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Unexplained phenomena — Standard Model (SM) is not complete

@ understand lepton and quark similarities, hierarchy problem, dark matter, ...
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Several beyond Standard Model (BSM) searches, focus here on ATLAS and CMS results for

Leptoquarks (LQ), Vector-like quarks (VLQ) with .# = 138 fb~! Run 2 pp@13 TeV data
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https://twiki.cern.ch/twiki/bin/view/CMSPublic/SummaryPlotsEXO13TeV#Leptoquark_summary_plot

Leptoquarks

Explain similarities between lepton and quarks, predicted by several SM extensions:

@ Composite models, GUT, technicolor, superstring, R-parity violating SUSY, ...

@ Color-triplet scalar (spin-0) or vector (spin-1) bosons, fractional charge

@ Carry both lepton and baryon number, decay in lepton and quark

@ Single (gg fusion, £q collision) or pair production (gg fusion, gg annihilation), ...
9 LQ b T b -

LQ LQ LQ

Y LQ g LQ b Tt

Yukawa coupling at LQ-lepton-quark vertex: A (using /lej,R to specify which involved g and /)

o Traditionally to a single lepton-quark generation; potential lepton universality violation
@ Additional parameter k, relating anomalous magnetic and electric quadrupole moment

o Considered coupling scenarios: minimal (x = 0) and Yang-Mills (x = 1) 32



LQ pairs to electrons and jets -

Pair production o independent on X value, dominating on single production for moderate A )

CMS Preliminary 138 fb™ (13 TeV) CMS Preliminary 138 b’ (13 TeV)

. = N B B LN LB e T e L L L L B L T T4

Event selection g o QT - s 4 0ok _ 3
l:/ & | gcy L"T;.,er . 3 S E gs%c(r;\_s\imui lZS)tc)ala’ LS)LQ El

. AR ] = —_ eejj (Observe B

e >2 e, > 2 _jetS, f- 1t 08 __ cMs eej (Expected) =
iy s of EZEEEE :

I e o Xpecte =

pt > 50 GeV, i veto ol ooE E

@ Mee > 50 GeV, 0k osE E
0.4 3

ee C E El

pT > 70 GeV 102k 03 E

o 3 0.2 ; é

(] AR(KJ) > 03, 10 & E E|
seel GeV I :
T > 300 Ge P N S I I S P R A N BRI R AR AR BT

Yy 500 1000 1500 2000 2500 300( 400 600 800 1000 1200 1400 1600 1800 2000

m, (GeV) my, (GeV)

95% CL upper limits (constraining LQ — e~ qqp and LQ — et Gy p, ie., 5 =1)

o Observed (Expected) limits on the o x 32 vs LQ mass for several models
@ M;g < 1710 (1755) GeV (decay to light quark), Mg < 1700 (1745) GeV (to b-quark)
e M;q < 2110 (2165) GeV (minimal scenario), Mg < 2525 (2525) GeV (Yang-Mills)
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https://cds.cern.ch/record/2957050

Scalar LQ via pu-scattering -

Lepton-induced LQ production via photon PDF within proton )

L CMS Preliminary 138 b (13 TeV) 2 CMS Preliminary 138 b (13 TeV)
) 22 : — T

Expected exclusion 95% CL ] <

[ observed exclusion 95% cL ] [ ]
| Lepton induced | 151 i

|:| Pair production (PRD99.032014)

q L [ Non resonant (arxiv:2503. 20023) 1:7 : xpected exclusion 95% CL
N “ : D Observed exclusion 95% CL
o leading p (pr > 55 GeV) ] . T [
S S T T S S I L L L 1 L L L L L L L L L
sub-lead 7 2000 3000 4l?(%omass [Ge%o]oo 1500 2000 250&3 s [Ge%o]oo

(pT > 7 GeV), e-veto

o leading jet or b-jet 95% CL upper limits
(pt > 100 GeV), @ Explored muonic coupling w/ u and b quarks
0.6 < pf/pr < 1.6 @ Limits on the coupling A vs LQ mass
o my; > 300 GeV, @ Improved sensitivity for M g > 1.8 TeV and A > 1

Ap(p,j) > 2.5 5731


https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/EXO-24-005/index.html

Vector-like quarks

o Cancel large fine-tuning corrections (2HDM, Little H, Composite H, extra dimensions)

(]

Appear in some SUSY models, stabilize electroweak vacuum, ...

Color-triplet, spin-1/2 fermions, mass term in . independent of Yukawa couplings to H
Under SU(2), x U(1)y, left- and right-handed components transform identically
Pair (single) production via strong (weak) interaction

Single production dominating for my; g > 1 TeV
o Electroweak coupling strenght to boson: x depends on my,q, INvig, multiplet

@ Coupling predominantly to third-generation quarks to cancel H mass divergences

e T(+2/3e), B(—1/3e) in singlet, doublet or triplet w/ X(5/3¢), Y(—4/3e)

@ Possible decays via charged and neutral current: B — bH, bZ, tW, T — bW, tH, tZ
o # depends on multiplets, e.g. for high mass singlet T is (bW : tH :tZ)=2:1:1
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Single VLQ T/Y — Whb in 1-lepton channel -

Requirement Preselection
Leptons 1 > o T B o o e B !
o
O] - ATLAS [ [}ata 4
Jets >2 8 L f5=18Tev, 1401 53\/ S
. . 4 ET. +light jets 3
Leading-jet pr [GeV] > 200 P i :igh,\:@b é&ep Bwiiris
Leading-jet is central (|n| < 2.5) Yes 2 [ Posti =§,*n'§imp ]
Leading-jet is b-tagged Yes 0 Eore E
ET' [GeV] > 120 f WFakes 3
‘ ) L L 77 Uncertainty
|A¢(leading jet, pr**)| >2 r - Prefitbkg. 1
“E Ztﬂzz%ﬁé&ﬁ;
w SR fCR (fVR W+jets CR Wijets VRI  Wjets VR2 F i
Requirement E =
b-tagged jets >1 >2 >1 1 1 1 18 =
Leading-jet pr [GeV] >350 >200 >200 > 250 > 250 > 250 9
|A¢(lepton, leading jet)| >25 25 >25 >2.5 (1.5,2.5] s2s £ 4
# additional hard central jets 0 0 >1 - - - g '
# forward jets (pt > 40 GeV) >1 0 >1 0 >1 0
500 1000 1500 2000 2500 3000
my o [GeV]

o Interference w/ SM background taken into account

J
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https://link.springer.com/article/10.1007/JHEP12(2025)012

Single VLQ T/Y — Whb in 1-lepton channel -
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95% CL limit on coupling strength x vs VLQ mass
e singlet: x € [0.22,0.52] for myq from 1150 to 2300 GeV
o triplet: x € [0.14,0.46] for myLq from 1150 to 2600 GeV

@ Complementary to the all-hadronic channel

@ Extend mass coverage for ATLAS single-VLQ production limits



https://link.springer.com/article/10.1007/JHEP12(2025)012

Single vector-like T in final state w/ scalar -

Event selection: T’/ — t¢, scalar ¢ — bb, and t — Whb highly boosted

a v
w ‘ @ Trigger on scalar ) pt of all jets or single high-pt jet
e v
o ) o > 2 AKS jets, large radius, high pt > 350 GeV, back-to-back
. @ soft jet, pr > 50 GeV, separated |A¢| > 7/2, lepton-veto
’ b @ dynamic graph convolutional neural network tagger
- _ CMS ‘ 138ﬂ?" (13 TeV)
95% CL upper limits on o X e%( T’ N t(qu],)(b(bb)) g ‘ Singlet VLQ benchmark 95% CL upper limit
L 103, T = 1% — Observed
@ Global combination with semileptonic channel T B e e s

B

° for ¢ _ H: »5_102;\“\\ 95% expected
o for 1 < my <3 TeV: 10-0.4 fb N

o for singlet T/, I'/m7, = 5%: excluded
0.85 < my < 1.3 TeV, most stringent for my: > 2 TeV

o(pp - Th

o for other my: as low as 0.1 fb 10001500 2000 2500 | 5000
v
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https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/B2G-22-001/index.html

Single narrow vector-like B" — tW in 1-lepton -

o
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CMS Preliminary

138 b (13 Tev)
T

o(pp — bgB’) B(B' - tW) [phb]

CMS Preliminary
e

Singlet bgB*

Mg /mg <10%

138 fb* (13 TeV)
L B I
95% CL upper limits
—— Observed
""""" Expected Bl
I 68% expected -
[ 95% expected E|
1 pp - batW, Mg /m, =5% 7
pp — batW, Mg /my =1%_|

2500
GeV]

95% CL limits

e for bgB’, singlet, ['/mg = 5%:
o excl. mg: < 1.23 TeV
o for mg: € [0.8 — 1.8]TeV, excl. k > 0.30
e for tqB’, singlet (doublet), I'/mg = 5% (1%):
o excl. mg: <1 TeV
o for singlet mg: € [0.8 — 1.2]TeV, excl. k > 0.41
o for doublet mg: € [0.8 —2.0]TeV, excl. x > 0.29

v
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https://cds.cern.ch/record/2957047

HL-LHC extrapolation of LQ and VLQ searches -
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ATLAS Preliminary —e— Run 2 (140 f6* \s = 13 TeV)
Vector LQ

Expected 95% CL limits
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---A==- 6 ab’, (5= 14 TeV, Run 2 Syst.
—4&— Gab™, {s= 14 TeV, Baseline
777227 Preferred region (90% CL)
EurPhys.J.C 83 (2023) 2, 153

o LQ 523
e VLQ x improves by 30% at 1.2 TeV and 60% at 2.3 TeV

2.5 3
Leptoquark mass [TeV]

improves by 30% (20%),

0.5
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0.0
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/s = 14 TeV (6 ab- *) Run2Syst. — \/’ 14TeV (6 ab- 1), Baseline
12b0 1400 1 600 1 800 2000 2200 2400 2600
mr [GeV]

40% (20%) in baseline (Run 2 syst.) scenario



https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2025-040

ATLAS and CMS searches in Run 2 data (~ 140 fb_l): LQ, VLQ

95% CL limit on LQ pair and single production

o Observed (Expected) limits on the o x 32 vs LQ mass for several models
o Mg < 1710 (1755) GeV (light), Mig < 1700 (1745) GeV (b)
o Mg < 2110 (2165) GeV (minimal), Mg < 2525 (2525) GeV Yang-Mills scenario

@ Upper limits on coupling A vs LQ mass, probed high 323 region
@ Explored p coupling w/ u and b quarks, improved for M g > 1.8 TeV and A > 1

95% CL limit on VLQ single production
@ singlet (triplet): x € [0.22,0.52] ([0.14, 0.46]) for myLq from 1150 to 2300 (2600) GeV
o limits on o x B(T' — t¢$) and on narrow vector-like B’ — tW mass and coupling
@ limits on my < 1.40 (1.56) TeV singlet (doublet), < 1.66 TeV (Z(T — Ht) = 100%)
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Conclusion and perspectives

Projected limit sensitivities for 3 ab=! (ATLAS only) and 6 ab=! (ATLAS and CMS comb)

o LQ 33 improves by 30% (20%), 40% (20%) in baseline (Run 2 syst.) scenario
@ VLQ « improves by 30% at 1.2 TeV and 60% at 2.3 TeV

@ Large Run 3 dataset provides ample opportunities for VLQ searches
@ Impressive amount of new results produced by ATLAS and CMS on this topic
@ Several LQ/VLQ analyses are currently in preparation

— Stay tuned!
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Vector-like quarks ATLAS results

ATLAS vector-like quark searches - 95% CL exclusion ATLAS Preliminary
Status: June 2025 Vs=13TeV, 36.1 fb~! - 140 fb~!
g Singlet VLQ (pair) B(VLQ - Wq)=0.5 1.15 PRD 110 (2024) 052009 {140 fb*
= Simplified VLQ (pair) B(VLQ - Wq)=1.0 1.53 PRD 110 (2024) 052009 1140 fb~!
Doublet (B Y) (single) Fg/mg = 20%, B(B - Zb)=B(B - Hb)=0.5 18 JHEP 11 (2023) 168 139 fb!
Singlet B (single) Mg/mg = 20%, B(B —» Zb)=B(B - Hb)=0.25 13 JHEP 11 (2023) 168 139 fb~!
Singlet B (pair) B(B - Zb)=B(B - Hb)=0.25 12 PLB 843 (2023) 138019 139 fb~!
E Doublet (B Y) (pair) B(B - Zb)=B(B - Hb)=0.5 132 PLB 843 (2023) 138019 139 fb~!
Simplified B (pair) B(B - Zb)=1.0 1.42 PLB 843 (2023) 138019 139 fb!
Singlet B (pair) B(B - Wt)=0.5 133 EPJC 83 (2023) 719 139 fb~!
Simplified B (pair) B(B -» Wt)=1.0 1.46 EPJC 83 (2023) 719 139 fb~!
Doublet (B Y) (single) My/my =20%, B(Y - Wb)=1.0 2.27 arXiv:2506.15515 140 fb~!
Doublet (X T) (single) F+/mr=20%, B(T = Zt)=B(T - Ht)=0.5 14 PRD 111 (2025) 012012 1139 fb~!
Singlet T (single) M/mr=20%, B(T - Zt)=B(T -» Ht)=0.25 20 PRD 111 (2025) 012012 {139 fb~!
Simplified T (pair) B(T-»Ht)=1.0 1.01 PRD 98 (2018) 092005 36.1fb!
E Singlet T (pair) B(T - Zt)=B(T - Ht)=0.25 127 PLB 843 (2023) 138019 139 fb~!
Doublet (X T) (pair) B(T - Zt)=B(T - Ht)=0.5 1.46 PLB 843 (2023) 138019 139 fb !
Simplified T (pair) B(T - Zt)=1.0 1.6 PLB 843 (2023) 138019 {139 fb~!
Singlet T (pair) B(T - Wb)=0.5 1.36 PLB 854 (2024) 138743 {140 fb~!
Simplified T (pair) B(T- Wb)=1.0 17 PLB 854 (2024) 138743 140 fb~!
q refers to u, d, or s quark 0 05 1 15 ) >'5 3

Simplified Su(2) SuU(2)
model singlet doublet Vector-like quark mass [TeV] 14/21


https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2025-030/#figures_header
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2025-030/

Vector-like quarks CMS results

Very heavy fermions

B/X

Pair prod.

> tWt - lep. + jets

> bWt - lep. + jets

1> b Hb (H- bb) (F/m=0.2, Doublet)
> tWtolep. +jets  (F/m=0.05, LH)

» bWt lep. +jets  (F/m=0.05, LH)

> bzt(Zz -1 (r/m=0.05, Singlet)

B> b (tH+t2) (H/Z - bb), (F/m=0.05, Singlet)
» b (tH +1Z) (H/Z - bb), (T/m=0.05, Singlet)
» bZt(Z-w) (r/m=0.05, Singlet)
» btH(H-yy), (r/m=0.05, Singlet)
» (qb)T Comb. (r/m=0.05, Singlet)

» bWb - lep. + jets (r/m=0.1, Singlet)
B> Y_4Y_a3 » W bW - 1vqGqG

1> BB - tZtZ - bqq bad

» BB - bqq baq (Singlet)

» BB - lep. + jets (Singlet)

» TT - lep. + jets (Singlet and Doublet)

» BB - lep. + jets (Doublet)

» BB Comb. (Singlet and Doublet)
> TT - t0 (My =200 GeV)  (I/m=

CMS Preliminary

36 -138fb™! (13TeV)

Mg | Epic 79 2019) 90 > 0.8-0.9
Mg| Epic79 201990 — 0.7-14 » 138fb!
Mg | IHEP 06 2018) 031 = 0.7-0.8 > 36fb?
My| B2G24013 5 0.9-1.0
Mg| B2G-24.013 — 0.8-1.2
Mr| P8 781 20181 574 — 0.7-0.9
My | Ep 01 2020) 036 — 0.7-0.9
My | Phys.Rev.0 120 2024 072012 [ 0.6-1.1
My | Hep 05 2022) 093 — 0.6-1.0
My | IHEP 09 2023) 057 — 0.6-1.0
My | PhysRept. 1115 (2025) 570677 [ e 06-12
My | 82622004 —
My | P8 779 2018) 82 — 0.8-1.3
Mg| PRD 100 (2019) 072001 — 0.7-1.1
Mg |  PRD 102 (2020) 112004 — 1.0-1.4
Mg | HEP 07 2023) 020 — 0.9-15
My | Hep 07 2023) 020 — 0.9-15
Mg | 240213808 sub. to PRO — 1.0-15 —  Investigation range/boundary
Mg |  Phys.Rept. 1115 (2025) 570-677 — 1.1-15
M| 82624016 — 0.8-1.4
0.0 0.5 1.0 15 25 3.0

Excluded mass range at 95% CL [TeV]
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https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsB2G#B2G_Summary_Plots
https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsB2G#Summary_of_public_Very_Heavy_Fer

Leptoquarks ATLAS results

ATLAS leptoquark searches - 95% CL exclusion

Status: March 2025

ATLAS Preliminary
V5=13 TeV, 139 fb~1-140 fb~!

= .0 8 JHEP 2020) 112
Q 0 176 JHEP 10 (2020) 112
3 .0 1.73 PLB 854 (2024) 138736
o .0 1.65 PLB 854 (2024) 138736
S 0 .67 EPJC 84 (2024) 818
.0 1.95 EPJC 2024) 818
— .0 174 JHEP 2020) 112
3 0 1.68 JHEP 2020) 112
o 0 17 PLB 854 (2024) 138736
= 0 16 PLB 854 (2024) 138736
9 0 167 EPJC 84 (2024 818
Vector (YM)( a\r) B(LQ—oty;— .0 1.95 EPJC 2024) 818
Scalar {:)alr) B(LQ-»/1)=1.0 1) JHEP 2023) 199
Scalar§pa\r B LQ» .0 148 PLB 854 (2024) 138736
Vector(Mln) pair) B bT) .0 1.65 EPJC 83 (2023) 1075
r (YM) (pair) B(LQab )=1.0 191 EPJC 83 (2023) 1075
— Scalar(snngle+non res +pair) A 5 1.34 JHEP 10 (2023) 001
= alar (single+non res. T)=2.5 211 arXiv:2503.10836
= Vector (Mln) (sm le+non res.+pair) A(b1)=1.5 1.45 JHEP 3(20233 001
o (Mlng (single+non res. 5 25 arXiv:2! 836
] Vector (YM) (single+non res.+pair) 5 1.64 JHEP 420232 001
or (YM) (si ?Ie+non res.) A(b1)=2.5 25 arXi 6
Scalar (pai %LQ—’t 3 .0 152 PLB 854 (2024) 138736
Vector (Min) (pair) B(LQ - tT)=1.0 1.54 PLB 854 (2024) 138736
Vector (YM) (pair) B(LQ-tT)=1.0 181 PLB 2024) 138736
calar (| alrg B(LQ - cv .0 arXiv:2410.17824
Vector (Mm) (pa\r B(LQ - cv)=0.5 arXiv:2410.17824
‘ector (YM) (pair) B(LQ - cv)=0.5 115 arXiv:2410.17824
Scalar (| a\r) B(LQ » bv)=1.0 1.26 PLB 854 (2024) 138736
Scalar Fpa\r) B(LQ - tv 0 1.24 PLB 854 (2024) 138736
Scalar (pair] ls‘é LQ -~ te; 5 145 PLB 854 (2024) 138736
fy Scalar (pair) B(LQ - tu, 5 1.43 PLB 854 (2024) 138736
o Scalar (pair) B(LQ - t1)=0.5 136 PLB 854 (2024) 138736
= Scalar (pawrg B(LQ - be .5 151 PLB 854 (2024) 138736
o Vector (Min) (pair) B(LQ - be, .5 1.62 JHEP 2023) 188
- (YM) (pair) B(LQ*bE .5 1.9 JHEP 2023) 188,
o Scalar (pair] B%LQ by .5 157 PLB 854 (2024) 138736
a Vector (Min) (pair) B(LQ - by, .5 17 JHEP 2023) 188
‘ector (YM) (pair) B(LQ - bj .5 1.98 JHEP 2023) 188
calar gpa\r 5 134 PLB 854 (2024) 138736
Vector (Min) (pair) Bl 5 1.58 PLB 854 (2024) 138736
Vector (YM) (pair) B(LQ - bT)=0.5 1.84 PLB 854 (2024) 138736
0 0.5 1.5 2 2.5 3

j refers to u, d, or s quark
Vector Vector

Scalar  (vang-Mills) (Minimal)

Leptoquark mass [TeV]

888
g
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2025-013/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2025-013/#figures_header

Leptoquarks CMS results

CMS Preliminary March 2025
TLQ(bT), B(LQ-bT)=1,A=3 arXiv:2308.06143 — 138 bt
TLQ(bT), B(LQ-»bT)=1,A=2.5 arXiv:1806.03472 — 36 bt
TLQ(bT), BLQ~bT)=1,A=2.5 arXiv:2308.07826 S T ey 138 b1
S 0s1sTev
5, LOWBTLO®D), B(LO-bT) =1 arxiv:1811.00806 — 36 b
T LQ(bTILQ(bT), B(LQ»bT) =1 arXiv:2308.07826 o e ey 138 fb~!
7T estlseTev
o Nonres. T, A (bT) = 2.5, Ap(bT) = 0, A (sT) = 0.48 (A = g—%) arXiv:2208.02717 o 1-269Tev 138 fb~!
N S 1-2.69Tev
N Nonres. TT, A (bT) = Ag(bT) = 2.5, A (sT) = 0.53 (A =%) arXiv:2208.02717 e sTaTew 138 fb !
/ S 1T
Nonres. tv, A (bT) = 2.5, Ag(bT) =0, A (sT) = 0.48 APXIVi2212. 12604 1 0115 TeV 138 fb!
Nonres. v, A (bT) = Ag(bT) = 2.5, A((sT) = 0.53 :arx 2212, 126 04 o O L= 25 T 138 fb~*
LQUTILQ(bY:) + v-LQ(ET), A(tT) = A(bvr) = 2.5 arXiv:2012.04178 — 137 ot
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Selection of observed exclusion limits at 95% C.L. (theory uncertainties are not included).
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vector-like B" — tW in 1-lepton - CMS-PAS-B2G-24-013
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Single narrow vector-like B — tW in 1-lepton - CMS-PAS-B2G-24-013
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