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We investigate the flavor changing neutral currents (FCNC) generated by dimension-six four-fermion
operators at the Large Hadron-Electron Collider (LHeC) proposed at CERN in an effective approach. This
is performed by Monte Carlo analysis at the full detector level, as the background is successfully reduced
by using an invariant mass scheme to require the final states to reconstruct the mass (transverse mass) of the
top quark (W boson). Our analysis shows that the future electron proton colliders like the LHeC can probe

competitive limits for the top FCNC dimension-six four-fermion operators such as Cð1Þee31
lq < 0.0647,

Cee31
lu < 0.109, Cð1Þee31

lequ < 0.217 and Cð3Þee31
lequ < 0.0209 in the Warsaw basis.

DOI: 10.1103/PhysRevD.100.015011

I. INTRODUCTION

Although the Standard Model (SM) has been tested to a
great precision, it is commonly considered as an effective
field theory which is applicable up to a certain scale Λ.
Following this, several works [1–7] have appeared on the
top quark, the most important, heaviest particle known up
to the electroweak scale, based on the dimension-six
operators [8–10] of the Standard Model effective field
theory (SMEFT) at the LHC. Among these operators, the
ones which introduce flavor changing neutral currents
(FCNC) are very sensitive to new physics as they are
extremely suppressed by the Glashow-Iliopoulos-Maiani
(GIM) mechanism [11] in the SM. Meanwhile, a proposed
electron proton collider called the Large Hadron-Electron
Collider (LHeC) [12,13] serves as one of the possible
options in the post-LHC era. As the incoming protons are
produced from the LHC beam, the high energy makes it
suitable for studies of the top quark. Moreover, the
asymmetric beams make LHeC much more suitable for
probing top FCNC operators, in particular, leptons and
quarks. Such dimension-six operators can include gauge
bosons; as it introduces much more complex processes and
backgrounds, we focus on the operators including four

fermions at the LHeC, such as the ones which can produce
e−p → e−t process.
As the hints of lepton flavor universality violation

b → sll and b → cτν [14–16] at the LHCb received much
attention, our interest is mainly reinterpreted through the
CKM matrix [17,18]. A summary of the current limits on
different corresponding parameters at the LHC can be
found in Ref. [5], which gives the limits on the Wilson
coefficients of the top involved four-fermion operators
including two quarks and two leptons at Oð0.1Þ assuming
Λ ¼ 1 TeV. Such studies have also been carried out in the
e−eþ colliders [19–24], yielding the most stringent limits

on some Wilson coefficients such as Cð3Þee33
lq at Oð0.01Þ

assuming a relatively larger Λ ¼ 10 TeV [21]. This is
obtained by assuming the experimental uncertainty to be as
high as 30%. However, at the LHeC, most effort is put into
dimension-four FCNC operators [25–30]. The exact proc-
ess e−p → e−t has been considered in a recent paper [25]
while focusing on anomalous Ztq couplings. Apart from
these, a study at the LHeC about the dimension-six operator
containing the Higgs boson has been carried out in
Ref. [31]. Reference [32,33] study a similar quark-
quark-lepton-lepton (QQLL) operator for a different gen-
eration which does not contain top quarks but includes
Majorana neutrinos. A similar study considered a neutrino
in the final state rather than an electron, while an extra tbW
interaction has been considered with a focus on non-flavor
changing operators in Ref. [34].
In this paper, we focus on the operators in the basis of

dimension-six SMEFT which can generate a single top
production e−p → e−t process at the LHeC, i.e., four-
fermion operators at the 1113 generation. We select the

*wei.liu.16@ucl.ac.uk
†haosun@mail.ustc.edu.cn; haosun@dlut.edu.cn

Published by the American Physical Society under the terms of
the Creative Commons Attribution 4.0 International license.
Further distribution of this work must maintain attribution to
the author(s) and the published article’s title, journal citation,
and DOI. Funded by SCOAP3.

PHYSICAL REVIEW D 100, 015011 (2019)

2470-0010=2019=100(1)=015011(8) 015011-1 Published by the American Physical Society

https://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevD.100.015011&domain=pdf&date_stamp=2019-07-10
https://doi.org/10.1103/PhysRevD.100.015011
https://doi.org/10.1103/PhysRevD.100.015011
https://doi.org/10.1103/PhysRevD.100.015011
https://doi.org/10.1103/PhysRevD.100.015011
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/


scale factor Λ in the Wilson coefficient to be 1 TeV for
comparison. Particularly, we reconstruct the top in the final
states using the leptonic channel of its decay, b, e− and
Emiss
T regrading the current capability of the full detector

level simulation of the LHeC. By putting cuts on the
reconstructed top mass and the transverse mass of the W
boson, a relatively high significance S=

ffiffiffiffi
B

p
is obtained.

The paper is organized as follows: In Sec. II, we briefly
review the dimension-six Standard Model effective field
theory and summarize the relevant operators for the process
e−p → e−t. Following this, we simulate the cross section of
this signal process depending on the corresponding Wilson
coefficient, analyze the main background at the LHeC, and
put kinematical cuts on them to reduce the background and
finally obtain the sensitivities in Sec. III. We summarize the
paper and give the conclusions in Sec. IV.

II. DIMENSION-SIX FCNC FOUR-FERMION
CONTACT OPERATORS IN SMEFT

A. Relevant operators

When physics beyond the SM is present at scales (Λ)
larger than the electroweak scale, the SM can be extended
into an EFT. The so-called SMEFT, including the same
symmetric group SUð3Þ × SUð2Þ ×Uð1Þ of the SM,
defined by a power counting expansion in the ratio of
the scales, extends the SM with higher dimensional

operators QðdÞ
i of mass dimension d. The Lagrangian is

expressed as

LSMEFT ¼ Lð4Þ
SM þ

X
k

Cð5Þ
k

Λ
Qð5Þ

k þ
X
k

Cð6Þ
k

Λ2
Qð6Þ

k þO
�

1

Λ3

�

ð1Þ

whereLð4Þ
SM is the SMLagrangian andCðdÞ

k stands for the cor-
responding dimensionless coupling constants (Wilson coef-
ficients). The dimension-five terms vanish if baryon and
lepton number conservation is imposed, and the dimension-

six terms, which we concentrate on, are
P

k
Cð6Þ
k
Λ2 Q

ð6Þ
k .

A complete set of all allowed dimension-six operators is
actually quite large. However, not all operators, obeying the
required symmetries of the SM Lagrangian, are indepen-
dent. They are related by the equations of motion and also
by Fierz transformations. Therefore, the total number of
operators can be reduced to a minimum set of independent
ones. For simplification, they can be classified into three
different groups: strong, electroweak, and four-fermion
operators [35].
In our present paper, we concentrate on the four-fermion

operators, where the complete nonredundant set of four-
fermion operators are shown in [8] and referenced in the
so-called “Warsaw basis.” Here the operators should be
supplemented with generation indices of the fermion fields

whenever necessary, e.g., Qð1Þ
qq → Qð1Þprst

qq . Here p, r, s,
t ¼ 1, 2, 3 are generation indices, (1) and (3) are isospin
indices, and (1) and (8) are color indices. Excluding the five
B-violating operators, whose effects must be strongly sup-
pressed to respect proton decay bounds, we have 59
independent operators. In fact, one can relax the flavor
assumptions and allow all possible flavor combinations to be
independent operators. This increases the operator set to
2499 operators. The set of four-fermion operators can be
further reducedwhen only specific processes are studied. For
example, at electron proton (ep) colliders, ep collision can be
used to study four-fermion interaction which involves two
leptons and two quarks. They may therefore be sensitive to

Qð1Þ
lq , Q

ð3Þ
lq , Qlu, Qeu, Q

ð1Þ
lequ and Qð3Þ

lequ which are given as

Oð1Þprst
lq ¼ ðl̄pγμlrÞðq̄sγμqtÞ;

Oð3Þprst
lq ¼ ðl̄pγμτIlrÞðq̄sγμτIqtÞ;
Oprst

lu ¼ ðl̄pγμlrÞðūsγμutÞ;
Oprst

eq ¼ ðēpγμerÞðq̄sγμqtÞ;
Oprst

eu ¼ ðēpγμerÞðūsγμutÞ;
Oð1Þprst

lequ ¼ ðl̄perÞϵðq̄sutÞ;
Oð3Þprst

lequ ¼ ðl̄pσμνerÞϵðq̄sσμνutÞ: ð2Þ

The notation employed in this section follows that ofRef. [8],
with flavor indices labeled by prst; left-handed fermion
doublets denoted by q, l; right-handed fermion singlets by u,
d, e; and the antisymmetric SUð2Þ tensor by ε≡ iτ2, where
τI are the Pauli matrices.
Furthermore, we consider the single top production effects

at ep colliders, so we should use a set of dimension-six four-
fermion operators involving at least one top quark and at
least one electron. Our discussion exclusively concerns
processes involving at least a top quark. Only operators
involving such a particle are considered. Other operators
affecting the considered processes are assumed to be well
constrained by measurements in processes that do not
involve top quarks. This assumption may not always be
justified, and explicit checks should be performed.

B. Current limits

There are no direct limits on the top related flavor
changing four-fermion operators so far. However, various
studies about four-fermion operators can be applied
through the measurement of CKM matrix elements.
Indirect limits from low-energy observables, including B
decays, dilepton production, electric dipole moments, CP
asymmetries, proposed e−; eþ colliders and future LHC
upgrades such as HL-LHC as well as HE-LHC [36], can
apply to the operators mentioned above, here we only
introduce the limits available at current experiments as
discussed in the following subsections. We follow a similar
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procedure as in Ref. [5], but instead of assuming the (33)
element to be the only effective one, we assume an off-
diagonal (13) or (23) element for top flavor changing.

1. Limits from B physics

Consider the charged-current b → ceiν̄j:

H
b→ceν̄j
eff ¼ −

2

ν2
Vcbððδij þ cijVL

Þðc̄LγμbLÞðēiLγμνjLÞ

þ cijSRðc̄LbRÞðēiRν
j
LÞ þ H:c:Þ ð3Þ

where ν ≈ 246 GeV. The tree-level matching to the
SMEFT is given by [37,38]

cijVL
¼−

ν2

Λ2

�ΣkVckC
ð3Þij3k
lq

Vcb

�
þ ν2

Λ2

�ΣkVckC
ð3Þk3
ϕq

Vcb

�
δij; ð4Þ

cijSR ¼ ν2

Λ2

�ΣkVckC
ð3Þij3k
lq

Vcb

�
: ð5Þ

Assuming that only the relevant operators are nonvanish-
ing, we get

cijVL
¼ −

ν2

Λ2

�
VcdC

ð3Þij31
lq

Vcb

�
ð6Þ

or

cijVL
¼ −

ν2

Λ2

�
VcsC

ð3Þij32
lq

Vcb

�
: ð7Þ

For example, in Refs. [5,39]

j1þ cττVL
j2 ¼ 1.237� 0.053: ð8Þ

Applying cττVL
¼ − ν2

Λ2

�
VcbC

ð3Þττ33
lq

Vcb

�
, we obtain Cð3Þττ33

lq ¼
−1.85� 0.40 which agrees with the result shown in
Ref. [5]. Thus, similar results can be obtained by translation
by dividing the CKM matrix Vcd

Vcb
or Vcs

Vcb
, with the translated

results of Ref. [18] shown in Table I.

2. Limits from high-pT dilepton searches

The effective operators can be strictly limited by the
high-energy tail of 2 → 2 scattering processes such as
qq → ll in Ref. [17]. Such limits are only valid if the
maximal center-of-mass energy Emax is much lower than
the massive mediators MNP which have been integrated
out. The limits on the flavor changing top operators can be
obtained by using the same method provided in the former
subsection; the results are shown in Table I.

3. Limits from electric dipole moments

As electric dipole moments have been constrained very
strictly, it can be sensitive to new physics including four-
fermion operators. At the one-loop level, the electric dipole
moment can be induced by a single top loop. Thus, at the
one-loop level, only same flavor quarks contribute to this
process, which is not applicable for the favor changing
operators.

III. NUMERICAL RESULTS

A. Simulation at the LHeC

For the simulation of the collider phenomenology, we
use FeynRules [40] to extract the Feynman rules from the
Lagrangian. The model is generated into Universal
FEYNRULES Output (UFO) files [41] from Ref. [5] and
then fed into the Monte Carlo event generator
MADGRAPH@NLO [42] for the generation of event sam-
ples. In order to estimate the event rate at the parton level
for the signal and backgrounds, we apply the following
basic preselections:

pb;j;lT > 5 GeV; jηb;jðlÞj < 8ð5Þ;
ΔRðk1k2Þ > 0.4; k1k2 ¼ jj; jl; jb; bb; bl; ð9Þ

where ΔR ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ΔΦ2 þ Δη2

p
is the separation in the rapidity

(η)-azimuth (Φ) plane; pj;b;lT are the transverse momenta of
jets, b jets, and leptons; η is the pseudorapidity for the
corresponding particles; and the cuts are only put here to
create initial samples as we will pass the samples to more
delicate cuts for the LHeC detectors introduced below. The
cuts are defined in the lab frame. We pass the generated
parton-level events to PYTHIA6.4 [43] which handles the
initial and final state parton shower, hadronization, heavy
hadron decays, etc. DELPHES3.4.1 [44] is used for detector
simulation with HEPMC [45] file as the input. The detector
is assumed to have a cylindrical geometry comprising a
central tracker followed by an electromagnetic and a
hadronic calorimeter. The forward and backward regions
are also covered by a tracker, and an electromagnetic and a
hadronic calorimeter. The angular acceptance for charged
tracks in the pseudorapidity range of −4.3 < η < 4.9
and the detector performance in terms of momentum and
energy resolution of electrons, muons, and jets are based on

TABLE I. Current limits on the relevant operators when Λ ¼
1 TeV for 31 (32) or 13 (23) generations.

Cð1Þ
lq , Cð3Þ

lq Cð3Þee31
lq ∈ [−0.10, 0.04] ([−0.024, 0.0093]) [18],

Cð1Þee31
lq þ Cð3Þee31

lq ∈ [−0.059, 0.037] ([−0.014,
0.0085]) [17],

Ceq Cee31
eq ∈ [−0.044, 0.051] ([−0.010, 0.012]) [17]

Clu No current limits
Ceu No current limits

Cð1Þ
lequ

No current limits

Cð3Þ
lequ

No current limits
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the LHeC detector design [13,46] (details here are taken
from our former paper [47]). For our simulation, a modified
PYTHIA version tuned for the ep colliders and the delphes
card files for the LHeC detector configurations [48] are
used. We use NN23LO1 [49,50] parton distribution func-
tions for all event generations. The factorization and
renormalization scales for both the signal and the back-
ground simulations are done with the default MadGraph5
dynamic scales. Anti-kt algorithm is adopted using the jet
definition. The other parameters, like theW-boson and top-
quark mass, are chosen to be MW ¼ 80.385 GeV [51] and
Mt ¼ 172.32 GeV. The collision energies are chosen to be
a 60 GeV electron beam and a 7 TeV proton beam as
proposed.

B. Signal production at the LHeC

We start with

e−ðp1Þ þ uðp2Þ → e−ðp3Þ þ tðp4Þ: ð10Þ

The process involving the second generation can be
calculated analogously, and the contribution of the third
generation is negligible. The Feynman diagram for the
process is shown in Fig. 1.
After Fierz transformation the part of the Lagrangian

containing the above four-Fermi operators can be para-
metrized as follows [19]:

Ltuee ¼
1

Λ2

X
i;j¼L;R

½VijðēγμPieÞðt̄γμPjuÞ þ SijðēPieÞðt̄PjuÞ

þ TijðēσμνPieÞðt̄σμνPjuÞ� ð11Þ

where PL;R ¼ ð1 ∓ γ5Þ=2, σμν ¼ i
4
½γμγν − γνγμ�, and we

express these vectorlike (Vij), scalarlike (Sij) and tensorlike
(Tij) couplings in terms of the coefficients of the seven
four-Fermi operators we mentioned above. Applying Fierz
transformation, we get the coefficient for the following
terms:

VLL ¼ Cð1Þ
lq − Cð3Þ

lq þ Cð1Þ�
lq − Cð3Þ�

lq ;

VLR ¼ Clu þ C�
lu; VRL ¼ Cqe þ C�

qe;

VRR ¼ Ceu þ C�
eu;

SRR ¼ −ðCð1Þ
lequ þ Cð1Þ�

lequÞ;
SLL ¼ SLR ¼ SRL ¼ 0;

TRR ¼ 1

4
ðCð3Þ

lequ þ Cð3Þ�
lequÞ;

TLL ¼ TLR ¼ TRL ¼ 0: ð12Þ

The corresponding amplitude can be written as

jMV
LLj2¼

V2
LL

Λ4
4ŝðŝ−m2

t Þ; jMV
LRj2¼

V2
LR

Λ4
4ûðû−m2

t Þ;

jMV
RLj2¼

V2
RL

Λ4
4ûðû−m2

t Þ; jMV
RRj2¼

V2
RR

Λ4
4ŝðŝ−m2

t Þ;

jMS
RRj2¼

S2RR
Λ4

t̂ðt̂−m2
t Þ;

jMT
RRj2¼

T2
RR

Λ4
½2ŝðŝ−m2

t Þ− t̂ðt̂−m2
t Þþ2ûðû−m2

t Þ�; ð13Þ

where ŝ ¼ ðp1 þ p2Þ2 ¼ ðp3 þ p4Þ2, t̂ ¼ ðp1 − p2Þ2,
û ¼ ðp1 − p3Þ2. Thus, we have

dσ̂
dΩ

¼ 1

64π2ŝ
ŝ −m2

t

ŝ
jMj2 ð14Þ

with

jMj2 ¼ 1

4

X
ij¼L;R

ðjMV
ijj2 þ jMS

ijj2 þ jMT
ijj2Þ: ð15Þ

The total cross section can be written as

σ ¼
Z

1

xmin
p

dxp
X
q;q̄

fq=pðxp; μ2fÞ
�
dσ̂
dΩ

�
dΩ ð16Þ

with xmin
p ¼ m2

t =s and ŝ ¼ xps.
As for the decay of the top quark in the LHeC, since the

Standard Model twb coupling is much bigger than the
constrained FCNC couplings, the branching ratio for top
decays to FCNC processes is considered negligible here,
which is also justified in several references [34,52].
The dependence on all independent parameters is simply

σðe−p → te−Þ ≃ 1.63 · ðVLL
2 þ VRR

2Þ
þ 0.576 · ðVLR

2 þ VRL
2Þ

þ 0.145 · SRR2 þ 246 · TRR
2½pb�: ð17Þ

In the basis of C in the Wilson coefficient,FIG. 1. Signal production through ep collision.
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σðe−p → te−Þ ≃ 1.63 · ððCð1Þee31
lq − Cð3Þee31

lq þ H:c:Þ2 þ ðCee31
eu þ H:c:Þ2Þ þ 0.576 · ððCee31

eq þ H:c:Þ2 þ ðCee31
lu þ H:c:Þ2Þ

þ 0.145 · ððCð1Þee13
lequ þ H:c:Þ2 þ ðCð1Þee31

lequ þ H:c:Þ2Þ þ 15.6 · ððCð3Þee13
lequ þ H:c:Þ2 þ ðCð3Þee31

lequ þ H:c:Þ2Þ½pb�:
ð18Þ

Here we useΛ ¼ 1 TeV as the default set. Using analogous
methods for other partons, we can obtain the dependence
for different generations. In the calculations that follow, we

take the condition that only Cð1Þee31
lq exists and is equal to 1

as an example, and we multiply the ratio of cross sections of
other parameters to get the corresponding effective cross
sections.

C. Backgrounds at the LHeC

The dominant SM background is made up of inclusive
processes which contain the corresponding final states:
lþ þ l− þ Emiss

T þ b=b̄=j. At the LHeC, there are three
dominant backgrounds: (a) Vector boson fusion processes
at the LHeC can introduce the same final states, and the b
jet is coming from the scattering of the initial proton beam;
(b) inclusive top-quark production processes at the LHeC
can lead to similar signatures from their top decays (they
are actually quite large as their cross section reaches 3.5 pb
at our setup at the LHeC); (c) processes including Z bosons
can have rich leptonic and hadronic final states and thus can
be sources of background. The above backgrounds can be
summarized as
(a) e−p→ lþþe−þEmiss

T þb=b̄=j or e−p → l− þ e−þ
Emiss
T þ b=b̄=j,

(b) e−p → t̄þ all or e−p → t̄þ allþ all or e−p → t̄þ
tþ allþ all,

(c) e−p → e− þ zþ zþ j or e−p → Emiss
T þ zþ zþ j or

e−p → Emiss
T þ zþ j or e−p → e− þ zþ j.

Note that all inclusive processes containing more jets for
the mentioned background are negligible.
In the next subsection, we show that all the above

background can be effectively removed using several
kinematical cuts listed in the following. This is mainly
due to the requirement of the final states to be from single
top decays. The rich sources of the leptonic final states in
the background make it possible to distinguish signal from

background by requiring an exact number of leptons to be
the decay products of single top and W bosons.

D. Kinematical cuts

In order to distinguish signal from background, we put
kinematical cuts on both the signal and background:

(i) Cut I: Requiring exactly one electron, one positron,
one Emiss

T and only one b-tagged jet with a minus
charge as the b jet is coming from the massive
particle t.

(ii) Cut II: Based on cut I, requiring the transverse
mass jMðeþ; Emiss

T Þ −MW j < 10 GeV.
(iii) Cut III: Based on cut II, requiring the invariant

mass jMðeþ; Emiss
T ; bÞ −Mtj < 40 GeV.

Note here we only consider the eþ þ Emiss
T þ b final

states of the top quark for simplicity. The antimuon final
states can also be considered in future detector simulations.
We produced 500 thousand events for each signal and
background; the cross section and the efficiency, defined as
Nðafter cutsÞ

Nðinitial eventsÞ, for all signal and background are shown in

Table II. From Table II, we can see that cut I is quite
efficient at distinguishing between the signal and back-
ground even though only 13.3% [51] of the top quark can
have eþ; Emiss

T at the final states. Cut II is extremely good at
distinguishing background containing the top quark and Z
boson. For background (b), this is due to the fact that the
missing energy and positron in background (b), which
mostly contain multiple tops, can have different sources;
thus it is not likely for them to reconstruct the W-boson
mass. As for background (c), this is quite straightforward
as it is rare for a Z boson to decay into a W boson. For
background (a), however, there are processes that contain
W → eþνe, which, as shown in Fig. 2, makes it difficult
to separate the background from the signal. Luckily, this
background has already been reduced by the requirement of
only one b-tagged jet of cut I. This is due to the fact that

TABLE II. Cut flows for the signal and background processes, applying the kinematical cuts mentioned in
Sec. III D at the LHeC. The efficiency is defined as Nafter cuts=N initial events.

Processes Signal Background (a) Background (b) Background (c)

σ (fb) 1630 818 3520 1016
Cut I efficiency 2.83e-02 8.06e-04 9.60e-03 2.04e-03
Cut II efficiency 6.28e-03 2.88e-04 5.85e-05 6.00e-06
Cut III efficiency 2.46e-03 1.08e-04 1.61e-05 2.00e-6
Effective events (2 ab−1) 8020 177 113 4
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other than those produced by the parenting top quark, the
b-tagged jets in background (a) are produced by the decay
of gluons which are more likely to produce more than one
b-tagged jet with a minus sign. As we already obtain big
enough S=

ffiffiffiffi
B

p
from the above cuts, cuts III, which we use

to reconstruct the top mass, are quite loose and not very
effective. This selection of cuts is also justified in Figs. 3
and 4. Especially in Fig. 4, it is shown that we are able to

get a good distribution of reconstructed top mass with much
higher efficiency compared to the background, which
indicates that the cuts we applied are efficient at distin-
guishing the signal from background.

E. Sensitivity limits

With the cross section and efficiencies calculated above,
we then apply a goodness-of-fit with the method of least
squares (χ2) analysis requiring χ2 ¼ ðNtot − NBÞ2=NB >
3.84 at 95% C.L. [51] at the LHeC with 2 ab−1 luminosity.
Thus, the corresponding limits for different parameters in
31 and 13 generations, assuming only one parameter exists,
are calculated by multiplying by their own cross sections
and are shown in Table III. Summarized in the basis of an
independent parameter, we obtain

(i)
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðV31

LL
2 þ V31

RR
2Þ

p
< 6.47 × 10−2

(ii)
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðV31

LR
2 þ V31

RL
2Þ

p
< 1.09 × 10−1

(iii)
ffiffiffiffiffiffiffiffiffiffi
S31RR

2
p

< 2.17 × 10−1

(iv)
ffiffiffiffiffiffiffiffiffiffi
T31
RR

2
p

< 5.27 × 10−3.

The limits for 32 and 23 generations can be obtained by
multiplying a simple 32.2 factor, due to the different
content of the u-quark and c-quark in the LHeC proton
beam.

Signal

Back a

Back b

Back c

FIG. 3. Reconstructed W-boson transverse mass from eþ and
Emiss
T after cut I. The green bar presents the signal, while the red,

blue and yellow represent backgrounds (a), (b) and (c), respec-
tively. The bin size is 5 GeV.

Signal

Back a

Back b

Back c

FIG. 4. Reconstructed top mass from W and b-tagged jets after
cut II. The green bar represents the signal, while the red, blue and
yellow represent backgrounds (a), (b) and (c), respectively. The
bin size is 5 GeV.

TABLE III. Limits for the corresponding coefficient for the 31 and 13 (32 and 23) generation from the eþ þ νe
channel at the LHeC. The limits are calculated at 95% C.L. for 2 ab−1 LHeC.

Parameters Cð1Þee31
lq þ H:c: Cð3Þee31

lq þ H:c: Cee31
eu þ H:c:

Limits 0.0647 (0.367) 0.0647 (0.367) 0.0647 (0.367)
Parameters Cee31

eq þ H:c: Cee31
lu þ H:c: Cð1Þee13

lequ þ H:c:
Limits 0.109 (0.617) 0.109 (0.617) 0.217 (1.23)
Parameters Cð1Þee31

lequ þ H:c: Cð3Þee13
lequ þ H:c: Cð3Þee31

lequ þ H:c:
Limits 0.217 (1.23) 0.0209 (0.102) 0.0209 (0.119)

FIG. 2. One example of the background process e−p → lþ þ
e− þ νl þ b at LHeC which contains W bosons as a mediator for
lþ and νl.
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IV. CONCLUSION

In this work we have considered the four-fermion top
flavor changing neutral current operators in the basis of
dimension-six Standard Model effective field theory. We
studied the process e−p → e−t, in particular, at the pro-
posed electron proton collider LHeC, using its signature to
set limits for the involved operators in the dimension-six
SMEFT. We performed our simulation at the full detector
level, requiring e− þ eþ þ Emiss

T þ b selection specifically
at the LHeC. The corresponding backgrounds were reduced
by setting kinematical cuts, requiring the reconstructed
W-boson transverse mass and top-quark mass. The sensi-
tivities at the 2 ab−1 LHeC were calculated by using a
goodness-of-fit with the method of least squares (χ2)

analysis. We obtained upper limits for Cð1Þee31
lq ; Cð3Þee31

lq ,

Cee31
eu þH:c:<0.0647, Cee31

eq , Cee31
lu þH:c:<0.109, Cð1Þee13

lequ ,

Cð1Þee31
lequ þ H:c: < 0.217 and Cð3Þee13

lequ , Cð3Þee31
lequ þ H:c: <

0.0209 assuming only one operator exists in the
dimension-six SMEFT for couplings of quarks at the first
and third generations. These limits were calculated at
95% C.L. for 2 ab−1 LHeC. The couplings between quarks
in the second and third generations can be obtained

similarly. However, this process has no sensitivities for
the couplings between two third generations as e−t → e−t
is negligible. In other words, we have already obtained
competitive limits in flavor changing four-fermion oper-

ators such as Cð1;3Þ
lq and Ceq at the LHeC using a simple

process. We have also gained new limits on the operators,
including right-handed singlets of quarks such as Clu, Ceu,

Cð1;3Þ
lequ , which are not covered in the B flavor physics.
These direct limits are already comparable to the indirect

limits such as precise measurements of B physics at the
LHC through the CKM matrix. Note that eþ; e− colliders
are expected to have even cleaner background, thus
producing indirect upper limits which are about a magni-
tude smaller for the operators.
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