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Abstract Though various extensions of the Standard Model

with higher gauge group predict the existence of leptoquarks,

none of them has been observed yet at any of the colliders.

In this paper, we study the prospect of several past and future

e-p colliders like HERA, LHeC and FCC-he to detect them

through radiation amplitude zero. We find that the lepto-

quarks showing zeros in the tree-level single-photon ampli-

tudes at e-p collider lie within the complementary set of those

exhibiting zeros at e-γ collider. We present a PYTHIA-based

analysis for HERA, LHeC and FCC-he (run II) to detect the

leptoquarks with masses 70 GeV, 900 GeV and 1.5 TeV (2.0

TeV) respectively through radiation amplitude zero.
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1 Introduction

The phenomenon of radiation amplitude zero (RAZ) was dis-

covered long ago by Brown, Mikaelian, Sahdev, and Samuel

[1,2] in the context of probing electromagnetic properties

of W -boson. Soon after, it was noticed that in case of any

gauge theory tree-level amplitude for any four-particle pro-

cess involving one or more massless gauge fields in exter-

nal legs gets factorized into two parts comprehending sev-

eral internal symmetry (charge) dependence and spin (polar-

ization) dependence separately governed by a spatial gen-

eralized Jacobi identity [3,4]. Hinging on charge and four

momenta of the four external particles, the first factor for sin-

gle photon1 tree-level amplitude vanishes sometimes at cer-

tain regions of phase space and thus RAZ occurs. Later, RAZ

was realized as a relativistic and quantum mechanical gen-

eralization of the classical event displaying no dipole radi-

ation in the collision of non-relativistic particles with same

charge-to-mass ratio and g-factor [6,7]. Thus, the kinematic

condition for single photon amplitude at tree-level to vanish

is that the ratio (Qi/pi · k) must be same for all external par-

ticles (labelled by i) where their charges and four momenta

are given by Qi and p
μ
i respectively with kμ being the four

momentum of the photon [6,7]. The criteria for these zeros

to lie inside the kinematically allowed region of phase space

are also well-studied [8–10]. Although various contamina-

tions like initial and final state photon radiations, QED and

QCD loop contributions, uncertainties in partonic centre of

momentum reconstruction, etc., smear the effect of RAZ [11–

19], noticeable dip in the angular distribution still remains

[20–22].

On the other hand, leptoquarks are electromagnetically

charged, colour triplet proposed bosons that emerge natu-

rally in several extensions of the Standard Model (SM) uni-

1 The tree-level factorization holds for single gluon amplitude also, but

the angular distribution does not show any zero due to colour summation

[5].
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fying matter fields [23–32]. The peculiarity of these particles

is that they carry both non-zero lepton and baryon numbers

simultaneously and therefore are able to transform a quark

into a lepton or vice-versa [33,34]. Much effort has been

devoted through last few decades for the direct detection of

these particles at different colliders [35–88], but no conclu-

sive evidence advocating their existence has been discov-

ered so far. In this paper, we have scrutinized the possibil-

ity of detecting all kinds of leptoquarks (if there is any),

that can be produced at any electron-proton collider, through

the phenomenon of RAZ. Though hadronic colliders have

the splendour of performing collisions at very high energy,

the main disadvantage there is the emergence of large SM

background which makes the searches for beyond Standard

Model (BSM) scenarios unfathomable. In contrast, electron-

hadron and electron-photon colliders produce extremely lim-

ited number of SM processes as background making them

preferable for any BSM hunt. The drawback of lower centre

of momentum energy for these kind of machines will be tack-

led in various proposed colliders that are going to be built in

near future with TeV scale energy.

Based on the centre of momentum (CM) energies for var-

ious past and future e-p colliders [89–92] like HERA, LHeC

and FCC-he (run II), we analyse the production channels of

leptoquarks for masses 70 GeV, 900 GeV and 1.5 TeV (2.0

TeV) respectively associated with a photon. Though current

experimental bounds seem to rule out leptoquarks with mass

below 1.5 TeV, most of those analyses are performed surmis-

ing the coupling of leptoquarks to one generation of quark and

lepton only. While considering their coupling to all the gen-

erations, the constraints become more relaxed and it turns out

that the above mentioned masses are still allowed depending

on specific couplings to different quarks and leptons. Now, if

a leptoquark is produced, it will eventually decay to a quark

and a lepton; therefore we look for mono-jet plus mono-

lepton events associated with single photon at the detector

for our analysis. In order to keep SM background null, we

leave the electron events and search for the muon events only.

In a PYTHIA-based simulation, we reconstruct the lepto-

quark from the invariant mass of the muon-jet pair, then we

boost the whole system back to the CM frame and finally

study the angular distribution of the process with respect to

the angle between radiated photon and electron beam. Using

the charge separation of final state jets, model backgrounds

have also been estimated. Unlike e-γ collider [78–80,86], the

zeros of single-photon tree-level amplitude in this case do not

depend on masses of leptoquarks or energies of collisions,

rather they are controlled solely by electromagnetic charges

of leptoquarks. However, it is very important to notice that

the leptoquarks showing RAZ at e-p collider lie in the com-

plementary set of those displaying the zero in single-photon

tree-level amplitude at e-γ collider. It is also noteworthy that

while distinguishing signatures of different leptoquarks, e-γ

Fig. 1 Feynman diagrams for e q̄ → γ φ

and e-p colliders have great advantage over pp or p p̄ collid-

ers. Although the angular distribution of pair production in

hadronic colliders can categorize the leptoquarks according

to their spins, it fails to separate various SU (2)L multiplets

with same spin. In this context, e-p and e-γ colliders together

do this job through zeros of single photon tree level ampli-

tude.

This paper is organized in the following way. The forth-

coming section (Sect. 2) illustrates the theoretical description

of RAZ for various scalar and vector leptoquarks. Bounds

on masses, couplings and branching fractions of leptoquarks

from different experiments and specification of benchmark

points for our simulation have been summarized in Sect. 3.

The succeeding section (Sect. 4) deals with the set up needed

for this collider simulation. In Sect. 5, we reconsider the

aspects of HERA for the search of low mass leptoquarks.

The prospects of LHeC and FCC-he in detecting the heavy

leptoquarks have been demonstrated in the next two sections

(Sects. 6, 7). We finally sum up and conclude in Sect. 8.

2 Theoretical Framework

In this section, we discuss the theoretical aspects of observing

RAZ at e-p collider for the production of any leptoquark

φ associated with a photon. The parton level interactions

responsible for this process are e q̄ (or q) → γ φ. We present

here the analytic calculations for e q̄ → γ φ only. It is straight

forward to find the expressions for the other parton level

process by repeating the same procedure.

There are three Feynman diagrams contributing to the pro-

cess e q̄ → γ φ as shown in Fig. 1. Combining the matrix

elements for all the diagrams, the total amplitudes for pro-

duction of scalar and vector leptoquarks along with a photon

from the collision of electrons and anti-quarks are respec-

tively given by:

M
S = −ie

(
Qφ

pφ .k
+ 1

pe.k

)
ǫγ ∗
μ v̄(pq̄) (Y

eq
L PL + Y

eq
R PR)

×
[

p
μ
φ −

(
pφ .k

pq̄ .k

)(
p

μ
q̄ − 1

2
γ μ/k

)]
u(pe), (1)

M
V = −ie

(
Qφ

pφ .k
+ 1

pe.k

)
ǫγ ∗
μ ǫφ∗

ν v̄(pq̄)

[
1

2
γ νγ μ/k
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+ γ ν pμ
e +

(
pe.k

pq̄ .k

)(
γ μ pν

e + 1

2
γ μγ ν

/pφ

)]

× (Y
eq
L PL + Y

eq
R PR) u(pe), (2)

where p
μ
e , p

μ
q̄ , p

μ
φ , and kμ are the four momenta of electron,

anti-quark, leptoquark and photon respectively, Y
eq

L ,R are the

couplings of leptoquark with different generations of left-

handed and right-handed leptons and quarks, −e and Qφe

denote the charges of electron and leptoquark respectively,

ǫ
γ,φ
μ signify the polarizations of the photon and the vector

leptoquark and PL ,R ≡ (1 ∓ γ 5)/2. While deriving ampli-

tudes in Eqs. (1) and (2), we have presumed the electron and

anti-quark to be massless. However, at the time of simulation,

we have taken the masses of the SM fermions accordingly.

The factorization of the single-photon tree-level amplitude

for the above-mentioned four-particle process, as described

in Refs. [3–5], is quite apparent from Eqs. (1) and (2). The

charge-dependent factor (
Qφ

pφ .k
+ 1

pe.k
) in these two equations

vanishes at particular points of phase space for some lepto-

quarks [6,7] which in turn causes RAZ. Therefore, if θ∗ be

the angle between photon and electron in CM frame at which

RAZ happens, then:

cos θ∗ = 1 + 2

Qφ

. (3)

This implies that the necessary condition for RAZ occurring

inside the physical region of an e-p collider is given by:

Qφ < −1. (4)

In Table 1, we epitomize all the leptoquarks that can be pro-

duced at e-p collider and indicate which of them will show

RAZ. Refs. [33,34,61–63,93] contain comprehensive list of

all the leptoquarks and we follow similar notations. Refer-

ence [94] also performed similar study with generic exotic

scalars. The subscript 1, 2 and 3 in the name of leptoquarks

signify singlet, doublet and triplet leptoquarks under SU (2)L

gauge group; additionally, the presence of Lorentz index μ

indicates the corresponding leptoquark to be a vector parti-

cle. In Table 1, we have also mentioned the weak hypercharge

(Yφ), the third component of weak isospin (T3) and electro-

magnetic charge (Qφ) of different leptoquarks. The gauge

representations of all the leptoquark multiplets have been

explicitly mentioned in the subsequent subsections of Sect.

5 where they are introduced and discussed. However, while

discussing a particular component of a doublet or triplet lep-

toquark, we explicitly mention its electromagnetic charge in

the superscript to distinguish it from the other excitations of

the same multiplet.

It is noteworthy from Table 1 that S
−2/3

3 , R̃
−1/3

2 , Ṽ
−2/3

2μ and

U
−1/3

3μ will never be produced at e-p collider since the gauge-

structure of the Lagrangian prohibits them to interact with

Table 1 Specification of different leptoquarks produced at e-p collider.

We follow the notations introduced in Refs. [33,34,61–63,93] where a

comprehensive studies of all leptoquark models have been carried out

φ Yφ T3 Qφ Production channel cos θ∗

Scalar leptoquarks

S1 2/3 0 1/3 e− u → γ
(

S
+1/3

1

)c

–

S̃1 8/3 0 4/3 e− d → γ
(

S̃
+4/3

1

)c
−1/2

R2 7/3 1/2 5/3 e− ū → γ

(
R

+5/3

2

)c
−1/5

−1/2 2/3 e− d̄ → γ

(
R

+2/3

2

)c

–

R̃2 1/3 1/2 2/3 e− d̄ → γ

(
R̃

+2/3

2

)c

–

−1/2 −1/3 – –

S3 2/3 1 4/3 e− d → γ

(
S

+4/3

3

)c
−1/2

0 1/3 e− u → γ

(
S

+1/3

3

)c

–

−1 −2/3 – –

Vector Leptoquarks

U1μ 4/3 0 2/3 e− d̄ → γ

(
U

+2/3

1μ

)c

–

Ũ1μ 10/3 0 5/3 e− ū → γ

(
Ũ

+5/3

1μ

)c
−1/5

V2μ 5/3 1/2 4/3 e− d → γ

(
V

+4/3

2μ

)c
−1/2

−1/2 1/3 e− u → γ
(

V
+1/3

2μ

)c

–

Ṽ2μ −1/3 1/2 1/3 e− u → γ
(

Ṽ
+1/3

2μ

)c

–

−1/2 −2/3 – –

U3μ 4/3 1 5/3 e− ū → γ

(
U

+5/3

3μ

)c
−1/5

0 2/3 e− d̄ → γ

(
U

+2/3

3μ

)c

–

−1 −1/3 – –

any charged lepton. Another important remark to make at

this point is that the zeros of single-photon tree-level ampli-

tudes for production of leptoquark associated with a quark

at e-γ collider occur only if −1 < Qφ < 0 [86] which

lies beyond the parameter-space for Qφ specified by Eq. (4).

Hence, the leptoquark whose angular distribution for the pro-

duction channel does not show any zero at e-γ collider will

definitely exhibit RAZ here.

The angular distribution in CM frame with respect to

the angle (θ) between electron and photon for the channel

e q̄α → γ φα (α is the colour-index) is given by:

dσ

d cos θ
=

s − M2
φ

32πs2

(1

4

∑

spin

∣∣MS,V
∣∣2

)
, (5)

where, s = (pe+ pq̄)2, Mφ represents the mass of leptoquark

and
( ∑

spin

∣∣MS,V
∣∣2

)
indicates the sum over polarizations

of all final state particles for the absolute square of matrix
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element which can be expressed for scalar and vector lepto-

quark cases as:

∑

spin

∣∣MS
∣∣2 = e2

[
(Y

eq
L )2 + (Y

eq
R )2

] [
1 +

(s + M2
φ)2

(s − M2
φ)2

]

× cosec2 θ
[
Qφ cos θ − (2 + Qφ)

]2
, (6)

∑

spin

∣∣MV
∣∣2 = 2e2

[
(Y

eq
L )2+(Y

eq
R )2

] [
cos2 θ+

(s + M2
φ)2

(s − M2
φ)2

]

× cosec2 θ
[
Qφ cos θ − (2 + Qφ)

]2
. (7)

However, one should not expect Eq. (5) to hold explic-

itly for associate production of a leptoquark with a photon

in any e-p collider since the parton distribution function of

proton would modify the angular distribution accordingly.

Moreover, the uncertainty in the parton distribution function

may also lead to slight shift in the position of RAZ.

3 Experimental bounds and benchmark points

This section deals with different experimental bounds on lep-

toquarks and choice of benchmark points for our simulation.

There are several direct and indirect bounds on leptoquarks

coming from different experiments. While the indirect con-

straints arise from restrictions on leptoquark-induced four-

fermion interactions, testable at low-energy experiments, the

direct bounds emerge from the possibility of their produc-

tion at different high-energy colliders. The indirect con-

straints2 on leptoquarks have been studied extensively in

the Refs. [93,96–99]. For instance, it can be obtained from

Ref. [98] that scalar leptoquarks coupling to the first gen-

eration of left-handed quark and lepton should satisfy the

bound (Y/M̃φ)2 ≤ 0.07 and the similar vector leptoquarks

should obey (Y/M̃φ)2 ≤ 0.4 where M̃φ = (Mφ/1 TeV).

However, for our present purpose we mainly focus on the

collider bounds.

The search for leptoquarks at different colliders has a long

history. The first ever search was performed by the CELLO

[35] and JADE [36] Collaborations at the PETRA for pair

production of leptoquarks through e+e− collision with the

centre of momentum energy (≡ √
s) around 40 GeV, but no

evidence was found in both the detectors, and the CELLO

Collaboration excluded the leptoquark mass from 7 to 20.5

GeV. A similar bound was also set up by the AMY Collabo-

ration [37] when no signature of leptoquark was detected in

e+e− annihilation at the TRISTAN with 50 GeV ≤ √
s ≤

60.8 GeV. The existence of leptoquark was looked for at

2 Description of all the indirect bounds on leptoquarks is presented in

the “Indirect Limits for Leptoquarks” section of Ref. [95].

another e+e− collider, the LEP, by the ALEPH, L3, OPAL

and DELPHI Collaborations. Results from the ALEPH [38]

and L3 [39] Collaborations excluded the mass for each gen-

eration of leptoquark (coupling to one generation of quark

and lepton only) below 44 GeV. The OPAL Collaboration

[40] analysed the LEP data with integrated luminosity (Lint )

of 596 pb−1 and centre of momentum energy ranging from

189 GeV to 209 GeV to provide the lower limit3 on Mφ being

below 100 GeV. On the other hand, the last update from the

DELPHI Collaboration [41] used the LEP-2 data with
√

s =
183 GeV and integrated luminosity of 47.4 pb−1 and con-

strained the couplings of scalar and vector leptoquarks with

varying Mφ . According to their analysis, the lower limit on

the masses of first generation scalar (vector) leptoquarks with

coupling Y = e and 100% branching to charged lepton mode

(β) were 161 GeV (171 GeV) for Qφ = 1/3, 5/3 and 134

GeV (150 GeV) for Qφ = 2/3, 4/3 at 95% confidence level

(C.L.).

A large number of investigations for the existence of both

scalar and vector leptoquarks have been performed by the H1

and ZEUS detectors at the e-p collider HERA too. In the last

update from the H1 Collaboration [43], full data with Lint =
446 pb−1 has been used to rule out the first generation of lep-

toquark with mass up to 800 GeV at 95% C.L. for leptoquark

coupling Y = e . Their previous study [42] was performed for

full data sample at
√

s = 319 GeV with integrated luminosity

of 245 pb−1 for e+ p and 166 pb−1 for e− p collisions. No evi-

dence for leptoquark compelled them to exclude second and

third generations of leptoquarks with masses under 712 GeV

and 479 GeV respectively for couplings to every generation

of quark and lepton being Y = 0.3 . Both the surveys present

the upper limit on the coupling Y as a function of Mφ ; more-

over, Ref. [43] displays allowed branching of the leptoquark

to electron mode with its varying mass. The ZEUS Collabo-

ration [44] also carried out similar analysis and excluded first

generation of leptoquark for masses up to 699 GeV with the

coupling Y = 0.3 . However, their recent result [45], using

high-precision data from HERA with 1 fb−1 of integrated

luminosity, has pushed the limit in TeV range; additionally

the upper limit on coupling to mass ratio for individual lep-

toquark has also been put up. Nevertheless, it is interesting

to mention that an anomalous measurement at high values

of squared four-momentum transfer was observed by both of

the H1 [100] and ZEUS [101] Collaborations.

Leptoquarks have been looked for in hadronic colliders as

well. The first measurement in this context was done at the

CERN p p̄ collider Spp̄S. The UA2 detector [46] analysed

13 pb−1 data from the CERN Spp̄S collider at
√

s = 630

GeV and set up a lower bound on the mass of first genera-

tion leptoquark at 67 GeV (76 GeV) with 95% C.L. for the

3 As the study suggests, this limit depends on the representation of

leptoquark.
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branching into the electron mode being 50% (100%). The

CDF and D/O Collaborations have tried extensively to probe

the signature of leptoquarks at other p p̄ collider, the Fer-

milab Tevatron. In their final updates, CDF Collaboration

[47,48] has worked with data collected from the Fermilab

Tevatron collider at
√

s = 1.96 TeV with integrated lumi-

nosities of 203 pb−1 and 198 pb−1 respectively for pair pro-

duction of first and second generation of scalar leptoquarks.

The lack of any significant signal event led to set the lower

bounds on masses of first and second generation scalar lep-

toquarks being 236 GeV (205 GeV) and 226 GeV (208 GeV)

for β = 1(0.5) respectively at 95% C.L. The CDF Collabo-

ration [49] have also looked over the Fermilab Tevatron data

with Lint = 322 pb−1 in search for a third generation vector

leptoquark decaying to a b-quark and τ -lepton. Agreement of

observation with SM prediction resulted in exclusion of third

generation vector leptoquarks below 317 GeV (251 GeV) of

mass, assuming Yang–Mills (minimal) couplings.4 The D/O

Collaboration [50–52] too has looked for pair production of

first, second and third generations of scalar leptoquarks sep-

arately, based on the data set form the Fermilab Tevatron at√
s = 1.96 TeV. Due to non-observance of any excess over

the SM expectation, they constrain the three generations of

leptoquarks to be heavier than 326 GeV (β = 0.5), 316

GeV (for β = 1 or 270 GeV for β = 0.5) and 247 GeV

(Qφ = −1/3) respectively at 95% C.L.

However, the most stringent bounds on the leptoquarks so

far have been provided by the ATLAS and CMS Collabora-

tions, working with pp collisions at the LHC. Using a data

set corresponding to Lint = 36.1 fb−1 and
√

s = 13 TeV,

ATLAS Collaboration [54] has tried to probe the pair pro-

duction of scalar leptoquarks in first and second generation.

Absence of any statistically significant evidence for excess

over SM allowed for exclusion of first and second generation

scalar leptoquarks lighter than 1400 GeV (1290 GeV) and

1560 GeV (1230 GeV) at 95% C.L. presuming β = 1 (0.5) .

The same data set has also been used to rule out the third gen-

eration of scalar leptoquarks having masses below 800 GeV

independent of any branching ratio and masses under 1 TeV

for β = 0 or 1 [53]. On the other hand, CMS Collaboration

[55,58] has also analysed the LHC data at same
√

s, but with

an integrated luminosity of 35.9 fb−1 and restricted the first

and second generation scalar leptoquark masses to higher

than 1435 GeV (1270 GeV) and 1530 GeV (1285 GeV)

respectively for β = 1 (0.5) at 95% C.L. With the help of data

collected from LHC at
√

s = 13 TeV and Lint = 35.9 fb−1

CMS Collaboration [57,59] has also explored the possibil-

4 Usually, a dimensionless parameter κ(≡ 1 − κG) is introduced while

describing the interaction of a vector leptoquark with gluons [102]. It

is related to the anomalous chromo-magnetic moment and anomalous

chromo-electric dipole moment of the vector leptoquark. The scenario

of Yang–Mills coupling is represented by κ = 1 whereas κ = 0 indicates

minimal coupling case.

ity of pair production for third generation scalar leptoquarks.

Due to inadequacy of signal event over SM background, they

declare at 95% C.L. that the third generation scalar lepto-

quarks decaying to a top-quark and a τ -lepton should have

masses greater than 900 GeV and the same decaying to a

bottom-quark and a τ -lepton should have masses above 1020

GeV for β = 1. The CMS Collaboration [56] has looked into

the neutrino modes of decay for both scalar and vector lep-

toquarks too. These invisible modes put strong limit on the

vector leptoquarks. If the vector leptoquark has 50% branch-

ing fraction to tν mode and the rest 50% to bτ channel,

then mass of it below 1530 GeV (1115 GeV) is excluded for

κ = 1 (κ = 0).

Most of the analysis mentioned above assumes the lep-

toquark to interact with one generation of quark and lep-

ton only. However, when the leptoquark is supposed to have

interactions with all generations of quarks and leptons, the

branching fraction to different modes get reduced and the

bounds thus become more relaxed. In our simulation, we

have searched for a 70 GeV leptoquark at HERA, a 900 GeV

leptoquark at LHeC and a 1.5 TeV (2.0 TeV) leptoquark at

FCC-he (run II) through the phenomenon of RAZ. For the

light leptoquark, we choose the couplings to be significantly

smaller than electromagnetic coupling in order to satisfy the

cross-section limit by ZEUS Collaboration [103], as shown

by the first diagram in Fig. 2. Furthermore, the couplings are

adjusted to obey the CDF bounds [104,105] in such a way

that branching to the second generation of quark and lepton

remains below 23% and the same to bτ or b̄τ mode5 stays

under 22%, as depicted by the second and third diagrams in

the first row of Fig. 2. For the scalar leptoquarks of mass

900 GeV, we pick the couplings respecting the bounds by

ATLAS [53] and CMS [55,58] Collaborations coming from

charged lepton decay modes since the restrictions from neu-

trino modes [56] are already satisfied in these cases. These

constraints are illustrated in the second row of Fig. 2. On

the other hand, for the vector leptoquarks of same mass, we

consider the bounds from invisible modes [56] with κ = 0,

as shown in the third row of Fig. 2. The theoretical prediction

for the cross-section of vector leptoquark pair production in

Yang-Mills scenario is so high that it is quite impossible to

meet the observed limits of cross-section times branching

fraction squared for all the three generations of neutrinos,

and therefore, we deliberately omit the κ = 1 case from our

consideration. On the other hand, it is easily comprehensi-

ble from Fig. 2 that there is effectively no restriction on the

branching fractions of scalar and vector leptoquarks beyond

mass 1.5 TeV. So, we adopt equal coupling for all the allowed

interactions in case of 1.5 TeV (2.0 TeV) scalar and vector

5 Actually, to obey the CDF plots in Fig. 2, one has to satisfy σp p̄→φφ̄ ×
B

2
bτ/b̄τ

≤ 20 pb where the symbol B is used to represent branching

fraction throughout the text.
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Fig. 2 Different experimental bounds on leptoquarks. The plots in the

first row have been used for choosing the benchmark points for 70 GeV

leptoquarks, the diagrams in the second row provide bounds on heavier

scalar leptoquarks whereas the images in the third row serve the same

purpose for heavier vector leptoquarks. In case of vectors, we have taken

κ = 0 only

leptoquarks. Table 2 specifies all the benchmark points used

in our simulation. It should also be noticed from Table 2

that the interactions of S̃1 and Ũ1μ with quarks and leptons

are entirely right-handed whereas the same for S3 and U3μ

are fully left-handed. We emphasize on the fact that each

coupling in our analysis is smaller than the electromagnetic

coupling e . It is worth mentioning that we have not intro-

duced any cross-generation coupling, i.e. the 3 × 3 coupling

matrices YL and YR are taken diagonal. The branching frac-

tions for different leptoquarks produced at mentioned e-p

colliders for the benchmark points specified in Table 2 are

exhibited in Table 3. We have not shown the branching frac-

tions for BP4 scenario explicitly since they differ from BP3

cases by 0.1% only. It should be noted that τ t , τ t̄ , ντ t and ντ t̄

decay modes are not accessible in case BP1 due to scarcity

of enough phase space. The production cross-sections for all

the leptoquarks associated with a photon are listed in Table

4. Actually, since the hard-scattering processes involve real

photon emission the total cross-sections are divergent.6 To

avoid the singularity, we choose a suitable cut on the trans-

verse momentum of photon (p
γ

T ) being larger than 20 GeV

for our entire simulation.

6 Cross-section for any process incorporating real photon emission

from massless charged particle suffers from infra-red (IR) and collinear

divergences. Though the IR divergence can be controlled by consider-

ing a tiny but non-vanishing mass for the radiating charged particle, the

collinear divergence still remains.
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Table 2 Chosen couplings to different generations of quarks and lep-

tons for various leptoquarks satisfying the experimental bounds dis-

cussed in Sect. 3

φ Y 11
L Y 22

L Y 33
L Y 11

R Y 22
R Y 33

R

BP1: HERA, Mφ = 70 GeV

R2 0.035 0.018 0.017 0.035 0.018 0.017

S̃1 – – – 0.035 0.022 0.022

S3 0.035 0.022 0.022 – – –

V2μ 0.035 0.022 0.022 0.035 0.022 0.022

Ũ1μ – – – 0.035 0.018 0.017

U3μ 0.035 0.018 0.017 – – –

BP2: LHeC, Mφ = 900 GeV

R2 0.200 0.200 0.200 0.200 0.200 0.200

S̃1 – – – 0.140 0.140 0.200

S3 0.140 0.140 0.200 – – –

V2μ 0.100 0.100 0.200 0.200 0.200 0.200

Ũ1μ – – – 0.140 0.140 0.200

U3μ 0.140 0.140 0.200 – – –

BP3 (BP4): FCC-I (II), Mφ = 1.5 (2.0) TeV

R2 0.200 0.200 0.200 0.200 0.200 0.200

S̃1 – – – 0.200 0.200 0.200

S3 0.200 0.200 0.200 – – –

V2μ 0.200 0.200 0.200 0.200 0.200 0.200

Ũ1μ – – – 0.200 0.200 0.200

U3μ 0.200 0.200 0.200 – – –

4 Set up for the collider simulation

As explained in Sect. 2, only six leptoquarks, i.e. (S̃
+4/3

1 )c,

(R
+5/3

2 )c, (S
+4/3

3 )c, (Ũ
+5/3

1μ )c, (V
+4/3

2μ )c and (U
+5/3

3μ )c have zeros

within the observable limit in their differential angular dis-

tributions while getting produced at e-p collider associated

with a photon. In this analysis we reconstruct these lepto-

quarks via their decay products in the visible channel, i.e. to

a charged lepton and a quark. In a process of e p → φ γ , the

final state requires to have at least one hard photon, a hard

charged lepton and a quark jet. In order to remove the SM

background, we choose the charged lepton to be muon. It is

also worth noticing that for Sc
3, Rc

2, V c
2μ and Uc

3μ there are

two states which can give rise to the similar decay products,

e.g. c̄ μ in case of (R
+5/3

2 )c and s̄ μ in case of (R
+2/3

2 )c, while

only one of them produces the zero in the angular distribu-

tion. To avoid such unwanted model backgrounds we need to

separate the jets by reconstructing their charge. We empha-

size here again that for models S̃1 and Ũ1μ no such model

background exists.

In this section we will describe the set up for the collider

analysis which will be carried out for three different col-

liders namely HERA [89,90], LHeC and FCC-he [91,92].

For this purpose we first implement the models at SARAH-

Table 3 Branching fractions of different leptoquarks for masses and

couplings specified in Table 2. Branching fractions for BP4 scenario

have not been displayed explicitly because they differ from BP3 case at

third decimal places only

Decay Branching fractions Decay Branching fractions

modes BP1 BP2 BP3 modes BP1 BP2 BP3

Scalar leptoquarks Vector leptoquarks

Leptoquark (S̃
+4/3

1 )c Leptoquark (Ũ
+5/3

1 )c

e d 0.560 0.247 0.333 e ū 0.791 0.254 0.335

μ s 0.221 0.247 0.333 μ c̄ 0.209 0.254 0.335

τ b 0.219 0.505 0.333 τ t̄ – 0.491 0.331

Leptoquark (R
+5/3

2 )c Leptoquark (V
+4/3

2 )c

e ū 0.791 0.342 0.335 e d 0.559 0.278 0.333

μ c̄ 0.209 0.342 0.335 μ s 0.221 0.278 0.333

τ t̄ – 0.317 0.330 τ b 0.220 0.444 0.333

Leptoquark (R
+2/3

2 )c Leptoquark (V
+1/3

2 )c

e d̄ 0.362 0.169 0.167 e u 0.314 0.225 0.167

μ s̄ 0.096 0.169 0.167 μ c 0.124 0.225 0.167

τ b̄ 0.085 0.169 0.167 τ t – 0.213 0.164

νeū 0.362 0.169 0.167 νed 0.314 0.056 0.167

νμc̄ 0.096 0.169 0.167 νμs 0.124 0.056 0.167

ντ t̄ – 0.156 0.165 ντ b 0.123 0.225 0.167

Leptoquark (S
+4/3

3 )c Leptoquark (U
+5/3

3 )c

e d 0.560 0.247 0.333 e ū 0.791 0.254 0.335

μ s 0.221 0.247 0.333 μ c̄ 0.209 0.254 0.335

τ b 0.219 0.505 0.333 τ t̄ – 0.491 0.331

Leptoquark (S
+1/3

3 )c Leptoquark (U
+2/3

3 )c

e u 0.314 0.126 0.167 e d̄ 0.362 0.125 0.167

μ c 0.124 0.126 0.167 μ s̄ 0.096 0.125 0.167

τ t – 0.239 0.165 τ b̄ 0.085 0.256 0.167

νed 0.314 0.126 0.167 νeū 0.362 0.125 0.167

νμs 0.124 0.126 0.167 νμc̄ 0.096 0.125 0.167

ντ b 0.123 0.257 0.167 ντ t̄ – 0.242 0.165

Leptoquark (S
−2/3

3 )c Leptoquark (U
−1/3

3 )c

νeu 0.717 0.257 0.335 νed̄ 0.667 0.247 0.333

νμc 0.283 0.257 0.335 νμ s̄ 0.176 0.247 0.333

ντ t – 0.487 0.330 ντ b̄ 0.157 0.505 0.333

4.14.2 [106] and then prepare the model files for CalcHEP

[107]. Determination of decay branching fractions for lep-

toquarks, estimation of production cross-sections associated

with a photon and event generation are executed via CalcHEP.

It is worth mentioning that cross-section estimation and event

generation are done with the help of NNPDF parton distribu-

tion functions [108] at renormalization or factorization scale

of
√

ŝ where ŝ is the parton level centre of momentum energy.

For the analysis, we fed the CalcHEP-generated “.lhe” files
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Table 4 Production cross-sections (in fb) of various leptoquarks asso-

ciated with a photon at different e-p colliders for different benchmark

points after applying the cut p
γ

T > 20 GeV. As already mentioned ear-

lier, S
−2/3

3 and U
−1/3

3μ can not be produced at e-p collider due to the gauge

structure of the Lagrangian

Collider Scalar leptoquarks Vector leptoquarks

Singlet Doublet Triplet Singlet Doublet Triplet

(S̃
+4/3

1 )c (R
+5/3

2 )c (R
+2/3

2 )c (S
+4/3

3 )c (S
+1/3

3 )c (Ũ
+5/3

1μ )c (V
+4/3

2μ )c (V
+1/3

2μ )c (U
+5/3

3μ )c (U
+2/3

3μ )c

BP1: HERA 21.40 5.57 8.45 21.44 57.19 5.04 76.53 199.73 5.04 7.50

BP2: LHeC 0.171 0.036 0.027 0.17 0.91 0.017 0.871 7.43 0.017 0.013

BP3: FCC I 0.934 0.067 0.047 0.93 3.8 0.066 3.7 15.1 0.066 0.045

BP4: FCC II 2.77 0.32 0.23 2.7 8.2 0.319 10.9 32.6 0.32 0.23

to PYTHIA8 [109,110] in order to simulate the events with

FastJET-3.0.3 [111] with following criteria:

1. Although the detector extends up to |η| < 4.5, we are

mostly interested in the central events for HERA and

therefore consider all the stable particles with |η| < 3.5.

However, as the lab frames for LHeC and FCC-he are

highly boosted relative to the respective CM frames, we

select |η| < 4.5 for all the stable particles in those two

experiments to ensure that the zeros of angular distribu-

tions do not lie inside the amputated region.

2. The radius of the jet is chosen to be R = 0.5, with the

following cuts:

– Minimum transverse momentum p
jet

T,min = 20.0

GeV.

– Jets are reconstructed solely from stable hadrons.

3. The detected stable leptons and photons satisfy the fol-

lowing cuts:

– Minimum transverse momentum pT,min = 10.0

GeV.

– Detected leptons are hadronically clean, i.e, hadronic

activity within a cone of �R < 0.3 around each

lepton is less than 15% of the leptonic transverse

momentum; they are distinctly registered from the

simultaneously produced jets, �Rl j > 0.4; and

well distinguished from other stable leptons, if any,

�Rll > 0.2, where �Ri j =
√

�η2
i j + �φ2

i j .

– Detected photons are hadronically clean, i.e, hadronic

activity within a cone of �R < 0.2 around each

photon is less than 15% of the photonic transverse

momentum; they are distinctly registered from the

simultaneously produced jets, �Rγ j > 0.2; and well

distinguished from other stable leptons, �Rγ l > 0.2.

In the next three sections we discuss the analysis including

the angular distributions at HERA, LHeC and FCC-he along

with additional cuts.

Table 5 Beam and centre of mass energies along with integrated lumi-

nosities at HERA

E p Ee−
√

s Lint L
projected
int

920 GeV 27.5 GeV 318.1 GeV 400 pb−1 100 fb−1

5 The hadron-electron ring accelerator (HERA)

Motivated by radiation amplitude zero which would give

vanishing differential cross-section at some specific zones

of phase space, we revisit the hadron-electron ring acceler-

ator (HERA) [89,90] for low mass leptoquarks. We select

only those SU(2) singlet, doublet and triplet representations

of leptoquarks for which the zeros fall within the observed

region of phase space. The analysis follows the prescrip-

tion described before. HERA originally ran for the centre

of momentum energy of 318.12 GeV [90] where electron

with energy 27.5 GeV collided with a proton of 920.0 GeV

giving rise to an asymmetric collider as shown in Table 5.

Each of the H1 and ZEUS experiments collected data with

integrated luminosities of around 120 pb−1 for e+ p and 15

pb−1 for e− p collisions till 2000. Since 2003, an upgraded

version of HERA, HERA II, has recorded events with net

integrated luminosity of 200 pb−1 for both e+ p and e− p col-

lisions. For the studies of the zeros of amplitude we project

the required luminosity for the 5σ signal significance over

the total background which includes SM background and the

model background both.

In the following subsections we describe different possi-

ble scenarios as mentioned in Sect. 3 with the corresponding

benchmark points and their collider studies at HERA. As

evoked before, each leptoquark SU (2)L multiplet exhibit-

ing RAZ has been presented in the subsequent subsections

with respective SU (3)C , SU (2)L representations and U (1)Y

charge explicitly mentioned. Since scalar-doublet has two

excitation among which one has zero within the observed

range of cos θ with possible model contamination from the

other, we would address that scenario before hand. Here, we
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would also implement the jet-charge reconstruction to reduce

such model contamination.

5.1 Scalar doublet R2 (3, 2,
7
3
)

The scalar doublet leptoquark R2 (3, 2,
7
3
) couples with the

SM fermions through Yukawa like couplings given by:

−L ⊃ YL ū R

(
iσ 2 R2

)T

LL + YR Q̄L R2 lR + h.c. (8)

In our notation, QL and LL are weak isospin doublets for

left-handed quarks and leptons, and uR , dR and lR are weak

isospin singlets for right-handed up-type quarks, down-type

quarks and charged leptons respectively. It is evident from

Eq. (8) that both the components of the doublet Rc
2, namely

(R
+5/3

2 )c and (R
+2/3

2 )c will be produced at e-p collider simul-

taneously. However, during their associated production with

a photon, the former one displays a zero in its angular dis-

tribution within the kinematically allowed region of phase

space (to be specific, at cos θ = − 1
5
) while the later compo-

nent does not, as shown in Table 1.

Now, both the leptoquarks, produced after e-p collision,

will eventually decay to a quark and a lepton. Based on the

decay, three types of leptonic final states are possible:

– The first one, leptoquark decays to first generation of

quark and lepton. But this channel suffers from enormous

irreducible Standard Model background.

– The second one, leptoquark decays to third generation

quark and lepton. But, in order to reconstruct the lep-

toquark in this case, the unstable τ -lepton needs to be

reconstructed from its hadronic decay products. This,

along with the reconstruction of simultaneously produced

top-quark from leptoquark decay will yield several sta-

ble jets and increase the combinatorial error. Moreover,

reconstruction of top is a difficult task. Also, a 70 GeV

leptoquark decaying to a top quark is kinematically for-

bidden.

– We hence consider the leptoquark decaying into second

generation of quark and lepton as shown below:

e ū → (R
+5/3

2 )c γ → μ c̄ γ,

e d̄ → (R
+2/3

2 )c γ → μ s̄ γ. (9)

It minimizes the SM Background, and the solo chal-

lenge remaining is to optimize the signal (R
+5/3

2 )c over the

model background (R
+2/3

2 )c. During the process of signal

background separation, misidentification of c- and s-jets

can lead to model contamination which can be resolved

by determining the charge of the jets as discussed later

in this section.

For the collider study, we consider (R
+5/3

2 )c → μ c̄ and

(R
+2/3

2 )c → μ s̄ with the corresponding benchmark point

BP1 in Table 2. The branching fractions and production

cross-sections associated with a photon (p
γ

T ≥ 20 GeV)

are mentioned in Tables 3 and 4 respectively. In Fig. 3a–

c, we describe the kinematic distributions for the transverse

momenta (pT ) of jet, lepton and photon respectively. It can

be seen that jet, lepton and photon are hard enough to satisfy

the basic cuts demanded in Sect. 4. One important aspect to

notice here is that the distributions for (R
+5/3

2 )c and (R
+2/3

2 )c

with respect to the transverse momenta of jet, lepton and pho-

ton almost superimpose on each other and it is quite impos-

sible to separate the signatures of these two components of

the doublet by applying any cut on any of the transverse

momenta.

To determine the four momenta of finalstate particles we

consider only the visible decay modes of the leptoquarks,

i.e. to muon and quark, which forms jet. Information of the

three-momenta of the finalstate particles enables us to deter-

mine the boost axis which includes boost along the z-axis

and in the traverse direction instrumental for reconstructing

the CM frame. The RAZ information to distinguish different

Leptoquark representations is valid only in the centre of mass

frame. The boost effect of the Lab frame can smear or distort

such distributions. Here we show for the case of
(

R
+5/3

2

)c

that how the distributions in the lab frame get smeared in

comparison with the CM frame and for the rest of the exam-

ples we only show the boosted back distributions in the CM

frame.

In Fig. 5 we show the angular distribution of the pho-

ton with the incoming electron in Lab frame produced in

association with
(

R
+5/3

2

)c

. As we notice, due to substantial

asymmetry of the colliding beams, photons thus produced

are highly boosted and are all directed to the opposite direc-

tion of the electron beam. With normal bin-width (of 0.04 for

the variation of cos θ ) which is considered for showing the

angular distribution of photon in CM frame, Fig. 5a implies

that the zero in distribution gets washed away due to the high

boost of the Lab frame. However, with a smaller bin-width of

0.002 in Fig. 5b we able to see the RAZ in a different position

of cos θ . We recall here that the position of zero in the angu-

lar distribution is independent of the energy of interaction

in the CM frame. Thus even though the parton distribution

function changes the energy of the parton level interaction,

the distribution in the partonic centre of mass frame should

remain unaltered. Even so, the observed finalstates in the Lab

frame are not in partonic rest frame, rather they are results

of e-proton interaction governed by the parton distribution

function and boosted along the z-axis. The small transverse

boost can be estimated by the uncertainty principle. This

causes the smearing in the distributions as can be seen from

Fig. 5b, where the RAZ happens around cos θ = −0.99 in the

123



315 Page 10 of 26 Eur. Phys. J. C (2021) 81 :315

Fig. 3 p
j
T , pℓ

T , p
γ

T and Mℓ j distributions at HERA with
√

s = 318.12 GeV for the leptoquark Rc
2 with mass 70 GeV

Fig. 4 Determination of the charge (in the unit of e) for the c- and

s-jets coming from (R
+5/3

2 )c and (R
+2/3

2 )c respectively at HERA

Lab frame, whereas in the reconstructed CM frame the cor-

responding distribution has RAZ around cos θ = −0.20 as

predicted by the theory. This effect is generic and manifests

for all other leptoquarks considered in this study for differ-

ent collision energies. We henceforth would present only the

distributions of photon as observed in boosted-back centre

of mass frame.

As already mentioned, the rest frame is reconstructed from

tagging the 4-momenta of hard photon, produced in associa-

tion with a leptoquark which is reconstructed from its decay

product of muon and a quark-jet. The event topologies are

principally comprised of exactly one hard photon, one hard

lepton and jet. Hence the error in boosting back is minimal.

We can propose a physical quantity to quantify the error in

determining the deep in Lab/CM frame as follows

�Lab/CM =
|ζ left

Lab/CM − ζ
right
Lab/CM|

ζ left
Lab/CM + ζ

right
Lab/CM

(10)

where ζ left/right refers to the number of events within the

number (within the minimum and closest peak) of bins in the

left/right of the minimum in the respective frames. For the

associated production of
(

R
+5/3

2

)c

at HERA with a data set of

100 fb−1, we see that the smearing of the boosted minima is

around ∼ 61% in the Lab frame; which is reduced to ∼ 15%

in the reconstructed CM frame with the expected position of

the minima as predicted by the theory.

Next we consider the reconstruction of leptoquark mass

via the invariant mass (Ml j ) distribution of jet and lepton.

For this purpose, we considered each event with at least one

muon, one jet and one photon satisfying the above mentioned

cuts. We took all possible combinations of jet and lepton to

evaluate the invariant mass and plot them in Fig. 3d. The

peak around 70 GeV is clearly visible and we select events
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Fig. 5 Distribution of the scattered photon, produced in association

with
(

R
+5/3

2

)c

with respect to the angle (θ) it makes with the incoming

electron beam, at
√

s = 318.12 GeV and Lint = 100 fb−1 in the Lab

frame. We present here the same data with varying bin widths. The

subfigure a presents the angular distribution with the bin-width of 0.04

for the variation of cos θ used in plotting the distribution in CM frame for

all cases in this paper. However this makes the signature of amplitude

zero washed out due to high boost and we decrease the bin-width to

0.002 in subfigure b to obtain the manifestation of the amplitude zero,

however, shifted due to the boost

within ±10 GeV range of the peak. It is very crucial for the

reconstruction of the CM frame [86,87].

However, as mentioned before (R
+5/3

2 )c and (R
+2/3

2 )c can

be indistinguishable in case we cannot separate c- and s-jets

properly. For this reason we need to determine the charge of

the jets from their constituents [112–114]. In Fig. 4 we show

the charge distributions of the jets coming from (R
+5/3

2 )c and

(R
+2/3

2 )c. Though the jet charges are not peaking exactly at

−2e/3 or e/3, it can be observed that the jet charge for the

signal, (R
+5/3

2 )c → μ c̄ , peaks at a negative charge while the

model background, (R
+2/3

2 )c → μ s̄ reaches the maximum

around some positive charge. Both these maxima are well-

separated and hence distinguishable. For our simulation, we

have considered the events with jet charge � −0.3e to opti-

mise the signal over the model background in case of Rc
2, as

shown later (Fig. 5).

Table 6 Number of signal and background events after the cumulative

cuts for the scalar doublet leptoquark Rc
2 at

√
s = 318.12 GeV and

Lint = 100 fb−1. Significances with Lint = 100 fb−1 and 400 pb−1 as

well as integrated luminosity required for 5σ significance at HERA are

also estimated

Cuts Signal SM +

(R
+5/3

2 )c (R
+2/3

2 )c

B(Rc
2 → μ c̄/s̄): BP1

� 1μ + 1 j + 1γ 77.2 58.5

|Mℓj − MR2 | ≤ 10 GeV 59.2 44.7

+1γpT >20GeV

Q Jet < −0.3 27.7 5.3

σSig(Lint = 100 fb−1) 4.8

σSig(Lint = 400 pb−1) 0.3

L5σ ( in fb−1) 108.5

Once the leptoquark is reconstructed, we determine the

cosine of the angle between final state hard photon and the

incoming electron beam in the lab frame and then boost it

back to the CM frame of interaction. We impose three addi-

tional cuts as mentioned in Table 6, i.e.
(

� 1μ+1 j +1γ
)

+(
|Mℓj −MR2 | ≤ 10 GeV + 1γpT>20GeV

)
+

(
QJet < −0.3

)
.

The final state event numbers after each cumulative cuts for

(R
+5/3

2 )c (signal) and SM + (R
+2/3

2 )c (total background) at√
s = 318.12 GeV and Lint = 100 fb−1 are presented in

Table 6. Significances with Lint = 100 fb−1 and 400 pb−1

as well as the integrated luminosity required for 5σ signif-

icance at HERA are also estimated. It can be noticed that a

signal significance of 4.8σ can be achieved with an integrated

luminosity of 100 fb−1.

Now, we look for the angular distribution with respect

to the angle (θ ) between final state photon and initial state

electron in CM frame. Figure 6 illustrates the angular dis-

tributions for (a) (R
+5/3

2 )c, (b) (R
+2/3

2 )c and (c) the combined

one, i.e. (R
+5/3

2 )c + (R
+2/3

2 )c, in the CM frame of HERA at√
s = 318.12 GeV with an integrated luminosity of 100

fb−1. In Fig. 6a a dip in the angular distribution for (R
+5/3

2 )c

is clearly visible, whereas in Fig. 6b no such minimum is

observed for (R
+2/3

2 )c. The combined plot in Fig. 6c still

shows the minimum around the same point. However, it

should be noticed that the dip is not exactly at cos θ = − 1
5

, as

mentioned in Table 1, rather it is a bit shifted. The uncertainty

in constructing the CM frame due to parton distribution func-

tion is responsible for this minute alteration in the position

of RAZ.

5.2 Scalar Singlet S̃1 (3̄, 1,
8
3
)

With the scalar singlet leptoquark S̃1 (3̄, 1,
8
3
), the situation

gets much simpler as we have only one excitation and there

is no possibility of model contamination. This leptoquark
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Fig. 6 Angular distribution with respect to the angle (θ) made by the

photon with the incoming electron beam, at
√

s = 318.12 GeV and

Lint = 100 fb−1 in the CM frame. The sub-figure (a) shows the angular

distribution for the associate production of (R
+5/3

2 )c, whereas the sub-

figure (b) displays the same for (R
+2/3

2 )c. In the sub-figure (c), we present

the angular distributions of the signal and background together in the

rest frame of interaction

couples to SM fermions through Yukawa like coupling given

by,

− L ⊃ YR d̄
c

R S̃1 lR + h.c. (11)

Fig. 7 Angular distribution for the associated production of recon-

structed 70 GeV leptoquark S̃c
1 relative to photon angle (θ) made with

electron beam, at
√

s = 318.12 GeV and Lint = 100 fb−1 in the rest

frame of interaction

When this leptoquark is produced in association with a pho-

ton during the e-p collision, its differential distribution with

respect to the angle (θ ) made by the photon with the incoming

electron beam should exhibit a zero at cos θ = − 1
2

. Similar to

the previous case, here also we concentrate in the final state

invoking muon in order to eliminate the SM backgrounds.

The benchmark point (BP1) for the simulation is described

in Table 2. The branching fractions and the production cross-

sections associated with a photon (p
γ

T ≥ 20 GeV) for the

study at HERA are given in Tables 3 and 4 respectively.

Unlike the doublet case, here we have only one excitation

leading to the final state topology in electron-hadron collision

which constitutes of a muon, a s-quark and a photon:

e p → (S̃
+4/3

1 )c γ → μ s γ. (12)

Similar to the doublet leptoquark case, here also we recon-

struct the scalar leptoquark mass via the invariant mass recon-

struction of μ-jet in order to go back to the CM frame. The

angular distribution at the CM frame of HERA with Lint =
100 fb−1 relative to the cosine of the angle between the hard

photon and incoming electron for the events with exactly one

photon with p
γ

T ≥ 20 GeV and exactly one reconstructed lep-

toquark is shown in Fig. 7. The minimum at cos θ = − 1
2

is

clearly visible. The numbers of events7 after each cuts for

the above mentioned final states at an integrated luminosity

of 100 fb−1 are tabulated in Table 7.

5.3 Scalar triplet S3 (3̄, 3,
2
3
)

We now consider the scalar triplet leptoquark, S3 (3̄, 3,
2
3
)

for our analysis. This leptoquark couples to the SM fermions

7 Since this is a zero-background scenario, we do not mention the sig-

nificance.
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Table 7 Number of events after the cumulative cuts for the scalar singlet

leptoquark S̃c
1 and SM background at

√
s = 318.12 GeV with Lint =

100 fb−1 at HERA

Cuts Signal(S̃
+4/3

1 )c Background

B(S̃c
1 → μ s): BP1

� 1μ + 1 j + 1γ 326.7 0.0

|Ml j − MS̃1
| ≤ 10 GeV 267.9 0.0

+1γ(pT >20GeV) 263.5 0.0

through Yukawa like coupling given by,

−L ⊃ YL Q̄
c

L

(
iσ 2 S

ad j
3

)
LL + h.c., (13)

where, S
ad j
3 =

⎛
⎜⎝

S
+1/3
3√

2
S

+4/3

3

S
−2/3

3 − S
+1/3
3√

2

⎞
⎟⎠ signifies the triplet in the

adjoint representation.

Of the three members of the triplet, only two, namely

(S
+4/3

3 )c and (S
+1/3

3 )c, can be produced from e-p collision,

since S
−2/3

3 does not couple to electron at all, as can be realised

from Eq. (13). Again, only (S
+4/3

3 )c shows RAZ at cos θ =
− 1

2
in CM frame whereas (S

+1/3

3 )c does not and acts as model

contamination. Following the same argument as before, we

look for the leptoquark decaying to second generation lepton

and quark, i.e μ and s/c . The interaction at the e-p collider

for the associated production with a photon and the decay of

these leptoquarks are shown below:

e p → (S
+4/3

3 )c γ → μ s γ,

e p → (S
+1/3

3 )c γ → μ c γ. (14)

We follow the same approach for event generation and

collider simulation with the allowed benchmark point (BP1)

in Table 2, the branching fractions in Table 3 and the cross-

sections associated with a photon (p
γ

T ≥ 20 GeV) in Table 4.

We see that while decaying, the signal leptoquark (S
+4/3

3 )c

produces a c-jet, whereas the background leptoquark (S
+1/3

3 )c

gives rise to a s-jet. So, we determine the jet-charge in order

to separate the final states in a similar fashion as was done for

scalar doublet Rc
2 in Sect. 5.1. From Fig. 8 one can notice that

the jets from the decay of (S
+4/3

3 )c peaks at a negative charge

whereas the same from (S
+1/3

3 )c attains the maximum around

some positive charge. Although the peaks of jet-charges are

not exactly at 2e/3 or −e/3, they are well-separated and

hence can be recognized. For our analysis of Sc
3 , we impose

a cut and accept the events for which the jet-charge are nega-

tive, so that the signal can be optimized over the background.

After the leptoquark mass reconstruction from μ-jet

invariant mass, as explained before, we now determine the

Fig. 8 Reconstructed charge (in the unit of e) of c/s-jets coming from

the scalar triplet leptoquark decay

Table 8 Number of events after the cumulative cuts for the scalar triplet

leptoquark Sc
3 with

√
s = 318.12 GeV and Lint = 100 fb−1. Signifi-

cances with Lint = 100 fb−1 and 400 pb−1 as well as integrated lumi-

nosity required for 5σ significance at HERA are also estimated

Cuts Signal SM +

(S
+4/3

3 )c (S
+1/3

3 )c

B(Sc
3 → μ s/c): BP1

� 1μ + 1 j + 1γ 328.5 520.2

|Mℓj − MS3 | ≤ 10 GeV 263.3 359.6

+1γpT >20GeV

Q Jet < 0.0 180.5 104.9

σSig(Lint = 100 fb−1) 10.7

σSig(Lint = 400 pb−1) 0.67

L5σ ( in fb−1) 21.8

cosine of the angle of the hard photon with the incoming

electron beam (cos θ ) in the CM frame for the final state

≥ 1μ + 1 j + 1γ . In Table 8, we tabulate the events com-

ing from (S
+4/3

3 )c and SM processes plus (S
+1/3

3 )c at different

stages of imposed cuts for Lint = 100 fb−1. We determine

the signal significance at integrated luminosities of 400 pb−1

(HERA) and 100 fb−1 and also predict the Lint required for

a signal significance of 5σ . It is evident that the cuts substan-

tially reduce the model background from the production of

(S
+1/3

3 )c, whereas there is no SM background to be observed.

After implementing the cuts of Table 8, we plot the angu-

lar distributions for the leptoquark Sc
3 in Fig. 9. Figure 9(a)

clearly shows a zero around cos θ = − 1
2

for (S
+4/3

3 )c, while

Fig. 9b depicts no such zero for (S
+1/3

3 )c in the angular dis-

tribution. Like the scalar doublet case, here also the zero is

shifted from its theoretical position. We combine the signal

and background together in Fig. 9c since both the compo-

nents with same mass will be produced as parts of the triplet.

As can be seen, the zero around cos θ = − 1
2

is gone in case

of combined plot, however, a dip is still noticeable. The anal-
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Fig. 9 Angular distribution for the associated production of recon-

structed 70 GeV scalar triplet leptoquark Sc
3 relative to the photon angle

(θ) with electron beam, at
√

s = 318.12 GeV and Lint = 100 fb−1 in

CM frame. The sub-figure a shows the angular distribution for (S
+4/3

3 )c,

b shows the same for (S
+1/3

3 )c, and c depicts the combined distribution

in the CM frame of interaction

ysis shows that a very early data of ∼ 21.8 fb−1 of integrated

luminosity can probe the minimum in the angular distribution

of photon for the scalar triplet leptoquark Sc
3.

Fig. 10 Angular distribution for the associated production of the

reconstructed 70 GeV vector singlet leptoquark Ũ c
1μ at

√
s = 318.12

GeV and Lint = 100 fb−1 at the rest frame of interaction

5.4 Vector singlet Ũ1µ (3, 1,
10
3

)

Having dealt with all the viable models of scalar lepto-

quarks, exhibiting zeros in their angular distributions, we

now address the vector counterparts. We begin our discus-

sion with the vector singlet Ũ1μ (3, 1,
10
3

). It couples with

SM fermion through Yukawa like coupling given by,

−L ⊃ YR ūR γ μ Ũ1μ lR + h.c. (15)

Here we have only one excitation, i.e. Ũ1μ. This leptoquark,

when gets produced in association with a photon from e-p

collision, exhibits zero at cos θ = − 1
5

.

For collider study at HERA, we benchmark the scenario

by BP1 in Tables 2, 3 and 4. Following the reasoning in the

preceding sections, we consider the leptoquark decay to only

second generation lepton and quark. After e-p collision, this

singlet will be produced in association with a photon and

then decay to the desired fermions as follows:

e p → (Ũ
+5/3

1μ )c γ → μ c̄ γ. (16)

We simulated the events in PYTHIA8 and reconstitute the

leptoquark via c μ invariant mass as before. The angular dis-

tribution in the CM frame with respect to the cosine of the

angle made by the hard photon with the incoming electron

for the events with
(

� 1μ+ 1 j + 1γ
)

+
(
|Mℓj − MŨ1μ

| ≤
10 GeV + 1γpT>20GeV

)
is plotted in Fig. 10. The existence

of a minimum surrounding cos θ = −0.2 is patently percep-

tible. The corresponding events8 at an integrated luminosity

of 100 fb−1 are then listed in Table 9 with the cumulative

cuts. The number of events seems very promising with an

early data in the absence of any SM background.

8 Like the scalar singlet case, here also we do not mention the signifi-

cance, since it is a zero-background scenario.
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Table 9 Number of events after the cumulative cuts for the vector

singlet leptoquark Ũ c
1μ with

√
s = 318 GeV and Lint = 100 fb−1 at

HERA

Cuts Signal(Ũ
+5/3

1 )c Background

B(Ũ c
1μ → μ− c̄): BP1

� 1μ + 1 j + 1γ 74.8 0.0

|Ml j − MŨ1μ
| ≤ 10 GeV 54.9 0.0

+1γ(pT >20 GeV) 54.2 0.0

5.5 Vector doublet V2µ (3̄, 2,
5
3
)

We next take the vector doublet leptoquark V2μ (3̄, 2,
5
3
). This

leptoquark couples with the SM fermions through Yukawa

like coupling given by,

− L ⊃ YLd̄
c

R γ μ
(

iσ 2V2μ

)T

LL + YR Q̄
c

L γ μ

×
(

iσ 2V2μ

)
lR + h.c. (17)

In this case, (V
+4/3

2μ )c, the member with isospin projec-

tion + 1
2

, shows zero in angular distribution about cos θ =
− 1

2
at CM frame, while (V

+1/3

2μ )c exhibits a monotonically

increasing graph of angular distribution with cos θ . The cou-

plings, decay branching fractions and cross-sections (p
γ

T ≥
20 GeV) are given in Tables 2, 3 and 4 respectively.

The production channel associated with a photon and the

decay final sates for (V
+4/3

2μ )c and (V
+1/3

2μ )c at e-p collider are

given below:

e p → (V
+4/3

2μ )c γ → μ s γ,

e p → (V
+1/3

2μ )cγ → μ c γ. (18)

Similarly to previous cases, here also we determine the

charge of the jets from the distributions given below in

Fig. 11. We see in Table 10 that a demand of Q Jet < −0.3

reduces the model contamination of (V
+1/3

2μ )c substantially.

Equipped with all the cuts we then reconstruct the lep-

toquark mass from the j μ invariant mass distribution as

explained before and plot the angular distribution of the hard

photon with the incoming electron axis in the CM frame for

the final state with � 1μ+1 j +1γ . The angular distributions

for (V
+4/3

2μ )c, (V
+1/3

2μ )c and the combined scenario are depicted

in Fig. 12 by the sub-figures (a), (b) and (c) respectively. It is

apparent that for (V
+4/3

2μ )c we see a zero in the neighbourhood

of cos θ = − 1
2

which is still reflected in the combined plot

as a minimum of the distribution.

The number of events for such final states with cumulative

cuts are given in Table 10 at integrated luminosity of 400 pb−1

and 100 fb−1. It can be seen a very early data of ∼ 8 fb−1

can give us a 5σ signal significance.

Fig. 11 Charge (in the unit of e) reconstruction of c- and s-jets from

the vector doublet leptoquark decay

Table 10 Number of events after the cumulative cuts for the vector

doublet leptoquark V c
2μ at

√
s = 318.12 GeV and Lint = 100 fb−1.

Significances with Lint = 100 fb−1 and 400 pb−1 as well as integrated

luminosity required for 5σ significance at HERA are also estimated

Cuts Signal SM +

(V
+4/3

2μ )c (V
+1/3

2μ )c

B(V c
2μ → μ s/c): BP1

� 1μ + 1 j + 1γ 1167.6 1818.5

+|Ml j − MV2μ
| ≤ 10 GeV 929.8 1257.8

+1γpT >20GeV

Q Jet < −0.3 435.5 157.0

σSig(Lint = 100 fb−1) 17.9

σSig(Lint = 400 pb−1) 1.1

L5σ ( in fb−1) 7.8

5.6 Vector triplet U3µ (3, 3,
4
3
)

We finally consider the last model for our analysis, the vector

triplet leptoquark U3μ (3, 3,
4
3
). Two out of three members of

the triplet, with isospin projections +1 and 0, can be produced

at e-p collider. This leptoquark couples with the SM fermions

through Yukawa like coupling given by,

−L ⊃ YL Q̄L γ μ U
ad j
3μ LL + h.c., (19)

where, U
ad j
3μ =

⎛
⎜⎝

U
+2/3
3μ√

2
U

+5/3

3μ

U
−1/3

3μ −U
+2/3
3μ√

2

⎞
⎟⎠ symbolizes the triplet in

adjoint representation.

The interaction at e-p collider for the production and

decay of these leptoquarks are,

e p → (U
+5/3

3μ )c γ → μ c̄ γ,

e p → (U
+2/3

3μ )c γ → μ s̄ γ. (20)
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Fig. 12 Angular distribution of photon with respect to the electron

beam, at
√

s = 318.12 GeV and Lint = 100 fb−1 for the associated

production of 70 GeV vector doublet leptoquark V c
2μ in CM frame.

The first plot shows the angular distribution of (V
+4/3

2μ )c, the second

one shows the same for (V
+1/3

2μ )c, and the last one exhibits the angular

distribution for signal and background together in the rest frame of

interaction

The benchmark point (BP1) for the collider study along

with the decay branching fractions and cross-sections with

p
γ

T ≥ 20 GeV are given by Tables 2, 3 and 4 respectively.

Like the scalar triplet case, here also we have two excitations

Fig. 13 Charge distribution (in the unit of e) of c, s-jets coming from

the vector triplet leptoquark decays

Table 11 Number of events after the cumulative cuts for the vector

triplet leptoquark Uc
3μ at

√
s = 318.12 GeV and Lint = 100 fb−1.

Significances with Lint = 100 fb−1 and 400 pb−1 as well as integrated

luminosity required for 5σ significance at HERA are also estimated

Cuts Signal SM

(U
+5/3

3μ )c +(U
+2/3

3μ )c

B(Uc
3μ → μ c̄/s̄): BP1

� 1μ + 1 j + 1γ 69.4 52.1

|Ml j − MV2 | ≤ 10 GeV 53.6 39.6

1γpT >20GeV

Q Jet < −0.3 24.9 4.8

σSig(Lint = 100 fb−1) 4.6

σSig(Lint = 400 pb−1) 0.28

L5σ ( in fb−1) 118.1

which can be produced i.e. (U
+5/3

3μ )c and (U
+2/3

3μ )c. Similar to

the previous cases here also we need to identify the charges

of jets in order to distinguish (U
+5/3

3μ )c from (U
+2/3

3μ )c. For this

purpose the jet charge distributions are plotted in Fig. 13.

For the analysis of signal and background we again chose

� 1μ + 1 j + 1γ final sate and reconstruct the leptoquark

via the peak in invariant mass distribution of μj . We have

implemented the first three cuts of Table 11 where Q Jet <

−0.3 is instrumental in reducing the model contamination

coming from (U
+2/3

3μ )c.

Ready with the set up we plot the differential distribution

with respect to the angle between the hard photon and the

electron in CM frame, shown in Fig. 14. Figure 14a depicts

the minimum of distribution for (U
+5/3

3μ )c about cos θ = − 1
5

,

whereas Fig. 14b for (U
+2/3

3μ )c does not show any, as expected.

We combine the distributions in Fig. 14c and the dip can still

be observed.

In Table 11, we present the number of events after the

cumulative cuts for (U
+5/3

3μ )c and SM plus (U
+2/3

3μ )c. The sig-
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Fig. 14 Angular distribution of photon with respect to the electron

beam, at
√

s = 318.12 GeV and Lint = 100 fb−1 for the associated

production of 70 GeV vector triplet leptoquark Uc
3μ in CM frame. The

first plot shows the angular distribution of (U
+5/3

3μ )c, the second one

shows the same for (U
+2/3

3μ )c, and the last one exhibits the angular distri-

bution for signal and background together in the rest frame of interaction

nificance for (U
+5/3

3μ )c are calculated at
√

s = 318.12 GeV:

at Lint = 100 fb−1, 400 pb−1 at HERA. It is noticed that

the signature of (U
+5/3

3μ )c can be determined over the model

Table 12 Beam and centre of mass energies along with integrated lumi-

nosities at LHeC

E p Ee

√
s L

projected
int

7 TeV 50 GeV 1183.2 GeV 2000 fb−1

contamination from (U
+2/3

3μ )c at an integrated luminosity of

∼ 118 fb−1.

Clearly, as it follows from the signal-background table

of events for all the leptoquark models exhibiting zeros in

amplitude, with the size of the combined dataset of both the

collaborations, H1 and ZEUS amounting to 400 pb−1 for

e− p collision, that it is not sufficient to observe a significant

deviation for events exhibiting amplitude zeros. The high-

est significance obtained with this dataset is around 1.1σ

for the vector doublet leptoquark V c
2μ probe. However, for a

futuristic collider operating with the same collision energy

as HERA, if provide a dataset of size 100 fb−1, the lepto-

quark signatures for Sc
3 and V c

2μ will definitely be measured

with more than 5σ significance through RAZ; the other two

leptoquarks Rc
2 and Uc

3μ can also be observed with nearly 5σ

significance for the same integrated luminosity.

6 Large hadron electron collider (LHeC)

The large hadron electron collider (LHeC) is proposed at

CERN, Geneva [91,92]. We present in Table 12 the techni-

calities for Run 6 of LHeC, where a beam of 7 TeV proton

will be collided with a 50 GeV electron beam giving rise to

collisions at centre of momentum energy ∼ 1.2 TeV with a

projected luminosity of 2000 fb−1 .

For the collider simulation at LHeC, we choose the mass

of leptoquarks to be 900 GeV with the couplings specified by

BP2 scenario in Table 2. The corresponding branching frac-

tions and production cross-sections associated with a photon

(p
γ

T ≥ 20 GeV) for different leptoquarks are gathered in

Tables 3 and 4 respectively. It is important to mention that

unlike HERA we had to select |η| < 4.5 for all stable par-

ticles to confirm the occurrence of RAZ inside the detector

since the lab frame of LHeC is highly boosted relative to the

CM frame. As the position of RAZ in e-p collider depends

only on the charge of produced leptoquark and the production

channels as well as the decay modes, taken for the simulation

at LHeC, are same with the preceding section we present here

a comparative analysis of all the viable scalar and vector lep-

toquark models instead of presenting them in an elaborated

repetitive discussion.

Similar to the earlier collider, we start with the kinematical

distributions of scalar doublet leptoquark Rc
2 shown in Fig.

15. The sub-figures (a), (b) and (c) portray the distributions of

pT for jet, muon and photon respectively. As anticipated, the
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Fig. 15 Distributions of p
j
T , p

μ
T , p

γ

T and Mℓ j at LHeC with
√

s = 1183.2 GeV for the scalar-doublet leptoquark Rc
2 with mass 900 GeV

distributions of p
j

T and p
μ
T show peaks roughly around half

the mass of leptoquark. On the other hand, the sub-figure (d)

displays the distribution for invariant mass of jet-muon pair

which peaks at the leptoquark mass. However, in this case

also the transverse momentum distributions for (R
+5/3

2 )c and

(R
+2/3

2 )c approximately lie on top of each other and hence one

should go for the jet-charge determination for the separation

of the signatures of these two components, as described in

the last section.

In this collider also, we probe the final state � 1μ +
1 j + 1γpT >20GeV with a reconstructed leptoquark satisfying

|Mℓj − Mφ | ≤ 10 GeV. We show the angular distributions

of photon with respect to its angle with electron beam in

the CM frame for different leptoquark scenarios in Fig. 16.

The first row portrays the angular distributions for all the

scalar leptoquark scenarios whereas the second indicates the

same for the vector ones. As has been seen for HERA, in

case of doublet and triplet leptoquarks, the highest isospin

component exhibits RAZ while the second excitation acts as

model background showing no zero in the angular distribu-

tion. However, there still exits a dip in the combined plot of

signal and background as can easily be observed from Figure

16.

Lastly, we collect the final state event numbers after the

implication of different cuts for all the leptoquarks in Table

13 considering Lint = 2000 fb−1 and
√

s = 1183.2 GeV.

A significance of 5σ is reachable for the vector doublet V c
2μ

only, additionally, the scalar triplet Sc
3 can also be observed

with more than 3σ significance.

7 FCC-he

Finally we move to Future Circular Collider hadron-electron

(FCC-he) [91,92] and probe the TeV scale leptoquark at

higher energy as compared to LHeC in Sect. 6 where the

cross-sections are relatively small (See Table 4). FCC-he is

proposed in two phases, i.e. Phase I and Phase II. The FCC-

I will have the centre of momentum energy around ∼ 2.2

TeV, whereas FCC-II will have reach till ∼ 3.5 TeV as can

be seen from Table 14. The projected luminosity is around

2000 fb−1.

7.1 FCC I

For FCC-I the leptoquark mass is chosen as 1.5 TeV and

like previous case, we present the kinematical distributions

of scalar doublet leptoquark Rc
2 in Fig. 17. The sub-figures

(a), (b), (c) describe the distribution of transverse momenta

for jet, muon and photon respectively. It can be seen that jet

and muon pT peak around half of the leptoquark mass i.e.

∼ 750 GeV and certainly are very highly energetic. On the
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Fig. 16 Distribution of cosine of the angle made by the photon with

the electron beam, at
√

s = 1183.2 GeV and Lint = 2000 fb−1. The

sub-figures (a)Rc
2, (b) S̃c

1 , (c) Sc
3, (d) Ũ c

1μ, (e) V c
2μ and (f) Uc

3μ show

the angular distribution for associated production of the corresponding

leptoquarks along with a photon at LHeC

Table 13 Signal-background analysis for associated production of photon and different leptoquarks at LHeC with
√

s = 1183.2 GeV and

Lint = 2000 fb−1. The value of Qthreshold
Jet has been chosen −0.3 for all the doublet and triplet leptoquarks

Cutss Scalar leptoquark Vector leptoquark

Singlet Doublet Triplet Singlet Doublet Triplet

Signal Signal SM+ Signal SM+ Signal Signal SM+ Signal SM+

(S̃
+4/3

1 )c (R
+5/3

2 )c (R
+2/3

2 )c (S
+4/3

3 )c (S
+1/3

3 )c (Ũ
+5/3

1μ )c (V
+4/3

2μ )c (V
+1/3

2μ )c (U
+5/3

3μ )c (U
+2/3

3μ )c

� 1μ + 1 j + 1γ 76.3 22.7 8.5 79.3 215.8 7.9 454.2 3110.3 8.2 3.1

|Mℓj − Mφ | ≤ 10 GeV 40.4 12.1 4.7 41.8 108.9 3.6 239.4 1568.1 4.1 1.6

+1γpT >20GeV

Q Jet < Qthreshold
Jet – 5.1 0.53 18.8 14.8 – 108.1 217.1 2.8 0.46

σSig(Lint = 2000 fb−1) – 2.2 3.2 – 6.0 1.5

L5σ ( in fb−1) – 10300 4900 – 1400 22200

other hand, sub-figure (d) represent the invariant mass of the

jet-muon pair and it peaks around the leptoquark mass ∼ 1.5

TeV.

The benchmark points for the collider study are described

in Table 2 as BP3. The respective decay branching fractions

of different leptoquark models are shown in Table 3 with the

cross-sections for the leptoquarks production in association

with a photon (p
γ

T ≥ 20 GeV) given by Table 4.

Like earlier scenarios, we look for the final state
(

�

1μ + 1 j + 1γpT >20GeV

)
with a reconstructed leptoquark

,i.e.
(
|Mℓj − Mφ | ≤ 10 GeV

)
, and plot the angular distri-

bution with respect to the angle between the hard photon and

electron in the CM frame, as illustrated in Fig. 18. Here the

Table 14 Beam and Centre of Mass energies along with projected inte-

grated luminosities at FCC-he

Stage E p (in TeV) Ee (in GeV)
√

s (in GeV) L
projected
int (in fb−1)

I 20 60 2190.2 2000

II 50 60 3464.1 2000

upper panel shows the distributions from the scalar lepto-

quarks whereas lower panel describes the same for vector

ones. Similar to HERA and LHeC, here also the zeros in

their cross-sections are visible as minima in their angular dis-
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Fig. 17 p
j
T , pℓ

T , p
γ

T and Mℓ j distributions at FCC-I with
√

s = 2190.2 GeV for the scalar-doublet leptoquark Rc
2 with mass 1.5 TeV

Fig. 18 Distribution of cosine of the angle made by the photon with the electron beam, at
√

s = 2190.2 GeV and Lint = 2000 fb−1. The sub-figure

a Rc
2, b S̃c

1 , c Sc
3, d Ũ c

1μ, e V c
2μ and f Uc

3μ show the angular distribution for associated leptoquark production with a photon at FCC-I

tributions combined with SM plus the model backgrounds.

Doublet and triplet leptoquarks which have more than one

excitation get model contaminations from the other compo-

nent of the multiplet that does not show any trace of zero, as

explained before. Generally such different excitations have

unalike decay modes leading to separate charged jets, i.e. up-
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Table 15 Signal-background analysis for associated production of photon and different leptoquarks at FCC I with
√

s = 2190.2 GeV and

Lint = 2000 fb−1. The value of Qthreshold
Jet has been chosen 0 for Rc

2 and Uc
3μ while the same for Sc

3 and V c
2μ is chosen to be −0.3

Cuts Scalar leptoquark Vector leptoquark

Singlet Doublet Triplet Singlet Doublet Triplet

Signal Signal SM+ Signal SM+ Signal Signal SM+ Signal SM+

(S̃
+4/3

1 )c (R
+5/3

2 )c (R
+2/3

2 )c (S
+4/3

3 )c (S
+1/3

3 )c (Ũ
+5/3

1μ )c (V
+4/3

2μ )c (V
+1/3

2μ )c (U
+5/3

3μ )c (U
+2/3

3μ )c

� 1μ + 1 j + 1γ 569.8 42.4 15.2 600.9 1223.9 39.9 2397.5 4886.9 42.4 15.2

|Mℓj − Mφ | ≤ 10 GeV 166.8 14.0 5.1 201.6 401.9 12.2 800.2 1621.4 14.0 5.1

+1γpT >20GeV

Q Jet < Qthreshold
Jet – 9.7 1.4 91.2 52.5 – 364.4 209.3 9.7 1.5

σSig(Lint = 2000 fb−1) – 2.9 7.6 – 15.2 2.9

L5σ ( in fb−1) – 5900 900 – 200 5900

or down-type, and thus can be distinguished by reconstruct-

ing the jet-charge.

We then gather the final state event numbers guided by the

different cuts and present them in Table 15 at 2000 fb−1 of

integrated luminosity and 2190 GeV of the centre of momen-

tum energy. It is evident that a signal significance of ∼ 3σ is

achievable for most of the scenarios while more than 5σ is

for a few.

7.2 FCC-II

As FCC-II has elevated centre of momentum energy ∼ 3464

GeV, we choose a relatively higher mass for the leptoquark

i.e. Mφ = 2 TeV keeping all the couplings same as FCC-I.

The benchmark points (BP4) for this scenario are already

mentioned in Table 2 and the cross-sections for production

of different leptoquarks in association with a photon (p
γ

T ≥
20 GeV) are enlisted in Table 4. The branching fractions for

different leptoquarks under this scenario are almost same

with those in case of FCC-I differing only at third decimal

place and hence we do not show it explicitly in Table 3.

Due to heavier mass, the kinematical distributions for

FCC-II will have tails at the higher momentum spectrum

as depicted in Fig. 19. Figure 19a, b show the jet and muon

pT distributions which have their peaks around half of the

leptoquark mass i.e. ∼ 1 TeV, as during the on-shell produc-

tion of leptoquarks the momenta are equally shared between

the jets and the muons. Figure 19c, d describe the photon pT

and invariant mass distributions of the jet-muon pair and the

later peaks around the leptoquark mass of ∼ 2 TeV.

Similar to FCC-I, we present the angular distributions in

CM frame of FCC-II for the different leptoquark scenarios

with respect to the angle between the hard photon and the

incoming electron in Fig. 20. The minima are visible, as

expected, in different leptoquark scenarios, combined with

SM plus model backgrounds, for the final state satisfying

� 1μ + 1 j + 1γpT >20GeV with the reconstructed leptoquark

obeying |Mℓj − Mφ | ≤ 10 GeV. Later we present the final

state numbers at FCC-II with centre of momentum energy

of 3464.1 GeV at an integrated luminosity of 2000 fb−1 in

Table 16. All the scenarios have signal significance over 5σ

in that given integrated luminosity.

8 Discussion and conclusion

Radiation amplitude zero is a well-established phenomenon

in flavour Physics. It has mostly been used in determining

the electromagnetic properties of W -boson. In this article,

we use it to probe the signatures of the proposed particles

leptoquarks in electron-proton collider. For our purpose, we

explored the zeros in the angular distribution of the pho-

ton, produced in association with the leptoquark, in different

electron proton colliders namely HERA, LHeC, FCC-I and

FCC-II. In our simulation, we have worked with leptoquarks

of different mass scales, viz. 70 GeV to 2000 TeV, which are

still allowed by various present and past collider bounds if

proper couplings and branching fractions are chosen.

Scalar and vector singlet leptoquarks come with only one

excitation thus there is no model contamination, which makes

such typical angular distribution with zero at some kinemat-

ical point very easily detectable compared to the other sce-

narios. In case of doublets and triplets, the situation is little

complicated. It is interesting to note that some of the compo-

nents for these multiplets cannot be produced at any electron-

handron collider due to the particular gauge structure of the

interactions, whereas some of the other components, though

get produced in e-p collision, do not show RAZ within the

physically allowed phase space. These second type of exci-

tations perplex the circumstances for doublets and triplets

since they tend to obscure the zeros in the distribution for

the desired components. Such cases are handled by applying

appropriate cuts which effectively reduce the model back-

ground. It is worth mentioning that since we have looked for
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Fig. 19 p
j
T , pℓ

T , p
γ

T and Mℓ j distributions at FCC II with
√

s = 3464.1 GeV for the scalar-doublet leptoquark Rc
2 with mass 2.0 TeV

Fig. 20 Distribution of cosine of the angle made by the photon with the electron beam, at
√

s = 3464.1 GeV and Lint = 2000 fb−1. The sub-figure

a Rc
2, b S̃c

1 , c Sc
3, d Ũ c

1μ, e V c
2μ and f Uc

3μ show the angular distribution for associated leptoquark production with a photon at FCC-II
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Table 16 Signal-background analysis for associated production of photon and different leptoquarks at FCC-II with
√

s = 3464.1 GeV and

Lint = 2000 fb−1. The value of Qthreshold
Jet has been chosen 0 for Rc

2 and Uc
3μ while the same for Sc

3 and V c
2μ is chosen to be −0.3

Cuts Scalar leptoquark Vector leptoquark

Singlet Doublet Triplet Singlet Doublet Triplet

Signal Signal SM+ Signal SM+ Signal Signal SM+ Signal SM+

(S̃
+4/3

1 )c (R
+5/3

2 )c (R
+2/3

2 )c (S
+4/3

3 )c (S
+1/3

3 )c (Ũ
+5/3

1μ )c (V
+4/3

2μ )c (V
+1/3

2μ )c (U
+5/3

3μ )c (U
+2/3

3μ )c

� 1μ + 1 j + 1γ 1636.7 205.8 75.5 1781.6 2663.4 186.4 7051.4 10604.2 205.8 76.3

|Mℓj − Mφ | ≤ 10 GeV 569.2 74.1 24.5 575.4 874.9 69.9 2322.6 3496.6 75.1 29.3

+1γpT >20GeV

Q Jet < Qthreshold
Jet – 43.0 6.6 339.6 81.5 – 779.4 329.6 43.7 6.1

σSig(Lint = 2000 fb−1) – 6.1 16.5 – 23.4 6.2

L5σ ( in fb−1) – 1300 200 – 90 1300

the muons in the final state as the charged lepton, the channel

becomes SM background free absolutely.

The reconstruction of leptoquark via jet-muon invariant

mass is crucial in order to establish the centre of momentum

frame where we look for the zeros in angular distributions.

The results at the centre of momentum energy of HERA are

very promising and early data would give 5σ signal signifi-

cance for all the scenarios except scalar doublet and vector

triplet ones which would take integrated luminosity of 100

fb−1.

On the other hand, the situation is a bit tight for LHeC. Due

to various bounds from ATLAS and CMS, it is very difficult

to have a leptoquark within the mass range 200–900 GeV. But

centre of momentum energy available at LHeC is around 1.2

TeV and therefore, due to phase space suppression, it is quite

challenging to achieve a good significance for the associated

production of leptoquark with a photon.

In FCC-I, we have investigated the leptoquarks with mass

1.5 TeV where the cross-sections are not very encouraging

and except scalar triplet and vector doublet scenarios a 5σ

reach is quite not possible with the integrated luminosity of

2000 fb−1. The situation however changes when we upgrade

to FCC-II and search for leptoquark with mass 2 TeV. In this

collider 5σ significance is achievable within the projected

luminosity of 2000 fb−1 for all the scenarios.

Finally, we find that the leptoquarks showing RAZ in e-

p collider do not exhibit zero in e-γ collider while getting

produced in association with a quark or anti-quark. Hence, in

order to probe leptoquarks through the zeros of single photon

tree level amplitude, it is necessary to study their production

in both e-p and e-γ colliders.
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