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Physics beyond the Standard Model

* Could more generations of matter exist?

* Not with light neutrinos
(LEP experiments, Phys.Rept.427:257-454,2006, arXiv:hep-ex/0509008 )

* Not with a fourth generation that couples to the Higgs boson

like the existing ones
(Phys.Rev.Lett. 109 (2012) 241802, arXiv:1209.1101)

* |If new matter-like particles exist, they must be different from the SM

* Vector-like quarks (VLQ) and leptoquarks (LQ)
are possible (still) allowed extensions
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Vector-like quarks (VLQSs)

What are VLQs?
 carry colour charge
* sSpin 1/2

* their right and left components have the same quantum numbers: “vector-like”, i.e.
not chiral.
(This also means they don't have to get their mass via the Higgs mechanism)

Why VLQs?

* Arise in Composite Higgs models and little Higgs models — can explain the fine-
tuning of the mass of the Higgs boson.

» Higgs potential: V=—u’¢ ¢+A (¢ ¢)

Why this u value? (Only SM constant with
dimension mass)
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Vector-like quarks (VLQSs)

By convention, T has charge +2/3, B has charge —1/3, Y has charge —4/3
(depending on model there could also be Xss3, Yss...)

VLQs can be produced in pairs (QCD cross section) or singly (EW, model-
dependent)
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Summary of exclusions limits, VLQs

Singlet VLQ (pair) B(VLQ - Wq)=0.5

VLQ

Simplified VLQ (pair) B(VLQ - Wq)=1.0

Doublet (B Y) (single) 'g/mg = 20%, B(B -» Zb)=B(B » Hb)=0.5
Singlet B (single) Mg/mg =20%, B(B - Zb)=B(B - Hb)=0.25
Singlet B (pair) B(B -» Zb)=B(B - Hb)=0.25

B/X

Doublet (B Y) (pair) B(B - Zb)=B(B -» Hb)=0.5

Simplified B (pair) B(B - Zb)=1.0

Singlet B (pair) B(B - Wt)=0.5

Simplified B (pair) B(B - Wt)=1.0

Doublet (B Y) (single) I'y/my =20%, B(Y - Wb)=1.0

Doublet (X T) (single) F't/mr=20%, B(T -» Zt)=B(T -» Ht)=0.5
Singlet T (single) I't/mr=20%, B(T -» Zt)=B(T - Ht)=0.25

Simplified T (pair) B(T-» Ht)=1.0

ily/ive

Singlet T (pair) B(T - Zt)=B(T - Ht)=0.25
Doublet (X T) (pair) B(T -» Zt)=B(T - Ht)=0.5
Simplified T (pair) B(T - Zt)=1.0

Singlet T (pair) B(T- Wb)=0.5

Simplified T (pair) B(T-» Wb)=1.0
q refers to u, d, or s quark

Status: June 2025

ATLAS vector-like quark searches - 95% CL exclusion

ATL-PHYS-PUB-2025-030

ATLAS Preliminary

Vs=13TeV, 36.1 fb~1 - 140 fb~?

1Ll PRD 110 (2024) 052009 140 fb~* .
1.53 PRD 110 (2024) 052000 {140 fb~! (_:aveat' all analyses
18 JHEP 11 (2023) 168 {139 fb! listed h_ere assume
.3 JHEP 11 (2023) 168 1139 fb~! decay |nt0 SM
12 PLB 843 (2023) 138019 {139 fb! particles only
132 PLB 843 (2023) 138019 {130 fb~!
1.42 PLB 843 (2023) 138019 {130 fb~!
1.33 EPJC83 (2023) 719 {130 fb!
1.46 EPJC83 (2023) 719 {130 fb!
207  arxiv:2506.15515 {140 ! e
14 PRD 111 (2025) 012012 {139 fb~! . —
20 PRD 111 (2025) 012012 {130 fb~! .
1.01 PRD 98 (2018) 092005  {36.1 fb~!
1.27 PLB 843 (2023) 138019 {130 fb~!
1.46 PLB 843 (2023) 138019 {130 fb~!
16 PLB 843 (2023) 138019 {139 fb~!
1.36 PLB 854 (2024) 138743 {140 fb~" /m = 20% for
37 PLB 854 (2024) 138743 {140 fb~! Single pl’Od
05 1 15 25

Simplified
model

SuU(2)
singlet

SU(2)
doublet

Vector-like quark mass [TeV]
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Search for singly produced T/Y - Wb (1L)

arxiv:2506.15515

e Search for SU(2) singlet T or a Y from the SU(2) (T, B, Y) triplet,
W(e/u+v )b final state.

* Single lepton triggers.
e Signature: e/y, E™ss, hard b-jet, forward jet. mv.o from lepton, Es™ss, b-jet.

i P e T B Limits in terms of the coupling constant «:
R N AL = R R A Singlet T: k limit between 0.22 and 0.52
§ o R /| for mr 1150 — 2300 GeV.

- B // | Triplet Y: k limit between 0.14 and 0.46

= 7 ontitig 220 ' for my 1150 to 2600 GeV.

5 "2 oL o, (g any /7 | Effects of interference with the SM

B T . background: negligible effect for Y limit.
AAAAAAAAA e T The limits reinforce and extend the mass

0T T % B% w00 e g 00— 28002400260 coverage of the Single VLQ upper limits

Myq [GeV] Triplet my [GeV]

from ATLAS.
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Search for singly produced 7/Y - Wb (all-had)

JHEP 02 (2025) 075

Complementary to the previous analysis. Limits on a SU(2) singlet T,
and a Y from the (B, Y) doublet, Wb all-hadronic final state.

Large R-jet trigger. Signature: W-tagged large-R jet, small-R b-jet. VLQ mass = m(W, b).

Limits in terms of the k coupling:

% I S A R 3 102 SRR BN LA | 3
(85 3500~ AET:?;STevmsgfb“ ! %iuuetm.a* % - ATLAS . Y1 K = 05 20 TeV
é p——y il Eyumjef ER 10—_ Vs =13 TeV, 139 fb™ 95:/OC|_ Obs. Limit ] y’ K=0.7:2.4 TeV
L%) F Post-Fit W Single top ] E Q- Wb’ Q=TorY — 95% QL EXp- Limit 3 _ ]
o) myis - - ST 1 T,x=0.5:14TeV
o Ba oL emeeeoase ] 1E vowei0s 1 T,k =0.7:1.9 TeV.
1500 ¢ 3 f -------- RIS K E . o .
—_— 1 Most stringent limits to date for this
N e 3 channel (dep. on coupling).
. o ' . e The mass limits on Y in the (B,
+ .
o 1.05F o | 3 3 2L e i . .
s WAy 3 7% ML 5 doublet improved w.r.t previous
8 0958 ? [ & Sacs 2 ?/ 3 T 3
0.8 1000 1500 2000 2500 3600 . B T e N AT LAS resu |tS .
momssiev - 10T7TTERTT94 16 18 2 22 24 26 The search regions for Yand the T
@ ™ singlet have been extended.
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Search for boosted top + E+™ss
JHEP 05 (2024) 263

* Interpreted as a search for singly produced T — Z(vv)t
e E;™ss triggers

* Signature: top-tagged large-R jet, Es™sS

* Using XGBoost classifier to suppress background

3‘ 105 ‘lE— | T T T | T T T | T T T T | T T T T I T T T | T T T | T T T I T T T I
% ﬁ - ATLAS —— Theory (NLO) j
:'g T 1 04 E Vs=13 TeV, 139 fb! — 95% C.L. Obs. Limit E
212 ' = " Single-T Producton T St EXpL LimIL .
> TCR TVR2bHPhi T 10°L =05, singlet [ 95% C.L. Exp. t1o _EI
2 = BR(T— Z1)=0.25 [ ]95%C.L. Exp. ¥2¢ E
TVR1bHPhi XGB<0.5 ¥ SRrib XGB > 0.5 ° i .
gl | e v E
SROb XGB > 0.5 10 <
0 VCR ‘ = ]
e 1 E
0.2 1.0 AP, (G.ET™) 3 3

clvv v by b by b v b by by gy 1
1000 1200 1400 1600 1800 2000 2200 2400 2600 2800

@) m; [GeV]
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Mass limit
SU(2) singlet T:
m <1.8 TeV

KT — 05,

BR(Zt) = 25%.



Single T combination
PRD 111 (2025) 012012

 Combination of several ATLAS analyses searching for T — H/Z+t
(including the one from previous slide, boosted top + Ey™ss)

* Results shown as a function of decay width and BR into W, H, Z
- approximately the éwzn parameters (PRD 101 (2020) 115027)

ATLAS
¥s=13TeV, 139 fb"
50 , -

g 45
&w=0.5 <=> SU(2) singlet <& ,& |
&w=0.0 <=> SU(2) doublet |
under the assumption that
only decays into W, Z, H
are allowed.
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Leptoquarks (LQ)
LQs can
e arise in GUT models with extended gauge groups
e carry both lepton and baryon numbers, as well as electric charge and colour
* decay into a lepton-quark pair
* Dbe scalar (spin 0) or vector (spin 1)
* lead to lepton flavour universality violations
* be produced in pair or singly
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Summary of exclusions limits, LQs

ATL-PHYS-PUB-2025-013

ATLAS leptoquark searches - 95% CL exclusion

Status: March 2025

ATLAS Preliminary
Vs5=13 TeV, 139 fb~1-140 fb~?!

= Scalar (pair) B(LQ —>1e;=1 .0r ILES JHEP 10 (2020) 112
) Scalar (pair) B(LQ - ce)=1.0} 1.76 JHEP 10 (2020) 112
S Scalar (pair) B(LQ -» be)=1.0} T8 PLB 854 (2024) 138736
o Scalar (pair) B(LQ—>te)=1 or EGE PLB 854 (2024) 138736
e Vector (Mln; pair) B(LQ »te)=1.0+ 1.67 EPJC 84 (2024) 818
Vector (ot oo} Q11181 s s
. —ju)=1.0} 7
Scalar (pair) B(LQ—»c )=1.0 1.68 JHEP 10 (2020) 112
% Scalar (palr) B(LQ—»b;’j)=1 or Iy PLB 854 (2024) 138736
= Scalar Ppalr) B(LQ - tu)=1.0} i PLB 854 (2024) 138736
g Vector (Min) (pair) B(LQ - tu)=1.0r 1.67 EPJC 84 (2024) 818
Vectog CXlar (hai) Aig- 10! 13 = SHEp 06 (2003 196
Scalar (pair) B(LQ -»bT1)=1.01 1.48 PLB 854 (2024) 138736
Vector (Min) (pair) B(LQ »bT)=1.01 1.65 EPJC 83 (2023) 1075
Vector (YM) (pair) B(LQ—»br =1.0} 191 EPJC 83 (2023) 1075
~~ Scalar (smgle+non res. +pa|rg A(bT)=1.5} 1.34 JHEP 10 (2023) 001
ke Scalar (single+non res A(br =2.5r 2l arXiv:2503.19836
S Vector (Min) (single+non res. +pa|r; ébr;:l Sr 1.45 JHEP 10 2023 001
o Vector (Min) (single+non res.) A(bt)=2.5¢ 2.5 arXiv:250
= Vector (YM) (single+non res.+pair) A(bT)=1.5} 1.64 JHEP 10 §2023 001
SEEEE I (Ssclg aI$+naop reSL)QM‘%T)=% 8 LB - E’rgév825540 2024) 138736
i -t1)=1.0 :
Vector (Min) ﬁgalrg ﬁLQ—»tr;=1 or 1.54 PLB 854 (2024) 138736
Vector (YM) (pair) B(LQ—M‘T;=1 .0r 1.81 PLB 854 (2024 138736
Scalar (pair) B(LQ -»cv)=1.0 0.88 arXiv:2410.17824
Vector (Min) (pair) B(LQ -»cv)=0.51 0.95 arXiv:2410.17824
VeCtosrc(g ';Ir) (( pgllrr)) g(( L8 *Eﬁﬁ’ (5) I — 1,26 %rfév52é410‘21()72%24138736
- = r -
CEE o NRE cie i )
calar (pair -te)=0.5} ;
= Scalar (Salr) BéLQ—»tu;:O 5r 1.43 PLB 854 (2024) 138736
o Scalar (pair) B(LQ - t1)=0.5} 1.36 PLB 854 (2024) 138736
= Scalar (pair) B(LQ - be)=0.5r s PLB 854 (2024) 138736
5 Nectar (1M (bain) (LG~ bey=03 | — JHEP 06 (20231 165
= ector air -be)=0.5f 5
@ Scalar &ur 2LQ ->bp§=0 St 155 PLB 854 (2024) 138736
—] Vector (Min) (pair) B(LQ - bu)=0.5 1.71 JHEP 06 (2023) 188
vecto, o fpar) A8 2018 AL
Vector (Min) (pair) B(LQ -»bT)=0.5 n58; PLB 854 (2024) 138736
Vector (YM) (pair) B(LQ - bT)=0.5 . . : 1.84 ! ! PLB 854 (2024) 138736
0 0.5 1 1.5 2 25 3
j refers to u, d, or s quark
Scalar Vector Vector Leptoquark mass [TeV]
(Yang-Mills) (Minimal)
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couplings (to
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Search for lepton-jet resonance

arXiv:2507.03650

Search for a single scalar LQ, resonant production, which couples to charged leptons
and down-type quarks in Vs =13, 13.6 TeV data. Complementary to palr prod searches.

> =3

& ATLAS e Data ~ Total SM = L ATLAS

- Vs =13.6 TeV, 55 fo' Wijets B Top 4|— Vs=13TeV,140 fb!

010 W + b-jet, Post-fit B Z+jets I Other L Vs5=13.6TeV, 551"

S SR-1L-ub Fakes/non-prompt ----LQ (1.5 TeV,y_=2.5) L S U +b, u + b-jet channel
5 -+ 1Q (20 TeV, y, =2.5) & L

£10exp

. 120,

Data/

A \k SR TN N \ N NN \ \
N NN ?\ J NN NN N\

NN
NS
N N
\ N

All limits at 95% CL
== QObserved limit
= = Expected limit

=== ATLAS LQ pair prod. |
JHEP 10 (2020) 112 7

y: coupling
LQ%q

| 1000 1500 2000 2500 3000

Mass

1000 1200 1400 1600 1800 2000 2200 2400
mfj [G eV]

exclusions (dep. on coupling): 3.4 TeV for y;=1.0,

3500 4000

m(S1) [GeV]

4.3 TeV for y,=3.5, 3.1 TeV for y»,=3.5, 2.8 TeV for y,,=3.5 (shown in figure).
Extends previous limits.

ATLAS

EXPERIMENT

Also: LQ searches in tt production — Simon Koch's talk in this session.

Searches for VLQs and LQs from the ATLAS Experiment
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Vector-like leptons (VLL) decaying to a LQ

arxiv:2503.22581

If you have vector-like quarks, why not leptons? N like neutrino, E like electron.

Ultraviolet-complete extension to SM, “4321” (DiLuzio et al, JHEP 11 (2018) 081),
VLL decays into a vector LQ (U,), in T+b final state

More on Thursday in Jack Harrison's talk “Searches for new physics using leptons

with the ATLAS detector”

E T I
F ATLAS

Events

10*E VLL 4321
F 227, 23b
3 ; Post-Fit

I
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ATLAS
Vs=13TeV

126 - 140 fb™'
95% CL limits Expected +2¢

- - Expected (Tr,_, >3b MST, 140 fo')

- - had =
E - -+ Expected (tr,,>3b BJET, 126 fb™)
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E N S —— VLL 4321 model prediction
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200 400 600 800 1000 1200 1400
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Summary and conclusions
 VLQs, VLLs and LQs are possible new particles beyond the Standard Model
* ATLAS has extensive programmes for searches for these particles.

* The recent results, mostly single production channels, exclude more regions
than before

References:

e ATL-PHYS-PUB-2025-030 e EXOT-2021-02 PRD 111 (2025) 012012
VLQ summary plot single T combination

« EXOT-2018-60 arXiv:2505.15515 e ATL-PHYS-PUB-2025-013
YIT - Wb (1L) LQ summary plot

« EXOT-2022-43 JHEP02(2025) 075 « EXOT-2024-12/ arXiv:2507.03650
YIT - Wb (0b) LQ pair to lepton + jet

« EXOT-2022-40 JHEPO05(2024) 263 « EXOT-2022-27 arXiv:2503.22581
boosted t + Es™ss with T interpretation VLL pair to taus and jet
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