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• Recent hints for LFU violation

‣  transitions ( )


‣  transitions ( )


‣  ( )


‣ Even more  

• Leptoquarks possible solution


‣ Mass at TeV scale


‣ Preferential couplings to /  generation


• Weaker indirect bounds

b → cℓν 3.1 σ
b → sℓℓ 3.1 σ
(g − 2)μ 4.2 σ
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Run !a/2⇡ [Hz] !̃
0
p/2⇡ [Hz] R0

µ ⇥ 1000

1a 229081.06(28) 61791871.2(7.1) 3.7073009(45)

1b 229081.40(24) 61791937.8(7.9) 3.7073024(38)

1c 229081.26(19) 61791845.4(7.7) 3.7073057(31)

1d 229081.23(16) 61792003.4(6.6) 3.7072957(26)

Run-1 3.7073003(17)

TABLE I. Run-1 group measurements of !a, !̃
0
p, and their

ratios R0
µ multiplied by 1000. See also Supplemental Mate-

rial [66].

COMPUTING aµ AND CONCLUSIONS

Table I lists the individual measurements of !a and

!̃
0
p, inclusive of all correction terms in Eq. 4, for the four

run groups, as well as their ratios, R0
µ (the latter multi-

plied by 1000). The measurements are largely uncorre-

lated because the run-group uncertainties are dominated

by the statistical uncertainty on !a. However, most sys-

tematic uncertainties for both !a and !̃
0
p measurements,

and hence for the ratios R0
µ, are fully correlated across

run groups. The net computed uncertainties (and cor-

rections) are listed in Table II. The fit of the four run-

group results has a �
2
/n.d.f. = 6.8/3, corresponding to

P (�2) = 7.8%; we consider the P (�2) to be a plausible

statistical outcome and not indicative of incorrectly esti-

mated uncertainties. The weighted-average value is R0
µ

= 0.0037073003(16)(6), where the first error is statistical

and the second is systematic [67]. From Eq. 2, we arrive

at a determination of the muon anomaly

aµ(FNAL) = 116 592 040(54)⇥ 10�11 (0.46 ppm),

where the statistical, systematic, and fundamental con-

stant uncertainties that are listed in Table II are com-

bined in quadrature. Our result di↵ers from the SM value

by 3.3� and agrees with the BNL E821 result. The com-

bined experimental (Exp) average[68] is

aµ(Exp) = 116 592 061(41)⇥ 10�11 (0.35 ppm).

The di↵erence, aµ(Exp)� aµ(SM) = (251± 59)⇥ 10�11,

has a significance of 4.2�. These results are displayed in

Fig. 4.
In summary, the findings here confirm the BNL exper-

imental result and the corresponding experimental aver-

age increases the significance of the discrepancy between

the measured and SM predicted aµ to 4.2�. This result

will further motivate the development of SM extensions,

including those having new couplings to leptons.

Following the Run-1 measurements, improvements to

the temperature in the experimental hall have led to

greater magnetic field and detector gain stability. An

upgrade to the kicker enables the incoming beam to be

stored in the center of the storage aperture, thus reducing

various beam dynamics e↵ects. These changes, amongst

others, will lead to higher precision in future publications.

Quantity Correction terms Uncertainty
(ppb) (ppb)

!
m
a (statistical) – 434

!
m
a (systematic) – 56

Ce 489 53

Cp 180 13

Cml -11 5

Cpa -158 75

fcalibh!0
p(x, y,�)⇥M(x, y,�)i – 56

Bk -27 37

Bq -17 92

µ
0
p(34.7

�)/µe – 10

mµ/me – 22

ge/2 – 0

Total systematic – 157

Total fundamental factors – 25

Totals 544 462

TABLE II. Values and uncertainties of the R0
µ correction

terms in Eq. 4, and uncertainties due to the constants in Eq. 2

for aµ. Positive Ci increase aµ and positive Bi decrease aµ.

FIG. 4. From top to bottom: experimental values of aµ

from BNL E821, this measurement, and the combined aver-

age. The inner tick marks indicate the statistical contribution

to the total uncertainties. The Muon g � 2 Theory Initiative

recommended value [13] for the standard model is also shown.
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This result could not be interpreted without the world-
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Figure 4: Comparison between RK measurements. In addition to the LHCb result, the mea-
surements by the BaBar [113] and Belle [114] collaborations, which combine B+

! K+`+`� and
B0

! K0
S`

+`� decays, are also shown.

is compatible with the SM prediction with a p-value of 0.10%. The significance of
this discrepancy is 3.1 standard deviations, giving evidence for the violation of lepton
universality in these decays.
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Properties


• New scalar or vector bosons


‣ Need 1 vector or 2 scalar LQs to explain anomalies


• Simultaneous coupling to quark and lepton


•  free parameter 

Production at the LHC


• Pair production via QCD


‣ Depends only on 

• Single production


‣ Depends on  and  coupling 

• Non-resonant processes


‣ t-channel LQ


‣ Also depend on  and 

ℬ = BR(LQ → qℓ) = 1 − BR(LQ → qν)

MLQ

MLQ LQ → qℓ λ

MLQ λ
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• ATLAS search using 2 e/  and 2 jets


• Average  invariant mass sensitive variable 


• Categorisation using b- and c-tagging


• First time: optimised sensitivity to  and  couplings


• Scalar LQs below  excluded in all 
channels ( ) for  and 

• Also consider varying 

‣ Exclude  down to 

μ
ℓj

bℓ cℓ
MLQ = 1.7 TeV

ℬ = 1 qℓ bℓ
ℬ

MLQ < 0.8 TeV ℬ = 0.1
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Single LQ — qℓ

8Searches for LeptoquarksArne Reimers (UZH)

• ATLAS search for  and  asymmetry


• In SM pp collisions:  slightly favored


‣ Single LQ with  couplings: enhances 

• First single LQ result from ATLAS
 
 

• Single LQ production


‣ Sensitive to  coupling  


‣ Exclusion limits depend on 

‣ Pair-production reach exceeded for 

‣  excluded at  (scalar)

e+μ− e−μ+

e−μ+

qℓ e+μ−

LQ → qℓ λ ≠ ℬ
λ

λ ≥ 0.6
MLQ < 1.74 TeV λ = 1

8 September 2021

ATLAS: ATLAS-CONF-2021-045

λ

1 Introduction

The Standard Model makes a firm prediction for proton–antiproton collisions: it asserts that the cross
section for the production of states containing 4

+
`
� should be exactly the same as that for 4�`+. For

proton–proton colliders the situation is similar but not quite identical. Although the ratio:

d ⌘
f(?? ! 4

+
`
�
+ -)

f(?? ! 4
�
`
+ + -)

(1)

remains very close to one, spin and phase-space considerations lead to a small bias1 toward d < 1, even in
the absence of detector e�ects. It was noted in Ref. [1], however, that a non-zero '-parity-violating _

0

231
coupling (definition in Ref. [2–4]) linking smuons to top and down quarks could easily drive d > 1 as the
proton’s down quarks would result in:

3

˜̀�!

C

6

`
�

j
0
1

C 4
+

a4

1

(2)

(and related B-channel processes) occurring more frequently than the charge conjugate process:

3̄

˜̀+!

C

6

`
+

j
0
1

C̄
4
�

ā4

1̄.

(3)

The same bias, d > 1, could instead be driven by the proton’s up quarks if there were a scalar leptoquark
with couplings permitting (1 ! D4

� and (1 ! 2`
�. In that case processes like this:

D
(1

D

6

`
�

2

4
+

(4)

would be favoured over charge conjugates.

So far as Beyond Standard Model (BSM) theories are concerned, there is nothing special about d > 1.
Theories may also be constructed favouring d < 1. However, it is a curious fact that experimental
considerations at ATLAS, when taken together with the already-mentioned physics bias induced by
the ?? initial state, make it easier to construct robust searches for d > 1. The reason for this is that
those measurement biases which have a ‘natural’ preference for one charge–flavour combination over
the other favour 4�`+, and so push charge–flavour universal signals toward smaller values of d. More
detail on the causes of this preference for one charge–flavour combination over the other may be found

1 See Appendix A for more on the source of this bias.

2

https://cds.cern.ch/record/2779180?ln=en
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• SUSY searches for pair-produced squarks: 

‣ For : Same final state as 

• Reinterpretation in LQ models


‣ Signal acceptance similar


• CMS: Interpretation in scalar and vector scenarios


‣ Excludes  (scalar) and up to  (vector) ( )

q̃ → q χ̃
M( χ̃) → 0 LQ → qν

MLQ ≲ 1 TeV 1.8 TeV 35.9 fb−1

8 September 2021
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Figure 3: The 95% CL upper limits on the production cross sections as a function of LQ mass
for LQ pair production decaying with 100% branching fraction to a neutrino and (upper left)
a light quark (one of u, d, s, or c), (upper right) a bottom quark, or (lower) a top quark. The
solid (dashed) black line represents the observed (median expected) exclusion. The inner green
(outer yellow) band indicates the region containing 68 (95%) of the distribution of limits ex-
pected under the background-only hypothesis. The dark blue lines show the theoretical cross
section for LQS pair production with its uncertainty. The red (light blue) lines show the same
for LQV pair production assuming k = 1 (0). (lower) Also shown in magenta is the product
of the theoretical cross section and the square of the branching fraction (B), for vector LQ pair
production assuming k = 1 and a 50% branching fraction to tnt, with the remaining 50% to bt.
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qν bν tν

CMS: PhysRevD.98.032005

https://arxiv.org/ct?url=https%3A%2F%2Fdx.doi.org%2F10.1103%2FPhysRevD.98.032005&v=438fab5c
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Figure 14: Observed (red solid line) and expected (black dashed line) limits on up-type, third-generation leptoquarks.
(a) Limits as a function of the branching ratio of leptoquarks decaying into b⌧ (with the only other decay allowed
being into t⌫) vs leptoquark mass. (b) Limits on the production cross section at 95% CL as a function of leptoquark
mass assuming that all leptoquarks decay into t⌫. Uncertainty bands corresponding to the ±1� variation of the
expected limit (yellow band) and the sensitivity of the observed limit are also indicated. Observed limits from
previous searches with the ATLAS detector at

p
s = 13 TeV [44] are overlaid (a) in grey and (b) as a blue dashed line.

9 Conclusions

Results from a search for a scalar partner of the top quark based on an integrated luminosity of 139 fb�1 of
p

s = 13 TeV proton–proton collision data recorded by the ATLAS experiment at the LHC from 2015 to
2018 are presented. Final states with high-pT jets, large missing transverse momentum, and no electrons
or muons are selected. The sensitivity of the search is enhanced by the analysis of the full LHC Run 2
dataset, improvements achieved in the detector performance by the end of the LHC Run 2, and new
analysis techniques such as the use of b-tagged track-jets, which extend sensitivity to all-hadronic four-body
decays.

Direct top squark pair production is considered, assuming both top squarks decay via t̃ ! t
(⇤) �̃0

1 , and
considering a large range of mass di�erences between the top squark and the neutralino. In particular, fully
hadronic final states are used for the first time in an ATLAS analysis to set limits on the scenario where
both the top quarks and W bosons originating from their decays are o�-shell, �m(t̃, �̃

0
1 ) < mW + mb, due

to improvements in the identification e�ciency of low-transverse-momentum b-hadrons. The results are
also reinterpreted in the context of third-generation, up-type scalar leptoquark pair production, restricted to
the scenario where the leptoquarks decay into t⌫ or b⌧ final states.

No significant excess above the expected SM background is observed. Exclusion limits at 95% confidence
level are derived as a function of mt̃ and m�̃0

1
, resulting in the exclusion of top squark masses that extend up

to 1.25 TeV for �̃0
1 masses below 200 GeV. In the case where mt̃ ⇠ mt +m�̃0

1
, top squark masses in the range

300�630 GeV are excluded, while in the scenario where mt̃ < mW + mb + m�̃0
1

(with �m(t̃, �̃
0
1 ) � 5 GeV),

top squark masses in the range 300�660 GeV are excluded. Exclusion limits for up-type, third-generation
scalar leptoquarks are extended to masses below 1240 GeV, assuming the leptoquarks can decay only via
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• SUSY searches for pair-produced squarks: 

‣ For : Same final state as 

• Reinterpretation in LQ models


‣ Signal acceptance similar


• CMS: Interpretation in scalar and vector scenarios


‣ Excludes  (scalar) and up to  (vector) ( )


• ATLAS considers varying : Excludes  (scalar) at  ( )

q̃ → q χ̃
M( χ̃) → 0 LQ → qν

MLQ ≲ 1 TeV 1.8 TeV 35.9 fb−1
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Figure 8: Exclusion limits at 95% CL on the masses of the 1̃1 and j̃
0
1 displayed in the (a)

⇣
<

1̃1
,<

j̃
0
1

⌘
and (b)⇣

<
1̃1
,�<(1̃1, j̃

0
1)
⌘

planes. The dashed line and the shaded band are the expected limit and its ±1f uncertainty,
respectively. The thick solid line is the observed limit for the central value of the signal cross-section. The expected
and observed limits do not include the e�ect of the theoretical uncertainties in the signal cross-section. The dotted
lines show the e�ect on the observed limit of varying the signal cross-section by ±1f of the theoretical uncertainty.
Regions excluded by previous analyses are shaded in light grey, while the region with �<(1̃1, j̃

0
1) < 5 GeV, not

investigated in this analysis, is shaded in dark grey.
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• CMS Mono-jet search


‣ Signature of single 

‣ Analysis also sensitive to LQ pair production


‣ Search in  spectrum


• Single LQ production


‣ Sensitive to  coupling  


‣  excluded at 

LQ → qν

pmiss
T

LQ → qℓ λ ≠ ℬ
MLQ ≲ 1.50 TeV λ = 1

8 September 2021

2

The chosen experimental signature can also be used to probe other BSM scenarios with new
particles decaying into final states with visible and invisible particles. One such scenario
probed by the present search is the production of leptoquarks (LQs). The LQs are hypothetical
scalar or vector particles that carry both baryon and lepton numbers [15–17]. Here, a scenario
with a single scalar LQ type is considered. This first-generation LQ decays into an up quark
and an electron neutrino (ne), and can be either produced in pairs [18] via a coupling to gluons,
or singly [19, 20] in association with a ne , through its coupling to the up quark and ne . Both
processes result in a jets + p

miss
T signature. A representative Feynman diagram for single LQ

production is shown in the last panel of Fig. 1.

Searches for new phenomena in events with jets and p
miss
T at

p
s = 13 TeV have been previ-

ously published by the CMS [21] and ATLAS [22, 23] Collaborations. The search is carried out
with the CMS detector at the CERN LHC, in pp collisions at

p
s = 13 TeV, using a data set

collected in 2017–2018, corresponding to an integrated luminosity of 101 fb�1. Compared to
Refs. [21], we have tripled the amount of analyzed data and enhanced the analysis sensitivity
by means of improved identification of hadronically decaying V bosons. While such decays
were previously selected using n-subjettiness [24], we now use a criteria based on a deep neu-
ral network. We have further extended the sensitivity by combining the new results with those
from Ref. [21], which are based on a data set of 36 fb�1, yielding a total data set of 137 fb�1,
equivalent in size to that of Ref. [23].

This paper is organized as follows. After discussing the CMS detector in Section 2 and the
simulated samples in Section 3, we describe the event selection in Section 4, followed by the
background estimation in Section 5. Section 6 contains the results of the analysis and their inter-
pretation in the context of the above scenarios. We summarize the paper in Section 7. Tabulated
results, as well as extensive material for use in reinterpretation, are provided in HEPData [25].
To further aid reinterpretation, an implementation of the analysis selection is provided in the
MADANALYSIS framework [26–28]. Information related to the validation of this implementa-
tion is provided as supplementary material.
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u
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⌫e
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LQ

Figure 1: Representative Feynman diagrams for a number of signal models: Higgs production
in association with an SM vector boson (left), colorless spin-1 and spin-0 mediators (middle
left and right, respectively), single leptoquark production (right). In all cases, subdominant
production modes not pictured here are taken into account, as described in the text.

2 The CMS detector and event reconstruction

The central feature of the CMS apparatus is a superconducting solenoid of 6 m internal diame-
ter, providing a magnetic field of 3.8 T. Within the solenoid volume are a silicon pixel and strip
tracker, a lead tungstate crystal electromagnetic calorimeter (ECAL), and a brass and scintilla-
tor hadron calorimeter (HCAL), each composed of a barrel and two endcap sections. Forward
calorimeters extend the pseudorapidity (h) coverage provided by the barrel and endcap detec-
tors. Muons are detected in gas-ionization detectors embedded in the steel flux-return yoke
outside the solenoid.

λ

6.5 Leptoquark interpretation 21

Figure 11: Exclusion limits at 95% CL on MD in the ADD scenario for different values of the
number of extra dimensions d.

Figure 12: Upper limits at 95% CL on the leptoquark coupling lLQ as a function of the lepto-
quark mass. The branching fraction for the decay of the leptoquark into an electron neutrino
and up quark is assumed to be 100% (b = 0). The dashed line indicates the median expected
exclusion contour.

excluded
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•   ( )


‣ CMS excludes  
(scalar LQ pair)


‣ CMS probes highest  
(scalar single LQ)
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Figure 6: Upper limits at 95% CL on the product of the cross section and the branching fraction
for the production of WR (left) decaying to Nt and for a pair of leptoquarks each decaying
to tb (right), as functions of the produced particle mass. The observed limits are shown as
solid black lines. Expected limits and their one- (two-) standard deviation limits are shown
by dashed lines with green (yellow) bands. The theoretical cross sections are indicated by the
solid blue lines.
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Figure 5: Expected and observed exclusion limits at 95% confidence level on the Yukawa cou-
pling l at the LQ-lepton-quark vertex, as a function of the LQ mass. A unit branching fraction
b of the LQ to a t lepton and a bottom quark is assumed. The orange vertical line indicates
the limit obtained from a search for pair-produced LQs decaying to `thbb [37]. The left-hand
side of the dotted (solid) line shows the expected (observed) exclusion region for the present
analysis. The gray band shows ±1 standard deviations of the expected exclusion limit. The
region with diagonal blue shading shows the parameter space preferred by one of the models
proposed to explain anomalies observed in B physics [36].

9 Summary
A search for singly produced third-generation scalar leptoquarks, each decaying to a t lepton
and a bottom quark has been presented. The final state of an electron or a muon plus one
hadronically decaying t lepton and the final state with two hadronically decaying t leptons
are explored. In all final states at least one energetic jet identified as originating from a bot-
tom quark is required. The search is based on a data sample of proton-proton collisions at a
center-of-mass energy of 13 TeV recorded by the CMS detector, corresponding to an integrated
luminosity of 35.9 fb�1. The data are found to be in agreement with the standard model pre-
dictions. Upper limits as a function of the leptoquark mass are set on the third-generation
scalar leptoquark production cross section. Results are compared with theoretical predictions
to obtain lower limits on the leptoquark mass. Assuming the leptoquark always decays to a
t lepton and a bottom quark with unit Yukawa coupling l = 1, third-generation scalar lep-
toquarks with mass below 740 GeV are excluded at 95% confidence level. Mass limits are also
placed as a function of l. For values of l > 1.4, the mass limit obtained by this analysis ex-
ceeds that of the search considering pair production and provides the best upper limit. For
l = 2.5, leptoquarks are excluded in the mass range up to 1050 GeV. This is the first time that
limits have been presented in the l versus mass plane, allowing the results to be considered in
the preferred parameter space of models that invoke third-generation leptoquarks to explain
anomalies observed in B hadron decays. These results thus demonstrate the important poten-
tial of single leptoquark production studies to complement pair production constraints on such
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by dashed lines with green (yellow) bands. The theoretical cross sections are indicated by the
solid blue lines.
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pling l at the LQ-lepton-quark vertex, as a function of the LQ mass. A unit branching fraction
b of the LQ to a t lepton and a bottom quark is assumed. The orange vertical line indicates
the limit obtained from a search for pair-produced LQs decaying to `thbb [37]. The left-hand
side of the dotted (solid) line shows the expected (observed) exclusion region for the present
analysis. The gray band shows ±1 standard deviations of the expected exclusion limit. The
region with diagonal blue shading shows the parameter space preferred by one of the models
proposed to explain anomalies observed in B physics [36].

9 Summary
A search for singly produced third-generation scalar leptoquarks, each decaying to a t lepton
and a bottom quark has been presented. The final state of an electron or a muon plus one
hadronically decaying t lepton and the final state with two hadronically decaying t leptons
are explored. In all final states at least one energetic jet identified as originating from a bot-
tom quark is required. The search is based on a data sample of proton-proton collisions at a
center-of-mass energy of 13 TeV recorded by the CMS detector, corresponding to an integrated
luminosity of 35.9 fb�1. The data are found to be in agreement with the standard model pre-
dictions. Upper limits as a function of the leptoquark mass are set on the third-generation
scalar leptoquark production cross section. Results are compared with theoretical predictions
to obtain lower limits on the leptoquark mass. Assuming the leptoquark always decays to a
t lepton and a bottom quark with unit Yukawa coupling l = 1, third-generation scalar lep-
toquarks with mass below 740 GeV are excluded at 95% confidence level. Mass limits are also
placed as a function of l. For values of l > 1.4, the mass limit obtained by this analysis ex-
ceeds that of the search considering pair production and provides the best upper limit. For
l = 2.5, leptoquarks are excluded in the mass range up to 1050 GeV. This is the first time that
limits have been presented in the l versus mass plane, allowing the results to be considered in
the preferred parameter space of models that invoke third-generation leptoquarks to explain
anomalies observed in B hadron decays. These results thus demonstrate the important poten-
tial of single leptoquark production studies to complement pair production constraints on such
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Figure 6: The observed and expected 95% CL LQ exclusion limits in the plane of the LQ-lepton-
quark coupling and the mass of the LQ for single (brown lines) and pair (blue lines) production,
and considering their sum (black lines). Regions to the left of the lines are excluded. The
upper plot pertains to an LQS with equal couplings to tt and bn, while the lower plots are for
an LQV assuming k = 0 (left) and 1 (right) and equal couplings to tn and bt. For LQV, the
gray area shows the band preferred (95% CL) by the B physics anomalies: l = CmLQ, where
C =

p
0.7 ± 0.2 TeV�1 and mLQ is expressed in TeV [43].

acknowledge the computing centers and personnel of the Worldwide LHC Computing Grid
for delivering so effectively the computing infrastructure essential to our analyses. Finally,
we acknowledge the enduring support for the construction and operation of the LHC and the
CMS detector provided by the following funding agencies: BMBWF and FWF (Austria); FNRS
and FWO (Belgium); CNPq, CAPES, FAPERJ, FAPERGS, and FAPESP (Brazil); MES (Bulgaria);
CERN; CAS, MoST, and NSFC (China); COLCIENCIAS (Colombia); MSES and CSF (Croa-
tia); RIF (Cyprus); SENESCYT (Ecuador); MoER, ERC PUT and ERDF (Estonia); Academy of
Finland, MEC, and HIP (Finland); CEA and CNRS/IN2P3 (France); BMBF, DFG, and HGF
(Germany); GSRT (Greece); NKFIA (Hungary); DAE and DST (India); IPM (Iran); SFI (Ireland);
INFN (Italy); MSIP and NRF (Republic of Korea); MES (Latvia); LAS (Lithuania); MOE and UM
(Malaysia); BUAP, CINVESTAV, CONACYT, LNS, SEP, and UASLP-FAI (Mexico); MOS (Mon-
tenegro); MBIE (New Zealand); PAEC (Pakistan); MSHE and NSC (Poland); FCT (Portugal);
JINR (Dubna); MON, RosAtom, RAS, RFBR, and NRC KI (Russia); MESTD (Serbia); SEIDI,
CPAN, PCTI, and FEDER (Spain); MOSTR (Sri Lanka); Swiss Funding Agencies (Switzerland);
MST (Taipei); ThEPCenter, IPST, STAR, and NSTDA (Thailand); TUBITAK and TAEK (Turkey);
NASU (Ukraine); STFC (United Kingdom); DOE and NSF (USA).

Individuals have received support from the Marie-Curie prog ram and the European Research
Council and Horizon 2020 Grant, contract Nos. 675440, 724704, 752730, and 765710 (Euro-
pean Union); the Leventis Foundation; the A.P. Sloan Foundation; the Alexander von Hum-
boldt Foundation; the Belgian Federal Science Policy Office; the Fonds pour la Formation à la
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Figure 6: Comparison of expected and observed event yields (top panel) and the significance of their discrepancy
(bottom panel) for all analysis regions of the di-tau and single-tau channel. The hatched band in the top panel
indicates the combined statistical and systematic uncertainties in the expected SM background. The CC̄ (2 real g) and
CC̄ (1 real g) as well as the single-top background contributions are scaled with the normalization factors obtained
from the background-only fit. Minor backgrounds are grouped together and denoted as “Other”. This includes
CC̄-fake, CC̄ + - , multiboson, and other top. The entries in the column labeled “SR (multi-bin)” are the sum of the
three bins of the multi-bin signal-region.

how the interference between single-top production at next-to-leading order and leading-order CC̄ production
is handled [129, 132, 133]. The value 0.18 is obtained from the samples generated with the nominal
diagram-removal scheme. The alternative diagram-subtraction scheme gives a normalization factor larger
than one with very large uncertainties due to the much smaller yields and thus insu�cient purity in the
control region. The di�erence in the CR yields can be attributed to the much softer 1-jet distribution for the
diagram-subtraction scheme. However, the shape of <T(g1), in which the extrapolation from the control
to the signal region is done, agrees very well between both schemes, giving confidence in the validity of
the extrapolation. The di�erence between both interference schemes is taken into account as a systematic
uncertainty.

No significant excess of the data above the SM expectation is observed in any of the signal regions.
The largest excursions from the expected yields are a deficit with a significance of 1.0f in the signal
region of the di-tau channel and an excess with a significance of 1.3f in the one-bin signal region of the
single-tau channel, computed with the approximate formulae from Ref. [124]. The excess is not present,
however, in the binned signal region of the single-tau channel. Figure 6 compares the observed data
yields with the expected background predictions for all event selections of the analysis. The entries in the
right-most column of the plot are the sum of the three bins of the multi-bin signal-region in the single-tau
channel, labeled “SR (multi-bin)”. Figure 7 shows several kinematics distributions of the SM background
expectation, and compares them with the distributions expected for the several benchmark signal models
and the observed data in the di-tau and single-tau signal regions.
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•   ( )

‣ ATLAS excludes  
(scalar LQ pair)


• First result testing this coupling  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•   ( )


‣ ATLAS excludes  
(scalar LQ pair, ) 


‣ CMS excludes  
(scalar and vector LQ pair, )

LQ → te ℬ = 1
MLQ ≲ 1.5 TeV

LQ → tμ ℬ = 1
MLQ ≲ 1.5 TeV

139 fb−1

MLQ ≲ 1.4 - 2.0 TeV
35.9 fb−1

600 800 1000 1200 1400 1600 1800 2000 2200 2400
m(LQ

d

mix
) [GeV]

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

ℬ
(
L
Q

d m
i
x

→
t
ℓ
)

observed

expected

tete

[EPJC 81 (2021) 313]

µtµt

[EPJC 81 (2021) 313]

ATLAS Preliminary

√s = 13 TeV, 139 fb
-1

June 2021pp → LQ
d

m ix
LQ

d

m ix
, all contours at 95% confidence level

 [GeV]LQM
500 1000 1500 2000

) [
pb

]
µ t

→
(L

Q
2

Β × 
LQ

LQ
σ

4−10

2−10

1

210

410
95% CL upper limit

Observed
Expected
68% expected
95% expected

LQ pair production
Scalar LQ

 = 0)κVector LQ (
 = 1)κVector LQ (

 (13 TeV)-135.9 fb

CMS Supplementary

ATLAS: Eur. Phys. J. C 81 (2021) 313
ATLAS: Summary
CMS: PRL 121, 241802 (2018)

https://arxiv.org/ct?url=https%3A%2F%2Fdx.doi.org%2F10.1140%2Fepjc%2Fs10052-021-09009-8&v=ef5172da
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2021-017/
https://arxiv.org/ct?url=https://dx.doi.org/10.1103/PhysRevLett.121.241802&v=3a862d53


O
bs

er
ve

d 
cr

os
s 

se
ct

io
n 

up
pe

r l
im

it 
at

 9
5%

 C
L 

[p
b]

3−10

2−10

1−10

 [GeV]LQM
400 600 800 1000 1200 1400 1600 1800 2000

)ν
 b

→
(L

Q
Β

) =
 1

 - 
µ t

→
(L

Q
Β

0

0.2

0.4

0.6

0.8

1

O
bs

er
ve

d 
cr

os
s 

se
ct

io
n 

up
pe

r l
im

it 
at

 9
5%

 C
L 

[p
b]

3−10

2−10

1−10
LQ pair-production exclusion limit

Scalar LQ
=0κVector LQ, 
=1κVector LQ, 

 
Observed
Expected
68% expected

CMS
 (13TeV)-135.9 fb

LQ couplings to bν ↔ te/tμ

25Searches for LeptoquarksArne Reimers (UZH) 8 September 2021

•   ( )

‣ ATLAS excludes  
(scalar LQ pair)


• First result testing this coupling  

•   ( )


‣ ATLAS excludes  
(scalar LQ pair, ) 


‣ CMS excludes  
(scalar and vector LQ pair, )


• Combination of  with  


‣ CMS excludes   
for all values of 

LQ → te ℬ = 1
MLQ ≲ 1.5 TeV

LQ → tμ ℬ = 1
MLQ ≲ 1.5 TeV

139 fb−1

MLQ ≲ 1.4 - 2.0 TeV
35.9 fb−1

LQ → tμ LQ → bν
MLQ ≲ 1 - 1.6 TeV
ℬ

600 800 1000 1200 1400 1600 1800 2000 2200 2400
m(LQ

d

mix
) [GeV]

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

ℬ
(
L
Q

d m
i
x

→
t
ℓ
)

observed

expected

tete

[EPJC 81 (2021) 313]

µtµt

[EPJC 81 (2021) 313]

ATLAS Preliminary

√s = 13 TeV, 139 fb
-1

June 2021pp → LQ
d

m ix
LQ

d

m ix
, all contours at 95% confidence level

 bν

ATLAS: Eur. Phys. J. C 81 (2021) 313
ATLAS: Summary
CMS: PRL 121, 241802 (2018)

https://arxiv.org/ct?url=https%3A%2F%2Fdx.doi.org%2F10.1140%2Fepjc%2Fs10052-021-09009-8&v=ef5172da
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2021-017/
https://arxiv.org/ct?url=https://dx.doi.org/10.1103/PhysRevLett.121.241802&v=3a862d53


Coupling Overview


8 September 2021 26Searches for LeptoquarksArne Reimers (UZH)

ν

e

μ

τ

q b t 

 



Coupling Overview


8 September 2021 27Searches for LeptoquarksArne Reimers (UZH)

ν

e

μ

τ

q b t 

 



LQ couplings to bν ↔ tτ

28Searches for LeptoquarksArne Reimers (UZH) 8 September 2021

600 800 1000 1200 1400 1600

 [GeV]d

3
LQ

m

4−10

3−
10

2−10

1−10

1

) 
[p

b
]

d 3
L
Q

d 3
L
Q

→
(p

p
σ

ATLAS  
-1 = 13 TeV, 139 fbs

τtτ t→ d

3
LQd

3
LQ

95% CL

Obs. limit

Exp. limit

σ1±Exp. 

+NNLL)
approx

Theory (NNLO

Individual limits

1 lepton  2 leptons≥ 

Combination

 [GeV]
3LQ M

500 1000 1500

 [p
b]

2
Β × 3

LQ
σ

3−10

2−10

1−10

1

10 Observed limit at 95% CL
Median expected limit
68% expected
95% expected

et al.mer a=1) KrΒPrediction (NLO, 
 (2005) 057503]71 Phys. Rev. D[

 (13 TeV)-135.9 fb

CMS

•   ( )


‣ ATLAS excludes   
(scalar LQ pair, )


‣ CMS excludes  
(scalar LQ pair, )

LQ → tτ ℬ = 1
MLQ ≲ 1.43 TeV

139 fb−1

MLQ ≲ 0.9 TeV
35.9 fb−1

ATLAS: JHEP 06 (2021) 179
CMS: Eur. Phys. J. C 78 (2018) 707

https://arxiv.org/ct?url=https%3A%2F%2Fdx.doi.org%2F10.1007%2FJHEP06%25282021%2529179&v=982188c0
https://arxiv.org/ct?url=https%3A%2F%2Fdx.doi.org%2F10.1140%2Fepjc%2Fs10052-018-6143-z&v=c66dff99


LQ couplings to bν ↔ tτ

29Searches for LeptoquarksArne Reimers (UZH) 8 September 2021

400 600 800 1000 1200 1400 1600 1800 2000

) [GeV]
3
dm(LQ

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1)�t
⇥

3d
B

(L
Q

)exp⇤1 ±Expected limit (

)theory⇤1 ±Observed limit (

-1ATLAS 13 TeV, 36.1 fb
(observed)

�⌅/ b�t⇥
3

dproduction, LQ3
dLQ3

dLQ

-1=13 TeV, 139 fbs

All limits at 95% CL

PreliminaryATLAS

Figure 9: Expected and observed exclusion contours at the 95 % confidence level for the leptoquarks signal model,
as a function of <(LQ3) and the branching fraction ⌫(LQu/d

3 ! @✓) into charged leptons. The top plot shows the
exclusion contour for scalar third-generation leptoquarks LQu

3 with charge +2/34, the bottom plot the exclusion
contour for scalar third-generation leptoquarks LQd

3 with charge �1/34. The limits are derived from the binned
single-tau signal region. Shown in gray for comparison are the observed exclusion-limit contours from the previous
ATLAS publication that targets the same leptoquark models but is based on a subset of the Run-2 data [54]. In this
previous publication five di�erent analyses are considered that target not only the final state studied here but also
the final states that correspond to a branching fraction ⌫(LQu/d

3 ! @✓) of 0 or 1 into a charged lepton and a quark,
leading to the concave shapes of the gray exclusion contours.

22

0.6 0.8 1 1.2 1.4 1.6 1.8 2 2.2
 [TeV]LQm

0

0.5

1

1.5

2

2.5

3

3.5

4λ
Obs. (95% CL)

S LQν + SLQ SLQ

SLQ SLQ

S LQν

Exp. (95% CL)

S LQν + SLQ SLQ

SLQ SLQ

S LQν

 (13 TeV)-1137 fb
CMS

•   ( )


‣ ATLAS excludes   
(scalar LQ pair, )


‣ CMS excludes  
(scalar LQ pair, )


•   ( )


‣ ATLAS excludes   
(scalar LQ pair)


‣ CMS excludes  
(scalar LQ pair + single)
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‣ CMS excludes  
(scalar LQ pair, )
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‣ CMS excludes  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(scalar LQ pair, )


‣ CMS excludes  
(scalar LQ pair, )


•   ( )


‣ ATLAS excludes   
(scalar LQ pair)


‣ CMS excludes  
(scalar LQ pair + single)


• Combination with   ( )


‣ ATLAS excludes   
for all values of 

‣ CMS limit: 

• CMS: Combination of  and  channels
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• Leptoquarks potential solution to LFU anomalies


‣ Third-generation couplings preferred


• ATLAS and CMS probe coupling matrix systematically


‣ Focus on pair production so far


• No deviations from SM: Exclusion limits of 1—2 TeV

8 September 2021
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