e 1200 07 EPERY Opserved imit E =
1 {5 =13 TeV, 36.1 fb” 1100 (.g. ' 3 8
1 ZX D™ 1000 E 0.6 B¢ 1380 ¢
-+ Sui soet 18000 g 0.5% ¥ SU(2) doublet 7 (_.I)
800 (3' 04 1320, O SU(2) singlet E 1360 ﬁ\‘;
700 & . ; - o
600 § 0.3 2 A =5=11340
i -
08 - 0.2 \ —
B(T — Wb) \ 10 —1320
J. -
I ATLAS 3 \ 3 =
) Vs =13 TeV, 36.1 fb” . - = 1300
= 0 0.10.20.304 0.6 0.7 0.8 0.9 1
] TT — Wb+X 1-lepton

ap SU(2) singlet
O SU(2) doublet

r~
Wb +X

.

0 010203040506070809 1
B(T - Wb)

BR(T — Wb)

5% CL mass limit [Ge

9
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@ Phys. Lett. B 854 (2024) 138743

LAS Pair-produced Top-partners: 77— Wb+X

PERIMENT

E

x

Optimized for TT—WbWb, ‘
Primary event selection: o

BEACH 2024 Joseph Haley b


https://www.sciencedirect.com/science/article/pii/S0370269324003010

@ Phys. Lett. B 854 (2024) 138743

LAS Pair-produced Top-partners: 77— Wb+X

E

x

PERIMENT

Optimized for TT—WbWb,
Primary event selection: 30

Multiple small radius jets
with 21 p-tagged /)\

BEACH 2024 Joseph Haley b


https://www.sciencedirect.com/science/article/pii/S0370269324003010

@ Phys. Lett. B 854 (2024) 138743

LAS Pair-produced Top-partners: 77— Wb+X

PERIMENT

E

x

Optimized for TT—-WbWb, with W—{v
Primary event selection: 30

Multiple small radius jets
with 21 p-tagged /)\

Large E{™ss from v
& High-pr lepton (e or u)

= |dentified as Wiep=¢v

BEACH 2024 Joseph Haley 9c


https://www.sciencedirect.com/science/article/pii/S0370269324003010

@ Phys. Lett. B 854 (2024) 138743

LAS Pair-produced Top-partners: 77— Wb+X

E

x

PERIMENT

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

Multiple small radius jets
with 21 p-tagged /)\

Large radius jet with W-tag
= |dentified as Whqa—qq

Large AR(Whaqg. b)

Large E{™ss from v
& High-pr lepton (e or u)

= |dentified as Wiep=¢v

BEACH 2024 Joseph Haley ?d


https://www.sciencedirect.com/science/article/pii/S0370269324003010

@ Phys. Lett. B 854 (2024) 138743

LAS Pair-produced Top-partners: 77— Wb+X

PERIMENT

E

x

Optimized for TT->WbWb, with W—{y and W—(qq)
Primary event selection: 3o

Multiple small radius jets
with 21 b-tagged N

Large radius jet with W-tag
= |dentified as Whqa—qq

Large AR(Whaqg. b)

Large E{™ss from v
& High-pr lepton (e or u)

= |dentified as Wiep=¢v

VLQ reconstruction:

 Find pairing of Wy,qq and W, with b candidates
that has smallest Amy q = | mP — m 99|

BEACH 2024 Joseph Haley %e
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@ Phys. Lett. B 854 (2024) 138743

LAS Pair-produced Top-partners: 77— Wb+X

PERIMENT

E

x

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

Multiple small radius jets
with 21 b-tagged N

Large radius jet with W-tag
= |dentified as Whqa—qq

Large AR(Wnaq. b)

Large E;™ss from v

& High-pr lepton (e or u) ~ 1
= |dentified as Wiep=¢tv )
E
VLQ reconstruction: £
 Find pairing of Wy,qq and W, with b candidates 53)__
that has smallest Amy q = | mP — m 99|
SR2
Final Signal Region requirements: 200 |
© 5= Zjets,{?,ETmiSS lpr| > 1900 GeV SR1
o Amyq= | m/% —m; 94| <500 GeV : >
1400 1900 St [GeV]

BEACH 2024 Joseph Haley of
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@ Phys. Lett. B 854 (2024) 138743

LAS Pair-produced Top-partners: 77— Wb+X

E

x

PERIMENT

Background dominated by SM #

» Estimated with Monte Carlo simulation, but
with data-driven correction to improve modeling

» Derive §; correction in dedicate re-weighting
region

Similar kinematics to SRs, but low signal

> ST T L L B % ST T L L L B
% 10 %;Lgsmv’ 140 15" ¢ Data % 10 %;LgsTev, 140 o' ¢ Data
?) 10° PTrZ-f_i: l;I>Vrl:e;?<(:tion normalised to data % ﬁ/ iet % 10° IZ’-rZ-f_i; l;vrt;g((:ﬁon normalised to data %ﬁ, iet
> ’ s +jets > e +jets
w 102 /Before reweighting I Single Top L 102 /After reweighting I Single Top
10 o [ Other 10 [ Other
///// I Multijet I Multijet
N TS e 72 Uncertainty 1 72 Uncertainty
107 PIIII I I 4SS I IS4 4 2 I I 107 / 2
102 Z 102 I
£ / 7)) L w7777
N {//?/éé//////////////// 74 /// N %727 ///W% 7//777% /
e, 2 B @
1000 1500 2000 2500 3000 3500 1000 1500 2000 2500 3000 3500
S [GeV] S [GeV]
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https://www.sciencedirect.com/science/article/pii/S0370269324003010

@ Phys. Lett. B 854 (2024) 138743

LAS Pair-produced Top-partners: 77— Wb+X

PERIMENT

E

x

Perform simultaneous fit to data of
reconstructed VLQ mass using:

- 2 Signal Regions
- 3 Control Regions

AmVLQ [GCV]

« 1tCR: Constrains dominate # background 500
«  AmCRs with Low and High S;: Provides extrapolation SR2
between #CR and SRs 20
SR1
1400 19:00 St [GeV)]

BEACH 2024 Joseph Haley 11a


https://www.sciencedirect.com/science/article/pii/S0370269324003010

E

LAS

x

PERIMEN

T

Phys. Lett. B 854 (2024) 138743

Pair-produced Top-partners: 77=Wb+X

Perform simultaneous fit fo data of
reconstructed VLQ mass in 3 CRs

Events / 300 GeV

Data / Bkg.

> LA A R
5] [ ATLAS @ Data ]
S 10° Vs =13 TeV, 140 fb™ et _|
@ E TToWb+X CWw+ets 3
@ E v 3
< [ SY“AmCR, Post-Fit [ Ssingle Top J
& - [ Other B

10%E Il Multijet —
3 7 Uncertainty J
2
o 1 3
= L -
8 o E
% 400 800 1200 1600 2000 2400
mP [GeV]
%1o5§.,,,|...w....,..,‘,...i
0] F ATLAS ¢ Data 3
S F Vs=13TeV, 140 b’ [l 1
T 10'E TTWb+X CW+Hets
£ E {TCR, Post-Fit WSingle Top
o = -
& sl [E Other B
E W Multijet 3
F 77 Uncertainty
2
o
> |
©
® ? E
(=} -
500 1000 1500 2000 2500
BEACH meP [GeV]

103:"'I"'I"‘\"‘I"'I"'\"‘I"'I"'\"‘\"‘I"':
E ATLAS # Data 3
[ Vs=13TeV, 140 fb™ e ]
F TToWb+X [ WHjets i
102 SY9"AmCR, Post-Fit [ Single Top _|
E [l Other E!
F B Multijet 3
L 7~ Uncertainty |

L 4 b d
O0 400 800 1200 1600 2000 2400
m'P [GeV]

AmVLQ [GCV]

W
[
(=]

200

SR2

SR1

1400

19.00

St [GeV]
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https://www.sciencedirect.com/science/article/pii/S0370269324003010

Phys. Lett. B 854 (2024) 138743

LAS Pair-produced Top-partners: 77— Wb+X

PERIMENT

E

x

Perform simultaneous fit fo data of

. 4
reconstructed VLQ mass in 3 CRs and 2 SRs >
[5)
)
d
(e3
s
3 T T T T T T T 2 10° e T T T g >
<] [ ATLAS @ Data ] ® FE ATLAS ¢ Data 3 E
§ 107 Vs=13TeV, 140 b Ciet ] § F Vs=13Tev, 140 b Ellﬁ/ t ] 4
= E TT-Wb+X [ WHijets 3 @ F o TTwh+X +ets 4
2 F Si"AmCR, Post-Fit [ single Top 3 £ 12l SY*"AmCR, Post-Fit M Single Top _| 500 -
E r [ Other B :>j E [ Other E
W Multijet - F W Multijet ]
~~ Uncertainty E L ~Z Uncertainty | SR2
] 10 -
E 200 -

Data / Bkg.

Data consistent with SM backgrounds: J 1900 Sp[GeV]

= Set Limits on VLQ production

800

T 1 ]
D 2 T e e g > T T T T T e T
8 E ATLAS  Data 3 [0} [ ATLAS ¢ Data ] [0} 5 ATLAS ¢ Data
= F Vs=13TeV, 140 fo' i ] ‘8_ 1%L s =13 TeV, 140 b Ot _ § 10°E s =13 TeV, 140 b et 3
T 10*E TToWb+X [ W+iets = - E TT-Wb+X [ W+jets E - E TT-Wb+X [ WHjets 3
2 E {fCR PostFi ! E 2 F SR1, Post-Fit WsSinge Top 7§ 2 [ SR2, Post-Fit WSingle Top |
= £ , Post-Fit [l Single Top 3 o r oth ] 5 oth
2 [ [ Other 7 i} [ Other w2 @ Other _
w 35— W Multijet 3 10° W Multijet = E W Multijet 3
: P ncoriny s PR 7 erainy 3 : 7 ey 3
E E 4 i *normalised | 10 *normalised _|
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@ Phys. Lett. B 854 (2024) 138743

LAS Pair-produced Top-partners: 77— Wb+X
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LAS Pair-produced Top-partners: 77— Wb+X
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@ Phys. Lett. B 854 (2024) 138743

LAS Pair-produced Top-partners: 77— Wb+X

PERIMENT
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= Limits on cross-section vs. mass
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@ Phys. Lett. B 854 (2024) 138743

LAS Pair-produced Top-partners: 77— Wb+X

PERIMENT
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x

= Limits on cross-section vs. mass

¢ Flectroweak Sinalet T

= Limits on T'mass for any combination of branching ratios
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@ EXOT-2021-35 Submitted to Phys Rev. D (last Friday!)

LAS

Pair-produced Light-partners: QO0—=Wqg+X

Very much like TT=Wb+X, but a few

significant differences:

Require zero b-tagged jets

Background dominated by W+jets

¢ q
_ q
0
W/H|Z

= Data-driven St correction for both W+jets and # backgrounds
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@ EXOT-2021-35 Submitted to Phys Rev. D (last Friday!)

LAS Pair-produced Light-partners: QO0—=Wqg+X

EXPERIMENT
. 8
Very much like TT=Wb+X, but a few 0
q9
significant differences:
« Require zero b-tagged jets 5 q
. . 8
« Background dominated by W+jets I
= Data-driven St correction for both W+jets and # backgrounds
« Final fit only has 2 SRs (sensitivity limited by staftistical uncert. on datq)
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@ EXOT-2021-35 Submitted to Phys Rev. D (last Friday!)

x

LAS Pair-produced Light-partners: QO0—=Wqg+X

PERIMENT

Very much like TT=Wb+X, but a few : 0
significant differences: q

« Require zero b-tagged jets 5 q

« Background dominated by W+jets ; wIHIZ

= Data-driven St correction for both W+jets and # backgrounds

« Final fit only has 2 SRs (sensitivity limited by staftistical uncert. on datq)
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@ EXOT-2021-35 Submitted to Phys Rev. D (last Friday!)

LAS Pair-produced Light-partners: QO0—=Wqg+X

PERIMENT

E

x

= Limits on cross-section vs. mass

. Electroweak Singlet O
for benchmark scenarios
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@ EXOT-2021-35 Submitted to Phys Rev. D (last Friday!)

LAS Pair-produced Light-partners: QO0—=Wqg+X

PERIMENT

E

x

= Limits on cross-section vs. mass

. Electroweak Singlet O
for benchmark scenarios

= Limits on Q mass for any combination of branching ratios
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@ J. High Energ. Phys. 2023, 168 (2023)

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

EXPERIMENT

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

= ldentified as boosted H=bb
High-p; b-tagged small-R jet from B decay

= Critical to reduce huge multijet background
At least one “forward” jet from spectator quarks

BEACH 2024 Joseph Haley 17a
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@ J. High Energ. Phys. 2023, 168 (2023)

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

EXPERIMENT

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

= ldentified as boosted H=bb
High-p; b-tagged small-R jet from B decay

= Critical to reduce huge multijet background
At least one “forward” jet from spectator quarks

Purely data-driven background estimate using “ABCD"” method
» Extrapolate background from control region (B) to search
region (A) using transfer functions measured in neighboring
regions (C/D)

21

0
O

B

0 21
# b-tagged small-R jet

# forward jets

-
>
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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

= ldentified as boosted H=bb

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

Purely data-driven background estimate using “ABCD"” method

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

regions (C/D)

« Validate by applying method
in two orthogonal regions
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@ J. High Energ. Phys. 2023, 168 (2023)

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

EXPERIMENT

Binned maximum-likelihood fit to reconstructed B mass g 1207 arias ¢ Data ]
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@ J. High Energ. Phys. 2023, 168 (2023)

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

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

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

EXPERIMENT

Binned maximum-likelihood fit to reconstructed B mass 3 120 irias ¢ Diila =
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LQ

Scalar LQ 1%t gen
Scalar LQ 2" gen
Scalar LQ 3 gen
Scalar LQ 3" gen

Leptoquarks

LQ mass 1.4 TeV
LQ mass 1.56 TeV
LQ; mass 1.03 TeV

_.o“ mass 970 GeV



)

ATLAS Leptoquarks (LQ)

New scalar or vector particles that appear in many Grand Unified Theories

e Carry color charge, fractional electric charge, and both baryon and lepton number

BEACH 2024 Joseph Haley - 19a
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ATLAS Leptoquarks (LQ)

New scalar or vector particles that appear in many Grand Unified Theories

e Carry color charge, fractional electric charge, and both baryon and lepton number

* Provide direct coupling between leptons and quarks
= Can explain many SM problems

Hints of lepton flavor universality violation from B-physics

* Rp/Rp+: 3.2 o deviation in global average

e Ry/Ry+: Now SM consistent? B I B ]
BaBar 2012

. . . [ Had. tag, 426 fb”!
* B=Kppu angular variable discrepancies, i Bi,ll:gZOIS

muon g-2, and more... Had. tag, 711 fb”
Belle 2017
T—=>av/pv,711 fb!

| Belle 2019
SL tag, 711 fb™!

LHCb 2022
30 fb!

| LHCb 2023

T—=anav,50 fb!

Belle II 2023
Had. tag, 189 fb"!

HFLAV Summer 2023 | 3+

Belle Il Collaboration

SM Prediction F"'
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ATLAS Leptoquarks (LQ)

New scalar or vector particles that appear in many Grand Unified Theories

e Carry color charge, fractional electric charge, and both baryon and lepton number

* Provide direct coupling between leptons and quarks
= Can explain many SM problems

Hints of lepton flavor universality violation from B-physics

* Rp/Rp+: 3.2 o deviation in global average

«  R¢/Rg+: Now SM consistent? i I B i
| BaBar 2012 ; : ; | |
. . . Had. tag, 426 fb”' 1 }
e B=—Kpu angular variable discrepancies, © Belle 2015 I B
muon g-2, and more... B Hadl-lta&”“b“ I B cr
Belle 2017 : :
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What do we look for?
Like VLQs, pair or single production:
Pair Production: Single (and non-resonant) Production:
bL b ' T
K. LQ\\
g /’LQ ) ¥
N b
g 1Q™N_L g
b b
« ~Model independent (ViO QCD)  Depends on Coup“ng
« Dominate for lower masses e« Can dominate at h|gh masses
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EXPERIMENT

What do we look for?

Like VLQs, pair or single production:

Pair Production: Single (and non-resonant) Production:
bL b ' T
”’ T LQ\\
g /’LQ ) ¥
. b

9 e \‘ y g

b b

« ~Model independent (via QCD) « Depends on coupling

« Dominate for lower masses « Can dominate at high masses

Two general types of LQs
* LQy,3: Couple only within given generation

* Most searches focus on LQ3, with final states containing b, ¢, r and/or v
* LQ,,x: Allow coupling across generations

* Lepton Flavor Violation!
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@ J. High Energ. Phys. 2023, 168 (2023)

ATLAS Many Individual Searches
t,b
Probe a wide range of finalstate 7| ., - P
and infterpretations i YT
L(\QZ‘T 2
p p
t,b t,b L

-

P L(leix p p q
VLQlllif vV, / LC gliX’ f, v LQd

- -
- - -

-~ S -
-~

f
w+
=~ ~< ~ /‘(('"./1‘)
LQHHX Y ¢ LQﬁliX g’ Y LQmix W=
p VLQmix p p f_(e_, :u_)

t,b t,b b v
Search Scalar Vector Signal Region
Final State  Citaton LQ! LQ¢ 1LQ* ~ LQi — py™MMC g™MMC Ny Nay  Nbjess
tvbt [54] v v - - v - 0 1 >2
brtbt [55] v - - - v - {0,1} {1,2} {1,2}
ITLT [57] - v - - - v {1,2,3} >1 >1
tvbt [40] - - v v - - 1 - >1
btb¢t [58] - - v - - - 2 - {0, 1,2}
tftt (2¢)) [59] - - - v - - 2 - -
tétt (= 3¢) [61] - - - v - - {3,4} - > 2
tvty [62] v - v - v - 0 0 >2
bvbv [64] - v - v - - 0 - >2
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EXPEI&MENT NeW LQ Combination

Perform a statistical combination of searches for pair-produced leptoquarks that
decay into a third-generation quark and any charged or neutral lepton

T T T LI B e . L L B S S B T T

T T
ATLAS I
V5=13TeV,139 fb_l:

UL S B B
ATLAS
V5=13TeV,139 fb_l:

LQY - tv/bT

All contours at 95% CL
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—=—- Expected Limit
Expected 10

LQY > tt/bv

All contours at 95% CL

—— Observed Limit

——- Expected Limit
Expected 10

= Combined Analysis
Individual Analyses

= Combined Analysis
Individual Analyses

—— btbT - ——— bvby -
—— tuty | — trtT
— tthv — tvbT
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tvbt [54] 4 4 _ _ % = Best limits o
brbht [55] v - = - v date for any
57 - v - - - S
;:ztp; {4()} - - v ¥ = combination of
btbet [58] - - v - - parameters!
tere (2¢)) [59] - - - v _
terl (>36)  [61] = = = v -
tvtv [62] v - v - v —
[64] v
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ATLAS New LQ Combination

Perform a statistical combination of searches for pair-produced leptoquarks that
decay into a third-generation quark and any charged or neutral lepton
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btbt [55] v - - - v date for any {1,2}

57 - v - - - ] : 1

s {401 - - > = combination of ===
btbet [58] - - v - - parameters! 0,1,2}

tete (26)) [59] - - - v - -

tetl (= 36) [61] - - -~ v - - , 2 - > 2
tvtv [62] v - v - v - 0 0 >2
bvbvy [64] - v - v - 0
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LQ

Heavy
quarks

New Gauge Bosons

SSM Z’ — ¢t

SSM Z' - 17
Leptophobic Z’ — bb
Leptophobic Z’ — tt
SSM W' — ¢y

SSM W’ — 1v

HVT W —» WZ - tvqq model E
HVT V' - WV — qqqq model E
HVT V' - WH/ZH model B
HVT W’ — WH model B

LRSM Wk — tb

LRSM Wi — uNg

Scalar LQ 1%t gen LQ mass 1.4 TeV
Scalar LQ 2™ gen LQ mass 1.56 TeV
Scalar LQ 3™ gen LQY mass 1.03 TeV

Scalar LQ 3" gen LQJ mass 970 GeV

VLQ TT —» Ht/Zt/Wb+ X T mass 1.37 TeV
VLQ BB - Wt/Zb+ X B mass 1.34 TeV
VLQ T3 Ts3|Ts;3 » Wt + X | Tsj3 mass 1.64 TeV
VLQY - Wb+ X Y mass 1.85 TeV
VLQ B - Hb+ X B mass 1.21 TeV
VLQ QQ —» WqWq Q mass ) 690 GeV



AMLAS New Gauge Bosons

New vector bosons

Large category of models that predict new W'/Z’ bosons with different properties. Sometimes they
appear as DM mediators and sometimes they couple strongly to specific generations (3rd for
example), among many other possibilities

Both collaborations have looked for W and Z’ in
many different final states and are exploring new

Known physics process
ones with some regularity

Frequency

Typical benchmark models for general searches
Sequential Standard Model (SSM) or Heavy Vector Triplet

(HVT) New physics

Often searches in the invariant mass of the expected decay Interesting variable
(dijet, tt, bb, tb , e*e”, etc...). Very good coverage at high
mass, Low mass still has uncovered phase-space !

H. de la Torre, Northern lllinois University
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ATLAS New Gauge Bosons

)
>
O
ew vecCctior bosons O
c
O
Large category of models that predict new W'/Z’ bosons with different properties. Sometimes they ‘{(’
appear as DM mediators and sometimes they couple strongly to specific generations (3rd for =
example), among many other possibilities ;
O
=
@2
Both collaborations have looked for W and Z' in > <
many different fingl states and are.exploring new S | known physics process =
ones with some regularity g_ 9
S T
T >
L. )
m
Typical benchmark models for general searches %
Sequential Standard Model (SSM) or Heavy Vector Triplet i 8]
New physics 0}
(HVT) o
0
Often searches in the invariant.mass.of the exnected decav Interesting variable 0
(dijet.tt_bb, tb,e*e, etc..)lVery good coverage at high o
massf Low mass still has uncovered phase-space ! %
SSM Z’ — €t Z' mass 5.1 TeV k. N
17 SSM Z’ — 77 7’ mass 2.42 TeV n lllinois University %
— 7 ¢ Leptophobic Z’ — bb Z' mass 2.1TeV o
S | Leptophobic Z' — tt Z' mass 4.1TeV T
3 SSM W’ — ¢y W’ mass 6.0 TeV
Q  SSMW’' - v W’ mass 3.7TeV
S HVT W’ — WZ - {vqq model Bf W' mass 4.3 TeV
8 HVT V' - WV - qqqq model B| V/mass 3.8 TeV
(3 HVT V' - WH/ZH model B [V’ mass 293 TeV
HVT W’ — WH model B W’ mass 32TeV
LRSM Wg — tb Wg mass 3.25TeV
LRSM Wg — uNg Wg mass 5.0 TeV
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AMLAS New Gauge Bosons

New vector bosons

Large category of models that predict new W'/Z’ bosons with different properties. Sometimes they
appear as DM mediators and sometimes they couple strongly to specific generations (3rd for
example), among many other possibilities

Both collaborations have looked for W and Z’ in
many different final states and are exploring new
ones with some regularity

Known physics process

Frequency

Typical benchmark models for general searches
Sequential Standard Model (SSM) or Heavy Vector Triplet

(HVT) New physics

Often searches in the invariant mass of the expected decay Interesting variable
(dijet, tt, St ol aood oo .

massf§ Low mass still has uncovered phase-space !
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17 SSM Z" — ¢t
SSM Z’ - 17
— » Leptophobic Z" — bb
S | Leptophobic Z' — tt
a SSM W’ — ¢ty
-8 SSM W’ - 1y 3.7TeV
S HVT W’ — WZ - {vqq model Bf W' mass 43 TeV
S HVT V' > WV - qqqq model B| V/mass 3.8TeV
(O] HVT V' - WH/ZH model B V' mass 293 TeV
HVT W’ — WH model B W’ mass 3.2TeV
LRSM Wx — tb Wg mass 3.25TeV

LRSM Wg — uNg Wg mass 5.0 TeV
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@ EXOT-2019-01 Submitted to PRD (2024)

ATLAS Low Mass Resonance Search

Search for Z’=jj resonance with mass from 200 GeV to 650 GeV

* Consider two types of ISR (photon or jet) and two Z’ decays (i7 or bb)
* Four selections: yjj, vbb, jjj, jbb

BEACH 2024 Joseph Haley 24c
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@ EXOT-2019-01 Submitted to PRD (2024)

ATLAS Low Mass Resonance Search

Search for Z’=jj resonance with mass from 200 GeV to 650 GeV
* Consider two types of ISR (photon or jet) and two Z’ decays (jj or bb)

Four selections: yjj, vbb, jjj, jbb Ry ep—— e
. . . . . o [ Vs=13TeV,Z' - ]
* Search for bump in dijet mass distriubution m; S 01l i pATEGOY e m, ~350 GeV
- jbb: use the two b-jets g o N
oos&- || . .. m,. = 550 GeV —|
- Jjj: use pair with smallest A¢ and not two highest p; e m, = 650 GeV/
) 0.04 E
- Clear peaks for Z'=qq events ook o e E

- Smoothly falling distribution for background e e
m; [GeV]
g [ Vs=13TeV T Mhninagl = Mes ]
éoos :—jjj, pl>475GeV e Mol = m13‘:

[0S S P P BRI B I ERTR
200 300 400 500 600 700 800 900 1000

m, [GeV]
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@ EXOT-2019-01 Submitted to PRD (2024)

ATLAS Low Mass Resonance Search

Search for Z’=jj resonance with mass from 200 GeV to 650 GeV
* Consider two types of ISR (photon or jet) and two Z’ decays (jj or bb)

Four selections: yjj, vbb, jjj, jbb J e e
* Search for bump in dijet mass distriubution m; 20_12;,yﬁ‘p¢>435'ee7<1q _____ m-s50cov
. jbb: use the two b-jets g ot "z =450 GoV' 3
0.08 -+- My = 550 GeV
« jjj: use pair with smallest A¢ and not two highest p oos- | FT - m; = 650 GeV
- Clear peaks for Z'=¢gq events ZZ:_ E
- Smoothly falling distribution for background S At N
. .. . m. [GeV]
Dominate backgrounds from multijet and y+jet ”
. . . . ‘20.1— "I"'.'I"'.‘I""I‘"‘I""I""I""_
* Smoothly-falling m; distribution $ | aras smeon Mg = o]
. . . < 0.08 j/’jj,dT‘>475GeV ...... s = 1
* Estimate by function form fit to data 2| A

— _ \P2,P3+Ps1n(x)+ps In*(x)+pg In® (x)
fB(x) =p1(1 —x)"x

with x = mjj/\/E
* Validated with signal injection and spurious R
signal tests with simulation and partial data
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@ EXOT-2019-01 Submitted to PRD (2024)

ATLAS Low Mass Resonance Search

— —— L B e e e I B e e e e
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O] - * Data ] (0] * Data
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= E i ' — ’ = YY) j — 5 3
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2 g v — S-parfit, : 2 10°=, ¥ ___5-parfit, .
§ 103 L ’Ybb, p_l_>1 50 GeV Xz / ndOf =1.07 . § E jbb, pJT > 475 GeV X2/ ndOf =1 0.1 E
m e p-value = 0.10 w o p-value = 0.42
10? L -
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EXOT-2019-01 Submitted to PRD (2024)

ATLAS Low Mass Resonance Search

E LI L L L L L L L L L L L L L B O g L L L L L L I I ) L B |
o - ATLAS Theory (gq=0.1) 1 x ATLAS Theory (gq=0.1)
o Vs=13 TeV , 140 fo'! 7' signal ] o ;L Vs=13TeV, 140 b 7' signal |
< Yif s p¥>150 GeV -- Observed --- Expected < Lol pjT1>475 GeV -»-Observed --- Expected
5 o L 95% CL upper limits O+1c [J*20 i 5 i 95% CL upper limits Ox1c []*20 1
i | 10—1 I W |
102 - . i 1
NP P S P B I I B S B P TR I B E S B I DR P
250 300 350 400 450 500 550 600 650 250 300 350 400 450 500 550 600 650
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5‘10_1_TlITlITIIIIIIIIllll]lIIIIIYII‘IITIIITIINIIIIIlll_ S lllllll IIIIIIIIIIIIIIIIIII
=3 N ] K=
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@ EXOT-2019-01 Submitted to PRD (2024)

ATLAS Low Mass Resonance Search

o) I L LI L I L R I I I o) LN I LU UL UL I B L R
g - ATLAS Theory (g =0.1) Lr:& ATLaAs Theory (g =0.1)
T | (5=13TeV, 140 0" Zsignal T | s=13Tev, 14010 Zsignal ]
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ATLAS Conclusion

Many recent results from searches for VLQs, LQ, and gauge bosons
« Significant gains in sensitivity

> Full Run 2 data set zjjf_ s, o -

> Improved analysis techniques o o s
e.g. b-, W-, Higgs-, and top-tagging &

> Improved background modeling 8

« Most results are best limits to date q &

B(T — Wb)

B Singlet: B(B— bH) = B(B— bZ) = 0.25

95% CL upper limits

T T T
* ATLAS Vs=13TeV,3.6-140fb' - — Observed
ATLAS L o
{s=13TeV, 139 f' V5=13TeV,139 fo~! --- Expected
=—— Obs. Limit 0.2

=10 Unc. on

LQY - tv/bT

1- B(LQY - tv)
o
[

g
£
3
pa E Previous analyses
36.1-140 10

SO i All contours at 95% CL ATL-PHYS-PUB-2023-018
) noe —— Observed Limit — Dijet+ ISR (1)
3 5 ——- Expected Limit 0.1— jbb —
© B Expected +10 N 7 — Dijet +15R (y60)
o ¥ o4ar 0.07F 4
% = = Combined Analysis 0.06 - - — Diiet + ISR (i)
Qo = Individual Analyses 0.05+ -
g 0.2 — brbr .04 YU+ | — Dijet + 1R ibb)
172} . 140 fb°
Q — tvtv
o — twbw 0,03 A yecer it | — Dt + 18R 1 i)

1 1 1 1 1 1 1 1 L ] 1 1 L1 1 L 1 1 1 1 1 X 1 L
01800 1100 1200 1300 1400 1500 1600 1700 1800 1900 2000 ° 0.0 600 800 1000 1200 1400 1600 1800 2000 2200 2400 100 200 300 1000 2000
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« Unfortunately, still no direct signs of
VLQs, LQs, or new gauge bosons

Run 3 currently underway, bring much more data, plus many entirely 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 exoftic results:
twiki.cern.ch/twiki/bin/view/AtlasPublic/ExoticsPublicResults

The BEACH 2024 Organizers!

Joseph Haley
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ATLAS List of presented analyses

« Search for pair-production of vector-like 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 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)

« 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 (Submitted to Phys. Rev. D June 2024)

« Combination of searches for pair-produced leptoquarks at \s =13 TeV with the ATLAS detector
(Submitted to Phys. Lett. B March 2024)

« Search for low-mass resonances decaying into two jets and produced in association with a
photon or a jet at Vs =13 TeV with the ATLAS detector (Submitted to Phys. Rev. D January 2024)
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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 N

Nearly 411 coverage = E;miss

High granularity tracking

= b-tagging

All results using the ATLAS Run 2 data set (L= 139 fb!, Vs = 13 TeV)
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