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INTRODUCTION

Linac-Ring Col l ider, LHeC and 
FCC-eh

LHeC CDRs, arXiv:1206.2913, arXiv:2007.14491

FCC CDR, Eur. Phys. J. C 79, no. 6, 474 (2019)

• Energy Recovering Linac, e± Beam: 60 GeV, 

• Lint = 1-2 ab-1 (1-2k X HERA)
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Figure 2.2: Schematic view of the three-turn LHeC configuration with two oppositely positioned electron
linacs and three arcs housed in the same tunnel. Two configurations are shown: Outer: Default Ee =
60 GeV with linacs of about 1 km length and 1 km arc radius leading to an ERL circumference of about
9 km, or 1/3 of the LHC length. Inner: Sketch for Ee = 50 GeV with linacs of about 0.8 km length and
0.55 km arc radius leading to an ERL circumference of 5.4 km, or 1/5 of the LHC length, which is smaller
than the size of the SPS. The 1/5 circumference configuration is flexible: it entails the possibility to
stage the project as funds of physics dictate by using only partially equipped linacs, and it also permits
upgrading to somewhat higher energies if one admits increased synchrotron power losses and operates at
higher gradients.

The electron beam current is given as

Ie = eNef , (2.2)

where f is the bunch frequency 1/�. The current for the LHeC is limited by the charge delivery
of the source. In the new default design we have Ie = 20mA which results from a charge of
500 pC for the bunch frequency of 40 MHz. It is one of the tasks of the PERLE facility to
investigate the stability of the 3-turn ERL configuration in view of the challenge for each cavity
to hold the sixfold current due to the simultaneous acceleration and deceleration of bunches at
three di↵erent beam energies each.

2.4.1 Electron-Proton Collisions

The design parameters of the luminosity were recently provided in a note describing the FCC-eh
configuration [35], including the LHeC. Tab. 2.3 represents an update comprising in addition
the initial 30GeV configuration and the lower energy version of the FCC-hh based on the LHC
magnets2. For the LHeC, as noted above, we assume Ee = 50GeV while for FCC-eh we retain
60 GeV. Since the source limits the electron current, the peak luminosity may be taken not to

2 The low energy FCC-pp collider, as of today, uses a 6T LHC magnet in a 100 km tunnel. If, sometime in
the coming decades, high field magnets become available based on HTS technology, then a 20TeV proton beam
energy may even be achievable in the LHC tunnel. To this extent the low energy FCC considered here and an
HTS based HE-LHC would be comparable options in terms of their energy reach.
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depend on Ee. Studies of the interaction region design, presented in this paper, show that one
may be confident of reaching a �

⇤ of 10 cm but it will be a challenge to reach even smaller values.
Similarly, it will be quite a challenge to operate with a current much beyond 20 mA. That has
nevertheless been considered [36] for a possible dedicated LHeC operation mode for a few years
following the pp operation program.

Parameter Unit LHeC FCC-eh

CDR Run 5 Run 6 Dedicated Ep=20 TeV Ep=50 TeV

Ee GeV 60 30 50 50 60 60
Np 1011 1.7 2.2 2.2 2.2 1 1
✏p µm 3.7 2.5 2.5 2.5 2.2 2.2
Ie mA 6.4 15 20 50 20 20
Ne 109 1 2.3 3.1 7.8 3.1 3.1
�

⇤ cm 10 10 7 7 12 15
Luminosity 1033 cm�2s�1 1 5 9 23 8 15

Table 2.3: Summary of luminosity parameter values for the LHeC and FCC-eh. Left: CDR from 2012;
Middle: LHeC in three stages, an initial run, possibly during Run 5 of the LHC, the 50 GeV operation
during Run 6, both concurrently with the LHC, and a final, dedicated, stand-alone ep phase; Right:
FCC-eh with a 20 and a 50 TeV proton beam, in synchronous operation.

The peak luminosity values exceed those at HERA by 2–3 orders of magnitude. The operation
of HERA in its first, extended running period, 1992-2000, provided an integrated luminosity
of about 0.1 fb�1 for the collider experiments H1 and ZEUS. This may now be expected to be
taken in a day of initial LHeC operation.

2.4.2 Electron-Ion Collisions

The design parameters and luminosity were also provided recently [35] for collisions of electrons
and lead nuclei (fully stripped 208Pb82+ ions). Tab. 2.4 is an update of the numbers presented
there for consistency with the Run 6 LHeC configuration in Tab. 2.3 and with the addition
of parameters corresponding to the Ep = 20TeV FCC-hh configuration. Further discussion of
this operating mode and motivations for the parameter choices in this table are provided in
Section 10.3.

One can expect the average luminosity during fills to be about 50% of the peak in Tab. 2.4
and we assume an overall operational e�ciency of 50%. Then, a year of eA operation, possibly
composed by combining shorter periods of operation, would have the potential to provide an
integrated data set of about 5 (25) fb�1 for the LHeC (FCC-eh), respectively. This exceeds
the HERA electron-proton luminosity value by about tenfold for the LHeC and much more at
FCC-eh while the fixed target nuclear DIS experiment kinematics is extended by 3–4 orders of
magnitude. These energy frontier electron-ion configurations therefore have the unique potential
to radically modify our present view of nuclear structure and parton dynamics. This is discussed
in Chapter 4.
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INTRODUCTION
Top Quark Production in the Standard Model 3

Figure 5.12: Example graphs for top quark production in CC DIS (left) and for tt̄ photoproduction
(right).

Testing them is therefore of utmost importance to find out whether there are other sources of
electroweak symmetry breaking that are di↵erent from the standard Higgs mechanism.

One highlight at the LHeC is the direct measurement of the CKM matrix element |Vtb|. Such
a measurement can be done without making any model assumptions, like for instance on the
unitarity of the CKM matrix or the number of quark generations. An elaborate analysis of the
single top quark CC DIS process at the LHeC, which makes use of a detailed detector simulation
using the DELPHES package [475], shows that already at 100 fb�1 of integrated luminosity an
uncertainty of 1% can be expected. This compares to a total uncertainty of 4.1 % of the currently
most accurate result at the LHC Run-I performed by the CMS experiment [476].

The same process is also highly sensitive to the search for anomalous left- and right-handed Wtb

vector (fL

1 , f
R

1 ) and tensor (fL

2 , f
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2 ) couplings [473]. These are given by an e↵ective Lagrangian,
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In the SM formalism f
L

1 = 1 and f
R

1 = f
L

2 = f
R

2 = 0. The e↵ect of anomalous Wtb couplings is
consistently evaluated in the production and the decay of the antitop quark, cf. Fig. 5.12 (left).5

The expected limits for the anomalous couplings at 95 % confidence level from a measurement of
single top quark production in CC DIS at the LHeC, is displayed in Fig. 5.13. This analysis only
exploits hadronic top quark decays [473]. The coupling parameters are expected to be measured
with accuracies of 1% for the SM f

L

1 coupling determining |Vtb| (as discussed above) and of 4%
for f

L

2 , 9 % for f
R

2 , and 14% for f
R

1 at 1 ab�1.

In a similar way, through W boson and bottom (light) quark associated production, the CKM
matrix elements |Vtx| (x = d, s) can be extracted with very high precision utilizing a parameter-
isation of the deviations from the respective SM values. Here, the W boson and the b-jet (light
jet j = d, s) are produced via t-channel top quark exchange, or via s-channel single top quark
decay, as outlined in [478]. As an example, the processes

Signal 1: pe
� ! ⌫et̄ ! ⌫eW

�
b̄ ! ⌫e`

�
⌫`b̄
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5Further studies of the top quark charged current coupling can be found in [477]. There, a more general
framework is employed using the full basis of SU(2)L ⇥U(1) operators, including the relevant four-fermion ones.
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TOP QUARK PRODUCTION (CHARGED CURRENT)
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1 2

Fig. 1 Single antitop-quark production through charge current at the
e! p collider. The blobs at vertices 1 and 2 show the effective W! t̄ b̄
couplings, which includes the SM contribution. Further W! decays into
the hadronic mode via light quarks ( j " ū, d, c̄, s) or the leptonic mode
(l! " e!, µ!) with missing energy

by the Lagrangian (1) in MadGraph/MadEvent [47] using
FeynRules [48]. The partonic cross sections are convoluted
with CTEQ6L1 parton distribution functions (PDFs) keep-
ing the factorization and renormalization scale µF = µR =
mt = 172.5 GeV. The mass of the b-quark, mb = 4.7 GeV,
and the W± boson,mW= 80.399 GeV, are based on assuming
the SM value for |Vtb| f L1 = 1.

The total top decay width, which is is one of the fundamen-
tal properties of top physics, is measured with precision from
the partial decay width !(t # W b) in the t-channel of the
single top-quark production. The effect of anomalous Wtb
couplings in evaluating the decay width of the antitop quark
is consistently taken into account throughout our analysis for
the signal cross section.

Considering the five flavor constituents of a proton we
study the 2 # 2 process e! p # "et̄+X and probe the accu-
racy with which the anomalous couplings can be measured.
The variation of the cross section of the single top production
in SM is studied with respect to the center of mass energy
and electron energy in Fig. 2 and we find agreement with the
earlier results given in [30]. We also show the effect of taking
an 80 % beam polarization for electron, which results in the
enhancement of the SM single top production cross section
as the cross section scales as (1+ Pe!), Pe! being the degree
of polarization of the electron.

We also depict the varying contribution of the 2 # 3
process e! p # t̄ "e b from the four flavor proton where the
gluon splits into b, b̄ and b̄ participates in the interaction,
while the b quark is produced in the final state as a spectator
quark. This process is, however, suppressed in comparison
to the 2 # 2 process e! p # t̄ "e. This signal can be vetoed
out by demanding the exclusion of two b jets. We do not
consider this process for our analysis.

For the rest of the analysis we compute all cross sections
for the proposed LHeC with Ee! = 60 GeV and Ep = 7
TeV as per recommendations given in the LHeC conceptual
design report [31]. The total events are estimated with an
integrated luminosity L = 100 fb!1.

The new physics effect can arise either at the production
vertex of the antitop in the process e! p # t̄"e # b̄W!"e
or at the decay vertex. Figure 3 depicts the interplay of the
interference terms for the left-handed current and shows the

Fig. 2 Single antitop-quark production cross section at the LHeC with
the variation of electron energy Ee and fixed proton energy Ep = 7 TeV.
The top two curves depict the cross section for e! p # "e t̄ from the
80 % polarized and unpolarized e! beam, respectively. The third and the
fifth curve correspond to the branching of the unpolarized cross section
into hadronic and leptonic decay modes of W!. The first and the third
curve from the below correspond to the cross section for e! p # t̄ "e b
branching to the leptonic and hadronic decay modes ofW!, respectively

Fig. 3 Variation of the single antitop-quark production cross section
with the effective Wtb couplings (taking one anomalous coupling at a
time with SM) at the production and decay vertices, for fixed Ep =
7 TeV and Ee = 60 GeV

variation of the cross section with respect to the variation in
the anomalous couplings.

The stronger dependence of the cross section on the
anomalous coupling # f L1 is because of the identical Lorentz
structure associated with the SM and # f L1 , and accord-
ingly the constructive (destructive) interference becomes
pronounced for positive (negative) #

!! f L1
!!. Therefore the

cross section of the left-handed vector current mediated pro-
cess varies as [(1 + # f L1 ) |Vtb|]2. On the other hand, the

right-handed current mediated processes vary as
!! f Ri

!!2 for
i = 1, 2 and are therefore sub-dominant even in the pres-
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Table 2 Yield with selection cuts in the hadronic channel correspond-
ing to the chosen anomalous coupling value of 0.5 at integrated luminos-
ity L = 100 fb!1. The yields corresponding to SM+

!
i Bkgi signify

the total cumulative events of the SM and all backgrounds after taking
into account the b, b̄ faking/tagging efficiency. Yields corresponding to
all anomalous couplings include the SM top background

Event selection pT j,b " 20 GeV
""! j

"" # 5,
|!b| # 2.5 "R j,b/j " 0.4 $ET " 25

"#$E, j " 0.4
"#$E,b " 0.4

""m j1 j2 ! mW
""

# 22 GeV
Fiducial
efficiency (%)

S/
%
S + B

SM 3.2 & 104 2.3 & 104 2.2 & 104 66.7 –

SM+
!

i Bkgi 6.5 & 104 5.0 & 104 4.0 & 104 61.5

|Vtb|" f L1 = 0.5 7.3 & 104 5.0 & 104 5.0 & 104 68.0 1.92

f R1 = 0.5 4.6 & 104 3.2 & 104 3.2 & 104 69.7 1.43

f L2 = 0.5 4.9 & 104 3.6 & 104 3.6 & 104 73.2 1.55

f L2 = !0.5 3.4 & 104 2.3 & 104 2.3 & 104 69.6 1.40

f R2 = 0.5 5.7 & 104 4.1 & 104 4.1 & 104 72.3 1.69

The characteristics of the highest pT jet j1, the final state
b̄, and the missing transverse energy /ET are likely to bear
the signature of the Wtb couplings at the production/decay
vertex. We reconstruct the W! from jets at the final states to
study the azimuthal angle separation between W! and b̄, and
the missing energy /ET . We study one-dimensional distribu-
tions of the azimuthal angle (the angle between the planes)
"$/ET , j1 , "$/ET , b̄, "$/ET ,W , and "$b̄,W along with the
cos %b̄ j1

and "!b̄ j1
, where all angles are defined in the lab

frame. Figure 5 exhibits these distributions. To study the dis-
tribution profile and shape variation, all histograms are nor-
malized to unity and are drawn for an anomalous coupling
representative value of 0.5. The normalized distributions cor-
responding to |Vtb|" f L1 = ±0.5 are identical to that of the
SM. However, on consideration of the backgrounds the dis-
tribution profile of the kinematical variable generated from
|Vtb|" f L1 = ±0.5 shows distortion when compared to that
of pure SM. The SM+

!
Bkgi distributions are drawn after

summing the bin-wise contribution from each background
process with the appropriate factor as mentioned earlier.

In most of the distributions the new physics couplings
play a significant role and a clear distinction has been seen in
the profiles with respect to the combined effect SM and back-
grounds. We observe from Fig. 5 that the contribution of left-
and right-handed tensorial Lorentz structures are distinguish-
able in most distributions. The distributions corresponding to
(a) azimuthal angle between missing energy and highest pT
jet j1 and (b) the cosine of the angle between massive b quark
and j1 show a noticeable difference in the profile with respect
to the right-handed tensor chiral current.

2.2 Sensitivity in the leptonic mode

Similarly we study the yield of the leptonic decay mode of
W! through the process e! p ' t̄&e, (t̄ ' W!b̄, W! '
l!&̄l), l! ( e!, µ! at the LHeC. We impose as the standard
selection cuts the same as those given in Sect. 2.1. The effects
of these selection cuts are given in Table 3. The effective cross

section is given in the fourth column of this table. In general
all backgrounds processes are sub-dominant. Reading Table
3, we observe that:

(a) processes with a charged lepton, /ET and light jets, where
the light jets can fake a b jet of the signal becomes negli-
gibly small once they are screened through the selection
cuts and multiplied by the appropriate faking probability
factor.

(b) Background processes with two charged leptons where
one of them vanishes in the beam pipe is negligible after
the imposition of the selection cuts.

The fiducial efficiencies due to the additional cuts are com-
puted for the representative value of the couplings at ±0.5
corresponding to the coefficient of the different chiral and
Lorentz structures as given in Eq. (1). They are shown along
with the significance in Table 4.

In the leptonic mode the final state charged lepton along
with b̄ shows the characteristic features of the anomalous
couplings. Further we study the sensitivity of the couplings
through one-dimensional distributions corresponding to the
azimuthal angle "$/ET , l1 , "$/ET , b̄, along with the polar angle
cos %b̄l1 and the difference of the pseudo-rapidities "!b̄l1
between b̄ and the charged lepton with highest pT , desig-
nated as l1. Figure 6 depicts these distributions. As men-
tioned before all normalized distributions corresponding to
|Vtb|" f L1 = ±0.5 are identical to that of SM single top pro-
duction. We observe that f L2 shows a distinguishable profile
over the others. However, the distribution "$/ET l is sensitive
to all anomalous couplings.

3 Estimators and !2 analysis

3.1 Angular asymmetries from histograms

We construct the asymmetry from the distribution of the
kinematic observables in both the hadronic and the leptonic

123

L = 100 fb-1Hadronic 

Leptonic 
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Table 3 Cross section of all background processes in pb for the leptonic
channel with selection cuts. The effective background cross section !eff
is computed in the fourth column by multiplying b/b̄ tagging efficiency
and/or faking probability 1/10 and 1/100 corresponding to final state

charm/anti-charm and light jets j ! u, ū, d, d̄, s, s̄, g, respectively.
The background processes with two charged leptons are taken into con-
sideration where one gets lost in the beam pipe

No. Background process pT j,b,l " 20 GeV,
"R j,b/j " 0.4, #ET " 25!!# j

!! $ 5,
!!#b,l

!! $ 2.5

"$#E, j " 0.4
"$#E,b " 0.4
"$#E,l " 0.4

!eff

1 e% p & l%%̄l%e j 1.5 ' 10%1 1.4 ' 10%1 1.4 ' 10%3

2 e% p & l%%̄l%ec and e% p & l%%̄l%ec̄ 6.6 ' 10%3 6.1 ' 10%3 6.1 ' 10%4

3 e% p & l%%̄l%eb and e% p & l%%̄l%eb̄ without top line 3.6 ' 10%3 3.2 ' 10%3 1.9 ' 10%3

4 e% p & e%l%%̄l c 1.5 ' 10%2 6.9 ' 10%3 6.9 ' 10%4

5 e% p & e%l%%̄l j 1.2 ' 10%1 5.5 ' 10%2 5.5 ' 10%4

Table 4 Yield with selection cuts in the leptonic channel corresponding
to the chosen anomalous coupling value of 0.5 at integrated luminosity
L = 100 fb%1. The yields corresponding to SM+

"
i Bkgi signify the

total cumulative events of the SM and all backgrounds after taking into
account the appropriate b, b̄ faking/tagging efficiency

Event selection pT j,b " 20 GeV
!!# j

!! $ 5,
|#b| $ 2.5 "R j,b/j " 0.4 #ET " 25

"$#E, j " 0.4
"$#E,b " 0.4
"$#E,l " 0.4

Fiducial
efficiency (%)

S/
(
S + B

SM 1.2 ' 104 1.1 ' 104 92.0 –

SM+
"

i Bkgi 1.3 ' 104 1.2 ' 104 92.0 –

|Vtb|" f L1 = 0.5 2.7 ' 104 2.5 ' 104 92.6 1.55

f R1 = 0.5 1.7 ' 104 1.6 ' 104 94.1 1.23

f L2 = 0.5 1.9 ' 104 1.7 ' 104 89.5 1.27

f L2 = %0.5 1.1 ' 104 1.0 ' 104 90.9 0.95

f R2 = 0.5 2.2 ' 104 2.0 ' 104 90.9 1.38

A&i j =
N A
+ (cos &i j > 0) % N A

%(cos &i j < 0)

N A
+ (cos &i j > 0)+ N A

%(cos &i j < 0)
, (2)

A"#i j =
N A
+("#i j > 0) % N A

%("#i j < 0)

N A
+("#i j > 0)+ N A

%("#i j < 0)
, (3)

A"$i j =
N A
+ ("'i j >

(
2 ) % N A

%("'i j <
(
2 )

N A
+ ("'i j >

(
2 )+ N A

%("'i j <
(
2 )

, (4)

with 0 $ "'i j $ ( . The asymmetry A) and its statistical
error for N A

+ and N A
% events where N =

#
N A
+ + N A

%
$
= L ·!

is calculated by using the following definition based on the
binomial distribution:

A) = a ± !a, where a = N A
+ % N A

%
N A
+ + N A

%
and

!a =
%

1 % a2

L · ! ; () = cos &i j ,"#i j ,"$i j ). (5)

Here ! ! ! (e% p & t̄%, t̄ & W%b̄) ' BR(W% &
j j/ l%%̄)'*b is the total cross section in the respective chan-
nel after imposing selection cuts and *b = 0.6 is the b/b̄
tagging efficiency.

Based on the one-dimensional histograms given in Figs. 5
and 6, we look for the asymmetry within a distribution gen-

erated due to the interplay of the SM, background channels
and a given anomalous coupling for two distinct hadronic and
leptonic modes of W% decay. Any large deviation from the
combined asymmetry due to SM and background processes
would then imply that the associated kinematic observable
is an optimal variable in determining the sensitivity of the
given anomalous coupling. We provide these asymmetries
constructed from the distributions in Tables 5 and 6 for the
hadronic and leptonic channels, respectively, a representa-
tive value of the anomalous coupling of 0.5. Any asymmetry
with respect to the distributions corresponding to |Vtb|" f L1
is identical to the one in SM.

The asymmetries shown in Tables 5 and 6 are good esti-
mators for preliminary studies. They give a handle for judg-
ing the ability of the measured observable to distinguish the
contribution from an anomalous term in the Lagrangian. We
observe in Table 5 that the couplings are sensitive in magni-
tude as well as in sign of the asymmetry generated by cos &b j1
distribution. But they may not be sensitive enough for the
couplings which are one order of magnitude smaller than the
representative value. In fact, the whole distribution is essen-
tially divided into two halves, which correspond to only two
bins with large bin widths.
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LHeC as Top quark factory with low background
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𝐿$%& =
𝑔
√2

𝑊' ̅𝑡𝛾' 𝑉%& 𝑓()𝑃) + 𝑓(*𝑃* 𝑏 −
1

2𝑚+
𝑊', ̅𝑡𝜎', 𝑓-)𝑃) + 𝑓-*𝑃* 𝑏 + ℎ. 𝑐.
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TOP QUARK PRODUCTION (CHARGED CURRENT)

Eur. Phys. J. C (2015) 75 :577 Page 3 of 19 577

1 2

Fig. 1 Single antitop-quark production through charge current at the
e! p collider. The blobs at vertices 1 and 2 show the effective W! t̄ b̄
couplings, which includes the SM contribution. Further W! decays into
the hadronic mode via light quarks ( j " ū, d, c̄, s) or the leptonic mode
(l! " e!, µ!) with missing energy

by the Lagrangian (1) in MadGraph/MadEvent [47] using
FeynRules [48]. The partonic cross sections are convoluted
with CTEQ6L1 parton distribution functions (PDFs) keep-
ing the factorization and renormalization scale µF = µR =
mt = 172.5 GeV. The mass of the b-quark, mb = 4.7 GeV,
and the W± boson,mW= 80.399 GeV, are based on assuming
the SM value for |Vtb| f L1 = 1.

The total top decay width, which is is one of the fundamen-
tal properties of top physics, is measured with precision from
the partial decay width !(t # W b) in the t-channel of the
single top-quark production. The effect of anomalous Wtb
couplings in evaluating the decay width of the antitop quark
is consistently taken into account throughout our analysis for
the signal cross section.

Considering the five flavor constituents of a proton we
study the 2 # 2 process e! p # "et̄+X and probe the accu-
racy with which the anomalous couplings can be measured.
The variation of the cross section of the single top production
in SM is studied with respect to the center of mass energy
and electron energy in Fig. 2 and we find agreement with the
earlier results given in [30]. We also show the effect of taking
an 80 % beam polarization for electron, which results in the
enhancement of the SM single top production cross section
as the cross section scales as (1+ Pe!), Pe! being the degree
of polarization of the electron.

We also depict the varying contribution of the 2 # 3
process e! p # t̄ "e b from the four flavor proton where the
gluon splits into b, b̄ and b̄ participates in the interaction,
while the b quark is produced in the final state as a spectator
quark. This process is, however, suppressed in comparison
to the 2 # 2 process e! p # t̄ "e. This signal can be vetoed
out by demanding the exclusion of two b jets. We do not
consider this process for our analysis.

For the rest of the analysis we compute all cross sections
for the proposed LHeC with Ee! = 60 GeV and Ep = 7
TeV as per recommendations given in the LHeC conceptual
design report [31]. The total events are estimated with an
integrated luminosity L = 100 fb!1.

The new physics effect can arise either at the production
vertex of the antitop in the process e! p # t̄"e # b̄W!"e
or at the decay vertex. Figure 3 depicts the interplay of the
interference terms for the left-handed current and shows the

Fig. 2 Single antitop-quark production cross section at the LHeC with
the variation of electron energy Ee and fixed proton energy Ep = 7 TeV.
The top two curves depict the cross section for e! p # "e t̄ from the
80 % polarized and unpolarized e! beam, respectively. The third and the
fifth curve correspond to the branching of the unpolarized cross section
into hadronic and leptonic decay modes of W!. The first and the third
curve from the below correspond to the cross section for e! p # t̄ "e b
branching to the leptonic and hadronic decay modes ofW!, respectively

Fig. 3 Variation of the single antitop-quark production cross section
with the effective Wtb couplings (taking one anomalous coupling at a
time with SM) at the production and decay vertices, for fixed Ep =
7 TeV and Ee = 60 GeV

variation of the cross section with respect to the variation in
the anomalous couplings.

The stronger dependence of the cross section on the
anomalous coupling # f L1 is because of the identical Lorentz
structure associated with the SM and # f L1 , and accord-
ingly the constructive (destructive) interference becomes
pronounced for positive (negative) #

!! f L1
!!. Therefore the

cross section of the left-handed vector current mediated pro-
cess varies as [(1 + # f L1 ) |Vtb|]2. On the other hand, the

right-handed current mediated processes vary as
!! f Ri

!!2 for
i = 1, 2 and are therefore sub-dominant even in the pres-

123

The coupling parameters are expected to 
be measured with accuracies of 
• 1 % for the SM f1L coupling 

determining |Vtb| and of 
• 4 % for f2L, 
• 9% for f2R, and
• 14% for f1R at 1 ab−1.

(Hadronic Channel, including 
DELPHES simulation)

- Christian Schwanenberger -Top Physics at LHeC and FCC-eh EF03 Heavy flavour and top

Limits on Anomalous Wtb Couplings

= 1 in SM

Dutta, Goyal, Kumar, 
Mellado, arXiv:1307.1688
Kumar, Ruan, to be publ.

12

95% C.L.

including detector simulation (Delphes)

<0.01

DELPHES

<0.14
<0.09
<0.04

hadronic channel:
LHeC Dutta S, Goyal A, Kumar M, Mellado B [Eur. 

Phys. J. C75 (2015) no.12, 577]
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Probing the CKM matrix element Vtd and Vts at the ep colliders Hao Sun
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Figure 1: Feynman diagrams for different signal channels that involving Vtx vertex.

related channel at the ep colliders, where the signals are

Signal.1 : pe� ! net̄ ! neW�b̄ ! ne`
�n`b̄,

Signal.2 : pe� ! neW�b ! ne`
�n`b,

Signal.3 : pe� ! net̄ ! neW�j ! ne`
�n`j,

Signal.4 : pe� ! neW�j ! ne`
�n`j. (2.1)

The Feynman diagrams that involving at least one Vtx vertex are shown in Fig.1. In order to
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Figure 2: Signal production rate for different channels.

compare the production rate for different signal channels, we present some numerical results in
Fig.2. Some basic cuts are applied here, like the transverse momentum of jets pb(j)

T should be
larger than 20(10) GeV. The W boson is, here, not asked to be decayed. To show the pure signal
contributions from the Vtx vertex, we do like this: we produce the production rate with Rd(s) equal
exactly zero and obtain the cross section that we expect (sRx=0

Expect). By varying the R parameter, we

2
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TOP QUARK PRODUCTION 
(@ NLO IN LEPTONIC DECAYS)

Gao M, Gao Jun [arXiv: 2103.15846]
2

FIG. 1. The LO Feynman diagrams for the single top quark
production with leptonic decays at the LHeC. We also include
the subprocess that has indistinguishable final-state as the
single top quark production.

method used to deal with NLO calculations of subprocess
in single top quark production. We present the numerical
result for the total cross section at the NLO based on the
framework. The discussions on scale variations at both
LO and NLO are shown at the end of this section.

A. Theoretical framework

We use the 5FS which treats the bottom quark as a
massless parton in initial hadrons. The 5FS ensures a re-
summation of large quasi-collinear logarithms from gluon
splitting to bottom quarks through the parton distribu-

tion function of bottom quarks. The NLO cross section
can be written as[102, 103]

�
NLO{5}(p) + �

NLO{4}(p) +

Z
1

0

dx�̂
NLO{4}(x;xp)

⌘
Z

5

2

4� d�R(p)
�
✏=0

�

0

@
X

dipoles

d�B(p)⌦ dVdipole

1

A

✏=0

3

5

+

Z

4

⇥
d�V(p) + d�B(p)⌦ I

⇤
✏=0

+

Z
1

0

dx

Z

4

⇥
d�B(xp)⌦ (P +K)(x)

⇤
✏=0

,

(1)
where the contributions �

NLO{5}(p) and �
NLO{4}(p)

(with 5-body final state and 4-body final state, re-
spectively) represent the subtracted real contributions
and virtual contributions including integrated dipoles.
The third term

R
1

0
dx�̂

NLO{4}(x;xp)is a finite remainder
which comes from the cancellation of the ✏ poles of the
collinear counter-terms. It contains an additional one-
dimensional integration with respect to the longitudinal
momentum fraction x. The P and K are universal func-
tions of x which are finite for ✏ ! 0. The d�R, d�V

and d�B are the fully di↵erential cross section from real,
virtual(one-loop) and Born contributions. The dipole
factors dVdipole describe the two-parton decays of the
emitters. The factor I is derived from the dipole factors
by integrating out a single parton phase space, which will
cancel the ✏ poles in virtual contributions.
We show the one-loop Feynman diagrams with a b̄

quark in the initial state in Fig. 2. There are similar
one-loop diagrams for the process with a b quark in the
initial-state which are not shown for simplicity. The real
emission Feynman diagrams with a b̄ quark or gluon in
the initial state are shown in Fig. 3 and 4 respectively.
The corresponding subtraction terms include those of
Initial-state emitter and Final-state spectator Dai

j
and/or

Final-state emitter and Initial-state spectator Da

ij

Dai

j
(p1, . . . , p5; pa, . . .) =

� 1

2papi

1

xij,a 4,ai

D
. . . , j̃, . . . ; eai, . . .

���Tj ·Tai

T 2
ai

Vai

j

��� . . . , j̃, . . . ; eai, . . .
E

4,eai
,

(2)

Da

ij
(p1, . . . , p5; pa, . . .) =

� 1

2pipj

1

xij,a 4,a

D
. . . , ĩj, . . . ; ã, . . .

���Ta·Tij

T 2
ij

Va

ij

��� . . . , ĩj, . . . ; ã, . . .
E

4,a

,
(3)

xij,a =
papi + papj � pipj

papi + papj
. (4)

The Dai

j
terms cancel the singularities of the matrix

elements when the final-state parton i and the initial-
state parton a become collinear. Similarly, the Da

ij
can-

cel the singularity of the matrix elements when the final-

4

inclusive [pb] LO NLO

�[total] 0.281+8.2%
�11% 0.257+0.92%

+2.6%

�[ b̄ ] 0.281 0.264
�[ b ] 5.35⇥ 10�4 5.18⇥ 10�4

�[ g ] �6.97⇥ 10�3

TABLE I. Inclusive cross sections for the single top quark
production with leptonic decays at the LHeC at various or-
ders in QCD with a nominal scale choice of mt/2. The
scale variations are calculated by varying the scales from
µF = µR = mt/4 to mt, and are shown in percentages. In
the numbers of cross sections the upper(lower) variation cor-
responds to the scale choice of mt(mt/4). Separate contribu-
tions from three subprocesses with di↵erent initial state are
also shown.

fiducial [pb] LO NLO

�[total] 0.242+8.1%
�11% 0.205+0.76%

+3.1%

�[ b̄ ] 0.242 0.207
�[ b ] 5.01⇥10�4 4.62⇥ 10�4

�[ g ] �2.95⇥ 10�3

TABLE II. Similar to Table I for fiducial cross sections.

with the bottom anti-quark, bottom quark and gluon in
the initial state. The NLO corrections are also domi-
nated by the subprocess with a bottom anti-quark in the
initial state. The scale variations at NLO are decreased
by 5 times comparing with LO, and are within 3%.

For the single top quark production, we apply various
selection cuts to account for the finite kinematic cover-
age of the detectors and to suppress the SM background
from the associated production of vector bosons with jets.
Final-state quarks and gluons are clustered into jets us-
ing the anti-kT jet algorithm [108]. The jet-resolution
parameter is set to 0.4. We require at least one b-tagged
jet in the final state. The cuts on the transverse momen-
tum and pseudorapidity of the jet and lepton are shown
below

|⌘`� | < 5, pT,`� > 10GeV
|⌘j | < 5, pT,jet > 30GeV.

(6)

We show the predictions of the fiducial cross sections
at LO and NLO in Table II. We list contributions from
the di↵erent subprocesses and show the scale variations
in percentages. We find that the selection cuts reduce the
cross section by about 14% at LO by comparing to Ta-
ble I. The QCD corrections are still dominated by contri-
butions from the subprocess with a b̄ quark in the initial
state. The full NLO corrections reduce the fiducial cross
section by 15%. The scale variations of the NLO predic-
tions are about 3%, largely reduced comparing to the LO
ones. We can also calculate the e�ciency which is defined
as the ratio of the fiducial cross section to the inclusive
cross section. From the results in Tables. I and II, we
derive the e�ciency as 0.861 and 0.798 at LO and NLO
respectively.

III. PHENOMENOLOGICAL ANALYSIS

In this section, we present a phenomenological anal-
ysis of the di↵erential distributions based on our MC
program. We show the QCD corrections and theoret-
ical uncertainties of the distributions. We propose a
method of determining the top-quark mass using the av-
erage transverse momentum of the charged lepton, and
estimate various uncertainties of the measurement. We
also show impact of the QCD corrections on constraining
the anomalous couplings of the top quark.

A. LO and NLO Predictions

We present predictions of various distributions within
the fiducial region defined in Sec. II B in Figs. 5�9. For
the plot of each distribution, the upper panel shows the
LO and NLO distributions with a nominal scale choice of
mt/2 and alternative scale choices of mt/4 and mt. The
middle panel shows the ratio of the NLO predictions to
LO predictions (d�NLO/d�LO) with each scale choice.
The lower plot shows the PDF uncertainties and scale
variations at both LO and NLO. The 68% CL PDF un-
certainties are calculated at LO using the 58 error PDF
sets in the CT18 NNLO PDFs [107], and are normal-
ized to the LO distributions with the scale choice mt/2.
The two other bands correspond to the scale variations
of the LO/NLO predictions normalized to the LO/NLO
predictions with the scale choice mt/2.
The distribution in the transverse momentum of the

charged lepton is presented in Figure 5. In the upper
panel, the lepton PT is limited under 100 GeV and the
peak occurs around 25 GeV. The NLO distribution also
reaches the maximum at the peak of LO. The LO dis-
tributions with three di↵erent scales are separated away
while the NLO distributions are close to each other be-
cause the dependence on scale are decreased in the NLO
results. From the middle panel, we find the ratio of the
NLO to LO result with a scale of mt/4 tends to one
which shows better stability of perturbative calculation
than others in most PT ranges. In the lower panel, the
scale variations at LO are much larger than the PDF
uncertainty except in the region of large PT . The NLO
calculations greatly reduce the scale variations. Figure 5
also shows the pseudorapidity distribution of the charged
lepton. The peak of distribution of ⌘`� occurs in a nega-
tive value because the charged lepton is boosted because
of the asymmetric collision. The ratios of the NLO to LO
distribution all decrease as the increasing of the pseudo-
rapidity.
The transverse momentum and pseudorapidity distri-

butions of the b-jet are depicted in Figure 6. The trans-
verse momentum distribution at the NLO shows a lower
and broad peak compared to the LO. The ratios of the
NLO to the LO distribution reach a minimum near the
peak of the distribution of PT . These behaviors are due
to the non-resonant contributions and the hard gluon ra-
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inclusive [pb] LO NLO

�[total] 0.281+8.2%
�11% 0.257+0.92%

+2.6%

�[ b̄ ] 0.281 0.264
�[ b ] 5.35⇥ 10�4 5.18⇥ 10�4

�[ g ] �6.97⇥ 10�3

TABLE I. Inclusive cross sections for the single top quark
production with leptonic decays at the LHeC at various or-
ders in QCD with a nominal scale choice of mt/2. The
scale variations are calculated by varying the scales from
µF = µR = mt/4 to mt, and are shown in percentages. In
the numbers of cross sections the upper(lower) variation cor-
responds to the scale choice of mt(mt/4). Separate contribu-
tions from three subprocesses with di↵erent initial state are
also shown.

fiducial [pb] LO NLO

�[total] 0.242+8.1%
�11% 0.205+0.76%

+3.1%

�[ b̄ ] 0.242 0.207
�[ b ] 5.01⇥10�4 4.62⇥ 10�4

�[ g ] �2.95⇥ 10�3

TABLE II. Similar to Table I for fiducial cross sections.

with the bottom anti-quark, bottom quark and gluon in
the initial state. The NLO corrections are also domi-
nated by the subprocess with a bottom anti-quark in the
initial state. The scale variations at NLO are decreased
by 5 times comparing with LO, and are within 3%.

For the single top quark production, we apply various
selection cuts to account for the finite kinematic cover-
age of the detectors and to suppress the SM background
from the associated production of vector bosons with jets.
Final-state quarks and gluons are clustered into jets us-
ing the anti-kT jet algorithm [108]. The jet-resolution
parameter is set to 0.4. We require at least one b-tagged
jet in the final state. The cuts on the transverse momen-
tum and pseudorapidity of the jet and lepton are shown
below

|⌘`� | < 5, pT,`� > 10GeV
|⌘j | < 5, pT,jet > 30GeV.

(6)

We show the predictions of the fiducial cross sections
at LO and NLO in Table II. We list contributions from
the di↵erent subprocesses and show the scale variations
in percentages. We find that the selection cuts reduce the
cross section by about 14% at LO by comparing to Ta-
ble I. The QCD corrections are still dominated by contri-
butions from the subprocess with a b̄ quark in the initial
state. The full NLO corrections reduce the fiducial cross
section by 15%. The scale variations of the NLO predic-
tions are about 3%, largely reduced comparing to the LO
ones. We can also calculate the e�ciency which is defined
as the ratio of the fiducial cross section to the inclusive
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calculations greatly reduce the scale variations. Figure 5
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by 5 times comparing with LO, and are within 3%.

For the single top quark production, we apply various
selection cuts to account for the finite kinematic cover-
age of the detectors and to suppress the SM background
from the associated production of vector bosons with jets.
Final-state quarks and gluons are clustered into jets us-
ing the anti-kT jet algorithm [108]. The jet-resolution
parameter is set to 0.4. We require at least one b-tagged
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ble I. The QCD corrections are still dominated by contri-
butions from the subprocess with a b̄ quark in the initial
state. The full NLO corrections reduce the fiducial cross
section by 15%. The scale variations of the NLO predic-
tions are about 3%, largely reduced comparing to the LO
ones. We can also calculate the e�ciency which is defined
as the ratio of the fiducial cross section to the inclusive
cross section. From the results in Tables. I and II, we
derive the e�ciency as 0.861 and 0.798 at LO and NLO
respectively.
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In this section, we present a phenomenological anal-
ysis of the di↵erential distributions based on our MC
program. We show the QCD corrections and theoret-
ical uncertainties of the distributions. We propose a
method of determining the top-quark mass using the av-
erage transverse momentum of the charged lepton, and
estimate various uncertainties of the measurement. We
also show impact of the QCD corrections on constraining
the anomalous couplings of the top quark.

A. LO and NLO Predictions

We present predictions of various distributions within
the fiducial region defined in Sec. II B in Figs. 5�9. For
the plot of each distribution, the upper panel shows the
LO and NLO distributions with a nominal scale choice of
mt/2 and alternative scale choices of mt/4 and mt. The
middle panel shows the ratio of the NLO predictions to
LO predictions (d�NLO/d�LO) with each scale choice.
The lower plot shows the PDF uncertainties and scale
variations at both LO and NLO. The 68% CL PDF un-
certainties are calculated at LO using the 58 error PDF
sets in the CT18 NNLO PDFs [107], and are normal-
ized to the LO distributions with the scale choice mt/2.
The two other bands correspond to the scale variations
of the LO/NLO predictions normalized to the LO/NLO
predictions with the scale choice mt/2.
The distribution in the transverse momentum of the

charged lepton is presented in Figure 5. In the upper
panel, the lepton PT is limited under 100 GeV and the
peak occurs around 25 GeV. The NLO distribution also
reaches the maximum at the peak of LO. The LO dis-
tributions with three di↵erent scales are separated away
while the NLO distributions are close to each other be-
cause the dependence on scale are decreased in the NLO
results. From the middle panel, we find the ratio of the
NLO to LO result with a scale of mt/4 tends to one
which shows better stability of perturbative calculation
than others in most PT ranges. In the lower panel, the
scale variations at LO are much larger than the PDF
uncertainty except in the region of large PT . The NLO
calculations greatly reduce the scale variations. Figure 5
also shows the pseudorapidity distribution of the charged
lepton. The peak of distribution of ⌘`� occurs in a nega-
tive value because the charged lepton is boosted because
of the asymmetric collision. The ratios of the NLO to LO
distribution all decrease as the increasing of the pseudo-
rapidity.
The transverse momentum and pseudorapidity distri-

butions of the b-jet are depicted in Figure 6. The trans-
verse momentum distribution at the NLO shows a lower
and broad peak compared to the LO. The ratios of the
NLO to the LO distribution reach a minimum near the
peak of the distribution of PT . These behaviors are due
to the non-resonant contributions and the hard gluon ra-
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FIG. 2. One-loop Feynman diagrams for the single top quark
production with leptonic decays at the LHeC with a b̄ quark
in the initial-state.

FIG. 3. Real emission Feynman diagrams for the single top
quark production with leptonic decays at the LHeC with a b̄
quark in the initial-state.

state gluon and b or b̄ become collinear. T and V are
colour charge operator and spin function respectively.
The | . . .i

4,eai and | . . .i4,a are reduced born matrix ele-
ments by replacing the parton pair a, i with a single par-
ton ãi and by replacing the parton pair i, j with a single
parton ĩj respectively.

The calculations are carried out in the complex-mass
scheme [104, 105] such that our results are valid in all
regions of the phase space including when the top quark
is o↵-shell. The complex-mass scheme is a generalization
of the on-shell renormalization scheme, in which case the
bare top quark mass includes a complex renormalized
mass µ2

t
= m

2
t
� imt�t and a complex counter-term �µt.

The cross sections are dominated by contributions from
diagrams with a top quark resonance. However, we have
also included those non-resonant diagrams as can be seen

FIG. 4. Real emission Feynman diagrams for the single top
quark production with leptonic decays at the LHeC with a
gluon in the initial-state.

from Figs. 1-4.
We are now ready to calculate predictions for any in-

frared and collinear safe observables provided with the
virtual corrections from GoSam2.0 and the formulas of
the dipole terms in [100, 102]. As for the parameteri-
zation of the phase space, we use the multi-channel ap-
proach to accommodate for the singular structures of the
top-quark resonance. The numerical integrations are per-
formed with the Monte Carlo library Cuba [106].

B. Numerical Result

We study the single top quark production in ep colli-
sions at the LHeC with an electron beam energy of 70
GeV and a proton beam energy of 7 TeV. We use the
following set of the SM parameters in the numerical cal-
culations [44]

mZ = 91.1876GeV,mt = 172.5GeV,

mW = 80.385GeV, GF = 1.16639⇥ 10�5 GeV�2
.

(5)

The CT18 NNLO parton distribution functions
(PDFs) [107] and the strong coupling constant
↵s(mZ) = 0.118 are used throughout all the calcu-
lations. The nominal choice of the factorization and
renormalization scales are µR = µF = mt/2, and the
scale variations are calculated by varying the two scales
simultaneously from mt/4 to mt.
We list our predictions of the inclusive cross sections

for the single top quark production with leptonic decays
at di↵erent perturbative orders in Table I, with scale vari-
ations shown in percentages. We find that the LO cross
section is dominated by the subprocess with a bottom
anti-quark in the initial state. The NLO QCD correc-
tions reduce the total cross sections by 8.5%. The full
NLO corrections consist of three pieces from subprocesses

With leptonic decays at various orders in QCD
Scale choice = mt/2
Scale variations: mt/4 to mt

5

diations. The pseudorapidity distribution of the b-jet is
similar to the same distribution of the charged lepton.
The peak of ⌘b appears at a negative value. The ratios
of the NLO to the LO predictions in the middle panel
decrease more dramatically than the case of the charged
lepton. The scale variations are largerly reduced at the
NLO in most regions. The scale variations at the LO
largely underestimate the true perturbative uncertainties
when the pseudorapidity is large.

Figure 7 depicts the invariant mass distributions of
the charged lepton and b-jet system (the visible top-
quark decay products). The sharp cuto↵ in the distri-
bution is caused by the kinematic constraint M

2

`�b
<

M
2
t
� M

2

W
⇡ (150 GeV)2. The sharp increase of the

ratio of the NLO to the LO distribution right after the
cuto↵ is because of the non-resonant and o↵-shell e↵ects
at the NLO. This observable has been used to measure
the top-quark mass in the single top quark production at
the LHC. We present the distribution of the total miss-
ing transverse momentum (PT,miss = |PT,⌫`�

+PT,⌫̄e |) in
Figure 8. The peak of the distribution occurs at a much
large value comparing to the distribution of PT,`� . The
ratio d�NLO/d�LO in the tail region features a similar
behavior as in the case of PT,`� , shows a rising trend.
The PDF uncertainty and scale variations at the NLO
are less pronounced than scale variations at the LO.

For the leptonic decays of the top quark, the charged
lepton `

� is strongly correlated with spin direction of the
top quark in its rest-frame. We define the helicity angle
✓h as the angle between the direction of the charged lep-
ton and the top quark spin direction in the rest-frame of
the top quark [109, 110]. In our process, the spin of the
top anti-quark is always in the opposite direction of the
momentum of the incident electron. The distributions of
the cosine of the helicity angle are depicted in Figure 9.
The cos(✓h,`�b) is the cosine of the helicity angle based
on the top quark reconstructed with visible decay prod-
ucts while the cos(✓h,top) based on the truth top quark.
The cos(✓h,top) distribution displays a strong correlation
pattern except in the extreme backward region where the
fiducial cuts play an important role. The correlations are
diluted in the distribution of cos(✓h,`�b) due to the ap-
proximation on the reconstructed top quark. The ratios
d�NLO/d�LO are flat in most regions of the helicity an-
gle.

B. Top Quark Mass

We study the extraction of the top quark mass using
the transverse momentum distribution of the charged lep-
ton following our previous work [111]. We show the sensi-
tivity of the distributions of PT,`� to the top-quark mass
in Figure 10. The three curves correspond to results of
the top-quark mass of 167.5 GeV, 172.5 GeV and 177.5
GeV respectively, with the nominal scale choice. The
larger top-quark mass results in a harder PT,`� distribu-
tion and also a lower overall normalization. We choose

FIG. 5. Transverse momentum and pseudorapidity distribu-
tions of the charged lepton with fiducial cuts applied at LO
and NLO with a nominal scale choice of mt/2 and alternative
scale choices of mt/4 and mt. The middle panel shows the ra-
tio of the NLO predictions to LO predictions (d�NLO/d�LO)
with each scale choice. The lower plot shows the PDF uncer-
tainties and scale variations at both LO and NLO.

the average PT,`� in the fiducial region as our principle
observable to extract the top-quark mass. We also study
the sensitivity of the total fiducial cross section on the
top-quark mass.

The results on average PT of the charged lepton includ-
ing their scale variations are presented in Table III. The
LO results are less a↵ected by scale choices due to the

5
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FCNC TOP QUARK COUPLINGS (Ztu , Ztc)

Behera S, Islam R, Kumar M, Poulose P, Rahaman R [PRD 100.015006]Here, we intend to study the possible BSM signature in
the FCNC of the top quark sector in the proposed powerful
high energy e!p collider, the Large Hadron Electron
Collider (LHeC). With a choice of electron energy of
Ee ! 60 GeV, along with an available energy of LHC
proton of Ep ! 7 TeV, would provide a center of mass
energy of

!!!
s

p
" 1.3 TeV at the LHeC. Its design is such that

the e!p and pp colliders will operate simultaneously. Thus
it would provide a cost effective alternative to all the future
proposed colliders. Furthermore, The LHeC would gain
advantage over the LHC or the Future Circular Collider for
proton-proton (FCC-pp) [9] as (1) initial states are asym-
metric and hence backward and forward scattering can be
disentangled, (2) it provides a clean environment with
suppressed backgrounds from strong interaction processes
and free from issues like pile-ups, multiple interactions etc.,
(3) such machines are known for high precision measure-
ments of the dynamical properties of the proton allowing
simultaneous test of EWand QCD effects. A detailed report
on the physics and detector design concepts can be found
in Ref. [10].
This article is arranged as follows. In Sec. II, we describe

in detail the formalism used in this study. Section II A
describes the FCNC effect in the top quark sector through
the effective field theory (EFT) approach and its exper-
imental status. In Sec. II B, we detail the mechanism to
construct asymmetries specific to top quark, whereas
Sec. II C describes angular asymmetry of the primary
electron. Section III gives the thorough analysis of the
FCNC couplings from various aspects. Section III A gives
the cut-based analysis and various distributions. Section III B
gives the bounds arrived at form themulti-parameter analysis
and likelihood analysis. Finally, we draw our inferences
in Sec. IV.

II. FORMALISM

A. The process

The most general effective Lagrangian describing inter-
actions of the top quark with light quarks q ! u, c and Z
boson allowing FCNC processes can be given by [11],

LZtq !!
g

2cW
q̄!""XL

qtPL#XR
qtPR$tZ"

!
"

g
2cW

q̄
i#"$"pt!pq$$

!
"%LqtPL# %RqtPR$tZ"#H:c:

#
;

"3$

where "pt ! pq$ is the momentum transfer between the
quarks in the process, and ! is the cutoff scale, which we
set as the top quark mass (! ! mt). The vector couplings
are denoted by XL;R

qt and the tensor couplings by %L;Rqt . The
choice of scale ! at mt is motivated from the minimum
energy required to produce at least one on-shell top quark.

As we can see the vector couplings are independent of !,
whereas its effect on the tensor couplings can be derived
easily by using the substitution %L;Rqt ! %L;Rqt mt=!. Coming
to the present constraints on the above couplings, the
CMS collaboration of the LHC has performed a search
for single top quark production with Z-boson events
with 5 fb!1 data at

!!!
s

p
! 7 TeV [12]. Subsequently, from

the nonobservance of FCNC they put the following bounds:!!!
2

p
%Lut=! < 0.45 TeV!1 corresponding to BR"t!Zu$#

0.51%, and
!!!
2

p
%Lct=! < 2.27 TeV!1 corresponding to

BR"t ! Zc$ # 11.40%. A similar search for FCNC in
top quark decay t ! Zq has been performed by the
CMS corresponding to a luminosity of 19.7 fb!1 at

!!!
s

p
!

8 TeV from the decay chain tt̄ ! Zq#Wb, where both
vector boson decay leptonically, producing a final state
with three leptons (electrons or muons) [13], excluding
BR"t ! Zq$ > 0.05% at the 95% confidence level. The
latest ATLAS search at

!!!
s

p
! 13 TeV [14] with a lumi-

nosity of 36.1 fb!1 sets BR"t ! Zu"c$$ < 1.7"2.4$!
10!4. The event considered for investigation was pp !
tt̄; "t ! Zq"u; c$; t̄ ! W#b$ with both Z, W-bosons
decay leptonically. Projected reach of these BR’s at the
high luminosity LHC with 3 ab!1 luminosity (HL-LHC)
are 2.5 ! 5.5 ! 10!5 [15]. In future high energy e#e!

collider the Ztq effective couplings can be excluded up
to O"10!5$ for 300 fb!1 [16]. Recently the authors of
Ref. [17] performed a similar study for e!p scenario.
The single top-quark production process at e!p collider

(a detailed study through charged-current top-quark pro-
duction in this environment is performed in Refs. [18,19])
enabled by these interactions is a t-channel exchange of Z
boson coupling the quarks with the leptons, e!p ! e!t,
"t ! W#b;W# ! l#$l$, where l ! e, ", the Feynman
diagram of which is shown in Fig. 1. We consider the
leptonic decay of the top quark keeping in mind the spin-
correlation study and the top polarization asymmetries that
might be useful in the investigation of the Ztq anomalous

FIG. 1. Signal processes: The Ztq anomalous vertex at pro-
duction channel of top and decay of top via SM coupling vertex
only. The final state charge lepton is l# in our study to make
proper distinction between charged lepton (e!$ coming out of the
e!Ze!-primary vertex and decay of the top it self.
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energy of

!!!
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proton-proton (FCC-pp) [9] as (1) initial states are asym-
metric and hence backward and forward scattering can be
disentangled, (2) it provides a clean environment with
suppressed backgrounds from strong interaction processes
and free from issues like pile-ups, multiple interactions etc.,
(3) such machines are known for high precision measure-
ments of the dynamical properties of the proton allowing
simultaneous test of EWand QCD effects. A detailed report
on the physics and detector design concepts can be found
in Ref. [10].
This article is arranged as follows. In Sec. II, we describe

in detail the formalism used in this study. Section II A
describes the FCNC effect in the top quark sector through
the effective field theory (EFT) approach and its exper-
imental status. In Sec. II B, we detail the mechanism to
construct asymmetries specific to top quark, whereas
Sec. II C describes angular asymmetry of the primary
electron. Section III gives the thorough analysis of the
FCNC couplings from various aspects. Section III A gives
the cut-based analysis and various distributions. Section III B
gives the bounds arrived at form themulti-parameter analysis
and likelihood analysis. Finally, we draw our inferences
in Sec. IV.

II. FORMALISM

A. The process

The most general effective Lagrangian describing inter-
actions of the top quark with light quarks q ! u, c and Z
boson allowing FCNC processes can be given by [11],
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where "pt ! pq$ is the momentum transfer between the
quarks in the process, and ! is the cutoff scale, which we
set as the top quark mass (! ! mt). The vector couplings
are denoted by XL;R

qt and the tensor couplings by %L;Rqt . The
choice of scale ! at mt is motivated from the minimum
energy required to produce at least one on-shell top quark.

As we can see the vector couplings are independent of !,
whereas its effect on the tensor couplings can be derived
easily by using the substitution %L;Rqt ! %L;Rqt mt=!. Coming
to the present constraints on the above couplings, the
CMS collaboration of the LHC has performed a search
for single top quark production with Z-boson events
with 5 fb!1 data at
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! 7 TeV [12]. Subsequently, from

the nonobservance of FCNC they put the following bounds:!!!
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BR"t ! Zc$ # 11.40%. A similar search for FCNC in
top quark decay t ! Zq has been performed by the
CMS corresponding to a luminosity of 19.7 fb!1 at
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8 TeV from the decay chain tt̄ ! Zq#Wb, where both
vector boson decay leptonically, producing a final state
with three leptons (electrons or muons) [13], excluding
BR"t ! Zq$ > 0.05% at the 95% confidence level. The
latest ATLAS search at
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p
! 13 TeV [14] with a lumi-

nosity of 36.1 fb!1 sets BR"t ! Zu"c$$ < 1.7"2.4$!
10!4. The event considered for investigation was pp !
tt̄; "t ! Zq"u; c$; t̄ ! W#b$ with both Z, W-bosons
decay leptonically. Projected reach of these BR’s at the
high luminosity LHC with 3 ab!1 luminosity (HL-LHC)
are 2.5 ! 5.5 ! 10!5 [15]. In future high energy e#e!

collider the Ztq effective couplings can be excluded up
to O"10!5$ for 300 fb!1 [16]. Recently the authors of
Ref. [17] performed a similar study for e!p scenario.
The single top-quark production process at e!p collider

(a detailed study through charged-current top-quark pro-
duction in this environment is performed in Refs. [18,19])
enabled by these interactions is a t-channel exchange of Z
boson coupling the quarks with the leptons, e!p ! e!t,
"t ! W#b;W# ! l#$l$, where l ! e, ", the Feynman
diagram of which is shown in Fig. 1. We consider the
leptonic decay of the top quark keeping in mind the spin-
correlation study and the top polarization asymmetries that
might be useful in the investigation of the Ztq anomalous

FIG. 1. Signal processes: The Ztq anomalous vertex at pro-
duction channel of top and decay of top via SM coupling vertex
only. The final state charge lepton is l# in our study to make
proper distinction between charged lepton (e!$ coming out of the
e!Ze!-primary vertex and decay of the top it self.
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A study of the top quark flavor changing neutral current (FCNC) through Z-boson has been performed
in the proposed future e!p collider for the energy, Ee!p" # 60!7000" GeV. We considered an effective
theory where the anomalous FCNC couplings are of vector and tensor nature. The effect of these couplings
is probed in the single top production along with the scattered electron. The polar angle ! of the electrons
coming out of the primary vertex in association with the top quark polarization asymmetries constructed
from the angular distribution of the secondary lepton arising from the top decay, allow to distinguish the
Lorentz structure of the coupling. From a multiparameter analysis, we obtain a reach ofO!10!2" in the case
of Ztu and Ztc couplings at an integrated luminosity of 2 ab!1 at 95% C.L.
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I. INTRODUCTION

In the aftermath of the top quark discovery at the
Tevatron, its properties like spin, charge, couplings with
the other Standard Model (SM) particles etc. conform the
SM values. Further, the Large Hadron Collider (LHC)
measured its values very precisely [1,2]. All these mea-
surements over the years have established the top quark as
the most interesting particle of the SM. Particularly, its
mass around 173.1 GeV makes the top quark the heaviest
among the SM particles and as a result allows it to decay
much before the hadronization sets in. This behavior
singles it out from other known quarks and gives us a
probe of new physics [3–6].
In the SM, the neutral current couples with the quarks as

LNC # !
g

2cW
q̄"#!V ! A"5"qZ#; !1"

where V # t3L ! 2Qs2W and A # t3L. Note that in the above
Lagrangian the quarks are of the same flavor. The flavor

changing neutral current (FCNC) is completely absent at
the tree level. Not just that, even at the one loop level
they are highly suppressed because of the GIM (Glashow-
Iliopoulos-Maiani) mechanism [7]. For instance, the
SM predictions for the branching fractions of FCNC
processes like t ! Zu!c" and t ! "u!c" are of the order
of 10!17!10!14" and 10!16!10!14", respectively [8].
However, in beyond the SM (BSM) scenarios such
suppression due to GIM mechanism can be relaxed, and
one-loop diagrams mediated by new bosons may also
contribute, yielding effective couplings of the orders of
magnitude larger than those of the SM. We can express
such an effective Lagrangian up to an energy scale ! as

Leff # L!4" $ 1

!
L!5" $ 1

!2
L!6" $ % % % ; !2"

where L!n" consists of operators of dimension n made of
the SM fields obeying SU!2"L " U!1"Y gauge invariance.
We can neglect the gauge invariant dimension 5 operator,
L!5" (responsible for Majorana masses of neutrinos), which
has no relevance in the quark sector. However,L!4" andL!6"

can contribute to the flavor changing interactions. L!4" will
consist of a vector current as shown in the Eq. (1) albeit
with dissimilar quark flavors. Similarly a tensorial flavor
changing quark current will contribute to the L!6".
Experiments performed earlier at the Tevatron and now

at the LHC have failed to give us any interesting obser-
vation of FCNC. The bounds on such couplings from those
experiments are very strong.
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Note that the angles in the above asymmetries are defined in
the rest frame of the top quark, and thus require full re-
construction of the top quark momentum. In the present case
this leads to the following relations between the components
of the missing momentum (neutrino in this case) denoted by
px%; py%; pz%, and those of the visible final particles.

px% ! !
X

k!e;l;b

pxk; py% ! !
X

k!e;l;b

pyk;

"pz%#$ ! 1

p2
Tl

h
&pzl " El

#########################
&2 ! p2

T%p
2
Tl

q i
; "10#

where & ! m2
W
2 % pxlpx% % pylpy% andp2

Ti ! p2
xi % p2

yi. Out
of the above two solutions forpz%, the one forwhich j

P
jp

2
j !

m2
t j is minimum, where pj is the four momentum of the

corresponding particle, with j ! l; b; %, will be considered as
the correct choice for the z-component. The missingmomen-
tum thus obtained is used to reconstruct the top quark
momentum. The reader may note that the accuracy of this
reconstruction of the top momentum depends on the precise
measurements of the lepton and jet momenta and energy. In
our numerical analysiswe take into account of all these effects
through an assumed systematic uncertainty.

C. Angular asymmetry of the recoiled electron

As mentioned in the introduction, the angular distribu-
tion of the scattered electron is indirectly sensitive to the
Lorentz structure of the Ztq interaction. Exploiting this
unique feature of LHeC, we define forward-backward
asymmetry (in the lab frame) of the e! coming out of
the primary vertex

AFB
e ! !"cos $e > 0# ! !"cos $e < 0#

!"cos $e > 0# % !"cos $e < 0#
: "11#

Notice that the other lepton coming from the decay of the
top quark is positively charged, and we assume identifying
the charge of the leptons.
In the rest of the article we shall demonstrate that these

asymmetries along with the cross section itself could be
effectively employed to identify and distinguish the Ztq
couplings.

III. SIMULATION AND ANALYSIS

We perform the analyses with events generated using
Monte Carlo event generator MADGRAPH5 [23], using the
model for signal events implemented using FEYNRULES

[24] package. Showering, fragmentation and hadronization
are performed with customized PYTHIA-PGS [25]. The
events thus generated are passed through FASTJET [26]
for jet formation within !R ! 0.4, and DELPHES [27] to
emulate the detector effects where an appropriately cus-
tomised detector card being used. To generate the signal
events CTEQ6L1 PDF set is used fixing the factorization
and renormalization scale to be the threshold value of the
top quark mass, ' ! 'F ! 'R ! mt. However, for all
background events these scales are set to be of a dynamical
scale based on events. As preliminary selection criteria at
the event generation level we considered pT > 10 GeV and
j(j < 5 for all light jets, b-jets, and leptons, =ET > 10 GeV
and the separation of !Rij > 0.4 between all possible jets
and leptons or photons. The cross section of signal events
for different FCNC couplings taken one at a time are given
in Table I for initial electron beam polarization of !80%.
The corresponding cross section for the other values of e!

beam polarization, Pe can be obtained using the formula
!pol ! !unpol ! "1 ! Pe#. The main background processes
and the corresponding cross sections are given in Table II.
Notice that there are no background mimicking the same
final state at the parton level. However, we considered all
probable cases that could arise due to misidentification of
particles leading to background emerging at the detector
level. These include (i) charged current processes like
ep!ejW!ejjj, ep!eWj!ejl%, ep!%eWb!%el%b,
(ii) neutral current processes like ep ! eZb ! ebbb,
ep ! eZb ! ebll, ep ! eZb ! ebjj, and (iii) photo-
processes like p) ! llb, p) ! %%llb. For further selec-
tion of events, in addition to the basic cuts (BC) employed
at the generation level preliminary selection, we demand
that the event contain exactly one e!, one b-jet and one l%.
The signal and background cross sections, for !80%
polarization of the initial e! beam, after this selection is

TABLE I. The signal cross sections for different anomalous
Ztq; "q ! u; c# couplings, gZtq, at beam energies, Ee! ! 60 GeV
and Ep ! 7 TeV for polarized electron beam of !80%. The cross
section can be obtained from the above table as ! !
jgZtqj2&!"pe! ! e!t# ! BR"t ! l% % b ! tagged jet% =ET#'. In
the case of tensor couplings, the scale " ! mt.

Coupling
gZtq

Cross section ! in fb for Pe ! !80%
Basic Cuts Ne! ! 1 Ne!;b ! 1 Ne!;b;l% ! 1

XL
ut 1957.57 1763.82 799.65 745.57

XR
ut 1642.47 1485.97 706.09 629.54

*Lut 706.77 636.65 304.56 279.13
*Rut 1038.68 933.47 474.90 427.77
XL
ct 136.76 122.54 66.90 62.84

XR
ct 103.82 93.05 51.26 47.65

*Lct 26.37 23.65 12.96 12.09
*Rct 60.00 53.33 29.70 27.45
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presented in Table I and Table II, respectively. A pT
dependent b-tagging efficiency of about 70% is considered
as expected. Most of the backgrounds are eliminated at this
stage, with the remaining background cross section total-
ling to about 2.3 fb. We consider this remaining back-
ground throughout our analysis.

A. Asymmetries

In this section we study the asymmetries as defined in
Eqs. (9) and (11). To study these asymmetries we plot the
angular distribution of the scattered electron as shown in
Fig. 2. Here, the forward direction is defined as the
direction of the proton beam. Notice that all the vector
couplings prefer electrons coming opposite to the proton
direction (or along the incoming electron beam direction),
which corresponds to smaller fraction of backward scatter-
ing. On the other hand, all the tensor couplings exhibit large
backward scattering of the electron, indicating the require-
ment of larger momentum transfer. This is expected from
the nature of the coupling, which is proportional to the
momentum transfer. Moreover, the case of vector couplings
allow slight discrimination between the left- and right-
handed couplings. We may caution the reader that this
distinguishability is limited by statistics, and perhaps not
possible for Ztc couplings even with very large luminosity.
However, the possibility is quite realistic in the case of Ztu
couplings. This asymmetry, along with the top quark

polarization asymmetry are given in Table III, assuming
that only one type of coupling is present (in each case).
Note that the asymmetries (when only one type of cou-
plings is present) are independent of the actual value of the
coupling, as the dependence gets canceled between its
numerator and the denominator. On the other hand, if more
than one type of couplings contribute, then this cancellation
does not occur due to their interference, and the asymmetry
depends on the actual value of the coupling. We shall
discuss the multiparameter case and the analyses in the next
subsection. The correlated dependence of the AFB

e asym-
metry on the left/right-handed couplings and the beam
polarization is quite clearly indicated as well in Table III.
Larger asymmetries are present when the electron beam
polarization and the handedness of the couplings are
opposite in the case of vector couplings.
Among the top polarization asymmetries, Ay ! Py is

identically zero owing to the CP symmetry of the

TABLE II. The SM background cross sections at beam energies, Ee! ! 60 GeV and Ep ! 7 TeV for electron polarization !80%.

Cross section ! in fb for Pe ! !80%
Bkg processes Basic Cuts Ne! ! 1 Ne!;b ! 1 Ne!;b;l" ! 1

Charged Current int. 67441.71 477.50 154.26 0.63
Neutral Current int. 339289.52 293361.77 8110.97 0.00
Photo Production int. 29091.31 1339.20 435.45 1.64
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FIG. 2. Polar angle distributions of the scattered e! in the final
state for !80% polarization of electron beam. Note that X and "
denote the vector and tensor couplings, respectively.

TABLE III. Asymmetries for one fixed value of coupling at a
time. It shows the distinction among XL

qt, XR
qt, "Lqt, and "Rqt by just

looking at the sign of Az (Top quark rest frame observable) and
AFB
e (Lab frame observable) as shown in Eqs. (9) and (11).

Left-polarized e-beam

Ax Az AFB
e Coupling

!0.16 !0.43 !0.18 XL

!0.17 !0.46 "0.63 "L

"0.07 "0.32 !0.33 XR

"0.04 "0.37 "0.65 "R

Right-polarized e-beam

Ax Az AFB
e Coupling

!0.06 !0.43 !0.34 XL

!0.01 !0.46 "0.64 "L

"0.16 "0.32 !0.17 XR

"0.16 "0.37 "0.65 "R

Unpolarized e-beam

Ax Az AFB
e Coupling

!0.12 !0.43 !0.24 XL

!0.12 !0.46 "0.64 "L

"0.11 "0.32 !0.26 XR

"0.08 "0.36 "0.65 "R
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Note that the angles in the above asymmetries are defined in
the rest frame of the top quark, and thus require full re-
construction of the top quark momentum. In the present case
this leads to the following relations between the components
of the missing momentum (neutrino in this case) denoted by
px%; py%; pz%, and those of the visible final particles.
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yi. Out
of the above two solutions forpz%, the one forwhich j
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corresponding particle, with j ! l; b; %, will be considered as
the correct choice for the z-component. The missingmomen-
tum thus obtained is used to reconstruct the top quark
momentum. The reader may note that the accuracy of this
reconstruction of the top momentum depends on the precise
measurements of the lepton and jet momenta and energy. In
our numerical analysiswe take into account of all these effects
through an assumed systematic uncertainty.

C. Angular asymmetry of the recoiled electron

As mentioned in the introduction, the angular distribu-
tion of the scattered electron is indirectly sensitive to the
Lorentz structure of the Ztq interaction. Exploiting this
unique feature of LHeC, we define forward-backward
asymmetry (in the lab frame) of the e! coming out of
the primary vertex

AFB
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Notice that the other lepton coming from the decay of the
top quark is positively charged, and we assume identifying
the charge of the leptons.
In the rest of the article we shall demonstrate that these

asymmetries along with the cross section itself could be
effectively employed to identify and distinguish the Ztq
couplings.

III. SIMULATION AND ANALYSIS

We perform the analyses with events generated using
Monte Carlo event generator MADGRAPH5 [23], using the
model for signal events implemented using FEYNRULES

[24] package. Showering, fragmentation and hadronization
are performed with customized PYTHIA-PGS [25]. The
events thus generated are passed through FASTJET [26]
for jet formation within !R ! 0.4, and DELPHES [27] to
emulate the detector effects where an appropriately cus-
tomised detector card being used. To generate the signal
events CTEQ6L1 PDF set is used fixing the factorization
and renormalization scale to be the threshold value of the
top quark mass, ' ! 'F ! 'R ! mt. However, for all
background events these scales are set to be of a dynamical
scale based on events. As preliminary selection criteria at
the event generation level we considered pT > 10 GeV and
j(j < 5 for all light jets, b-jets, and leptons, =ET > 10 GeV
and the separation of !Rij > 0.4 between all possible jets
and leptons or photons. The cross section of signal events
for different FCNC couplings taken one at a time are given
in Table I for initial electron beam polarization of !80%.
The corresponding cross section for the other values of e!

beam polarization, Pe can be obtained using the formula
!pol ! !unpol ! "1 ! Pe#. The main background processes
and the corresponding cross sections are given in Table II.
Notice that there are no background mimicking the same
final state at the parton level. However, we considered all
probable cases that could arise due to misidentification of
particles leading to background emerging at the detector
level. These include (i) charged current processes like
ep!ejW!ejjj, ep!eWj!ejl%, ep!%eWb!%el%b,
(ii) neutral current processes like ep ! eZb ! ebbb,
ep ! eZb ! ebll, ep ! eZb ! ebjj, and (iii) photo-
processes like p) ! llb, p) ! %%llb. For further selec-
tion of events, in addition to the basic cuts (BC) employed
at the generation level preliminary selection, we demand
that the event contain exactly one e!, one b-jet and one l%.
The signal and background cross sections, for !80%
polarization of the initial e! beam, after this selection is

TABLE I. The signal cross sections for different anomalous
Ztq; "q ! u; c# couplings, gZtq, at beam energies, Ee! ! 60 GeV
and Ep ! 7 TeV for polarized electron beam of !80%. The cross
section can be obtained from the above table as ! !
jgZtqj2&!"pe! ! e!t# ! BR"t ! l% % b ! tagged jet% =ET#'. In
the case of tensor couplings, the scale " ! mt.

Coupling
gZtq

Cross section ! in fb for Pe ! !80%
Basic Cuts Ne! ! 1 Ne!;b ! 1 Ne!;b;l% ! 1

XL
ut 1957.57 1763.82 799.65 745.57

XR
ut 1642.47 1485.97 706.09 629.54

*Lut 706.77 636.65 304.56 279.13
*Rut 1038.68 933.47 474.90 427.77
XL
ct 136.76 122.54 66.90 62.84

XR
ct 103.82 93.05 51.26 47.65

*Lct 26.37 23.65 12.96 12.09
*Rct 60.00 53.33 29.70 27.45
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couplings. Note that, there is no SM analogue of this
process, thus we expect the backgrounds can be reduced
without difficulty.
A few comments are in order before we get into the

details of the analyses.
(1) At the first look, the scattered electron (as opposed to

the electron or muon produced in the W decay) is a
spectator, not connectedwith the topquarkproduction
vertex. However, notice that the Z boson coupling to
the top quark is sensitive to its state of polarization.
This in turn can reflect in the polarization state, and
consequently the angular distribution of the scattered
electron. We shall exploit this situation in our analy-
ses, and construct observables based on the kinematic
distribution of the scattered electron.

(2) The second observation is that the top quark polari-
zation is directly affected by the nature of the
coupling. That is, whether it is a vector coupling
or a tensor coupling, and whether it couples to the
left-handed or the right-handed quarks. It is well
known that the spin information of the top quark will
be carried forward to the decay products, and will be
reflected in the angular and energy distribution of the
secondary leptons. We shall make use of this fact in
constructing multiple observables, a combination of
which could discriminate the type of Ztq couplings.

In the following section we shall elaborate on the top quark
spin analysis and various asymmetries making use of this
information, which would be employed in the study.

B. Polarization of the top quark

In this section we discuss the formalism that could be
employed to extract the polarization information of the top
quark through suitably constructed observables. For details
of the formalism one may consult Refs. [20–22]. As
explained in the previous section, the motivation for the
spin analysis of top quark comes from the fact that the
angular distributions of top quark decay products give
access to the Lorentz structure of the production vertex
through the information of top quark polarization.
In the narrow width approximation (NWA), the invariant

amplitude square of the full process (eq ! et ! ebl!) can
be written as a product of the production and decay density
matrices in the helicity basis of the top quark as

jMj2 ! "#"p2
t !m2

t #
!tmt

X

$;$0
%"$; $0#!"$; $0# "4#

where pt is the momentum and !t is the total width
of the top quark, with the summation considered over
the helicity indices of the top quark. The production
and decay density matrices are given in terms of the
corresponding amplitudes as %"$; $0# ! MP"$#M$

P"$0#
and !"$; $0# ! M!"$#M$

!"$0#, respectively. The top quark
on-shell condition in the NWA allows one to define the
normalised production density matrix of the top quark as

&"$; $0# ! 1

&prod

Z
%"$; $0#d"t; "5#

where d"t is the differential solid angle of top quark
produced (for details, please refer to [21]) and &prod is the
total production cross section. For convenience, we define
polarization vector P ! "Px; Py; Pz# so that

&"%;%# ! 1

2
"1% Pz#;

&"!;!# ! 1

2
"1 ! Pz#;

&"%;!# ! 1

2
"Px % iPy#

&"!;%# ! 1

2
"Px ! iPy#: "6#

The normalized decay density matrix elements for the
process t ! W%b ! bl%!l may be written in terms of the
polar ('l) and azimuthal ((l) angles of the secondary
lepton in the top rest frame as [21],

!"%;%# ! 1

2
"1% cos 'l#;

!"!;!# ! 1

2
"1 ! cos 'l#;

!"%;!# ! 1

2
sin 'lei(l ;

!"!;%# ! 1

2
sin 'le!i(l : "7#

Here the polar angle is measured with respect to the top
quark boost direction, and the top production plane is taken
as the x ! z plane. These choices of reference do not cost us
generality of the analysis as shown in Ref. [20]. The
differential cross section for the complete process in terms
of the top quark polarization vector and the polar and
azimuthal angle of the secondary lepton in the rest frame of
the top quark, can now be written as

1

&tot

d&
d"l

! 1

4"
"1% Pz cos 'l % Px sin 'l cos(l

% Py sin 'l sin(l#; "8#

where &tot ! &prod ! BR"t ! bl!#. This enables one to
define angular asymmetries of the secondary leptons,
and connect those directly to the top quark polarization.
The following three asymmetries of this kind [20], two
defined in terms of the azimuthal angle, and one in terms of
the polar angle of the decay lepton, are used in the
subsequent study.
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presented in Table I and Table II, respectively. A pT
dependent b-tagging efficiency of about 70% is considered
as expected. Most of the backgrounds are eliminated at this
stage, with the remaining background cross section total-
ling to about 2.3 fb. We consider this remaining back-
ground throughout our analysis.

A. Asymmetries

In this section we study the asymmetries as defined in
Eqs. (9) and (11). To study these asymmetries we plot the
angular distribution of the scattered electron as shown in
Fig. 2. Here, the forward direction is defined as the
direction of the proton beam. Notice that all the vector
couplings prefer electrons coming opposite to the proton
direction (or along the incoming electron beam direction),
which corresponds to smaller fraction of backward scatter-
ing. On the other hand, all the tensor couplings exhibit large
backward scattering of the electron, indicating the require-
ment of larger momentum transfer. This is expected from
the nature of the coupling, which is proportional to the
momentum transfer. Moreover, the case of vector couplings
allow slight discrimination between the left- and right-
handed couplings. We may caution the reader that this
distinguishability is limited by statistics, and perhaps not
possible for Ztc couplings even with very large luminosity.
However, the possibility is quite realistic in the case of Ztu
couplings. This asymmetry, along with the top quark

polarization asymmetry are given in Table III, assuming
that only one type of coupling is present (in each case).
Note that the asymmetries (when only one type of cou-
plings is present) are independent of the actual value of the
coupling, as the dependence gets canceled between its
numerator and the denominator. On the other hand, if more
than one type of couplings contribute, then this cancellation
does not occur due to their interference, and the asymmetry
depends on the actual value of the coupling. We shall
discuss the multiparameter case and the analyses in the next
subsection. The correlated dependence of the AFB

e asym-
metry on the left/right-handed couplings and the beam
polarization is quite clearly indicated as well in Table III.
Larger asymmetries are present when the electron beam
polarization and the handedness of the couplings are
opposite in the case of vector couplings.
Among the top polarization asymmetries, Ay ! Py is

identically zero owing to the CP symmetry of the

TABLE II. The SM background cross sections at beam energies, Ee! ! 60 GeV and Ep ! 7 TeV for electron polarization !80%.

Cross section ! in fb for Pe ! !80%
Bkg processes Basic Cuts Ne! ! 1 Ne!;b ! 1 Ne!;b;l" ! 1

Charged Current int. 67441.71 477.50 154.26 0.63
Neutral Current int. 339289.52 293361.77 8110.97 0.00
Photo Production int. 29091.31 1339.20 435.45 1.64

0 0.5 1 1.5 2 2.5 3
e!
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ct
L X ct

R X

ct
L# ct

R#

FIG. 2. Polar angle distributions of the scattered e! in the final
state for !80% polarization of electron beam. Note that X and "
denote the vector and tensor couplings, respectively.

TABLE III. Asymmetries for one fixed value of coupling at a
time. It shows the distinction among XL

qt, XR
qt, "Lqt, and "Rqt by just

looking at the sign of Az (Top quark rest frame observable) and
AFB
e (Lab frame observable) as shown in Eqs. (9) and (11).

Left-polarized e-beam

Ax Az AFB
e Coupling

!0.16 !0.43 !0.18 XL

!0.17 !0.46 "0.63 "L

"0.07 "0.32 !0.33 XR

"0.04 "0.37 "0.65 "R

Right-polarized e-beam

Ax Az AFB
e Coupling

!0.06 !0.43 !0.34 XL

!0.01 !0.46 "0.64 "L

"0.16 "0.32 !0.17 XR

"0.16 "0.37 "0.65 "R

Unpolarized e-beam

Ax Az AFB
e Coupling

!0.12 !0.43 !0.24 XL

!0.12 !0.46 "0.64 "L

"0.11 "0.32 !0.26 XR

"0.08 "0.36 "0.65 "R
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sections !tot and asymmetries, Ax, Az, and AFB
e as our

observables we compute "2 for single and multiparameter
cases. To distinguish the use of asymmetries used in this
analysis in setting the limits of various couplings, we did
the "2 analysis with ! as the only observable, which is
represented in Figs. 3 and 4. The single parameter case for
an integrated luminosity of 2 ab!1 is presented in Fig. 3.
The vector couplings for the Ztu case yield a 3! limit of
about!0.032 (!0.034), whereas for the right-handed (left-
handed) tensor couplings it is !0.042 (!0.052). The
corresponding values in the case of Ztc couplings are
!0.11 (!0.12) and !0.16 (!0.24) for the right-handed
(left-handed) vector and tensor couplings, respectively. In
Fig. 4, we perform the same exercise for two param-
eter case.

2. Likelihood mapping of the parameter space

In this section we perform a likelihood analysis using the
events available after the final selection. The likelihood of a
given point f in the parameter space is given by

L " exp
!
!
"2#f$
2

"
#18$

where "2 is defined in Eq. (17). We apply theMarkov Chain
Monte Carlo (MCMC) method to map the likelihood of the
parameter space for each of the couplings. We make use of
the publicly available GETDIST [28] package to obtain the
single and multi-parameter bounds using MCMC chain.
Table IV shows the simultaneous limits on the anomalous
couplings at 68%, 95%, and 99% C.L’s obtained from the
MCMC analysis considering an integrated luminosity of
2 ab!1. For direct comparison with the experimental
observations, 95% branching fraction of FCNC decays
of the top quark corresponding to the couplings quoted in
Table IVare given in Table V. While these limits are at best
comparable to that of the HL-LHC reach [15], one may
notice that our limits do not assume the absence of other
couplings, unlike those quoted in the case of LH-LHC
study. In Fig. 5 the 2-dimensional projections of the
hyperspace of the 4-dimensional (four couplings for u=c
quark each) parameter space region limited by the 95%
and 99% C.L. regions obtained assuming an integrated

FIG. 3. Single parameter reach with an integrated luminosity
of 2 ab!1.

FIG. 4. Two parameter reach with an integrated luminosity of
2 ab!1.

TABLE IV. The list of simultaneous limits on FCNC param-
eters obtained from MCMC analysis including the cross section
and all other asymmetries for e!p collider at Ee#p$ "
60#7000$ GeV with integrated luminosity of 2 ab!1.

Vector
Coupling

Obtainable reach (in part of 103)

at C:L: " 68% 95% 99%

XL
ut " %!9.8; 9.7& " %!16.4; 16.4& " %!20.0; 20.1&

XR
ut " %!13.7; 13.6& " %!20.8; 20.9& " %!24.4; 24.4&

XL
ct " %!30.8; 31.1& " %!52.8; 52.7& " %!65.7; 65.5&

XR
ct " %!48.0; 47.3& " %!73.0; 72.7& " %!85.9; 86.8&

Tensor
Coupling

Obtainable reach (TeV!1)

at C:L: " 68% 95% 99%

#Lut=! " %!0.06; 0.06& " %!0.10; 0.10& " %!0.13; 0.13&
#Rut=! " %!0.07; 0.07& " %!0.12; 0.12& " %!0.16; 0.15&
#Lct=! " %!0.23, 0.23 " %!0.40; 0.40& " %!0.50; 0.50&
#Rct=! " %!0.31; 0.31& " %!0.57; 0.56& " %!0.71; 0.72&

TABLE V. Limiting values of the couplings that can be reached
(refer Table IV), and the branching fractions of the corresponding
top quark decays.

BR %
(t ! Zu)

BR %
(t ! Zc)

XL
ut " 0.016 0.009 XL

ct " 0.053 0.095
XR
ut " 0.021 0.015 XL

ct " 0.073 0.181
#Lut
! " 0.10 TeV!1 0.004 #Lct

! " 0.40 TeV!1 0.068
#Rut
! " 0.12 TeV!1 0.006 #Rct

! " 0.57 TeV!1 0.133
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sections !tot and asymmetries, Ax, Az, and AFB
e as our

observables we compute "2 for single and multiparameter
cases. To distinguish the use of asymmetries used in this
analysis in setting the limits of various couplings, we did
the "2 analysis with ! as the only observable, which is
represented in Figs. 3 and 4. The single parameter case for
an integrated luminosity of 2 ab!1 is presented in Fig. 3.
The vector couplings for the Ztu case yield a 3! limit of
about!0.032 (!0.034), whereas for the right-handed (left-
handed) tensor couplings it is !0.042 (!0.052). The
corresponding values in the case of Ztc couplings are
!0.11 (!0.12) and !0.16 (!0.24) for the right-handed
(left-handed) vector and tensor couplings, respectively. In
Fig. 4, we perform the same exercise for two param-
eter case.

2. Likelihood mapping of the parameter space

In this section we perform a likelihood analysis using the
events available after the final selection. The likelihood of a
given point f in the parameter space is given by

L " exp
!
!
"2#f$
2

"
#18$

where "2 is defined in Eq. (17). We apply theMarkov Chain
Monte Carlo (MCMC) method to map the likelihood of the
parameter space for each of the couplings. We make use of
the publicly available GETDIST [28] package to obtain the
single and multi-parameter bounds using MCMC chain.
Table IV shows the simultaneous limits on the anomalous
couplings at 68%, 95%, and 99% C.L’s obtained from the
MCMC analysis considering an integrated luminosity of
2 ab!1. For direct comparison with the experimental
observations, 95% branching fraction of FCNC decays
of the top quark corresponding to the couplings quoted in
Table IVare given in Table V. While these limits are at best
comparable to that of the HL-LHC reach [15], one may
notice that our limits do not assume the absence of other
couplings, unlike those quoted in the case of LH-LHC
study. In Fig. 5 the 2-dimensional projections of the
hyperspace of the 4-dimensional (four couplings for u=c
quark each) parameter space region limited by the 95%
and 99% C.L. regions obtained assuming an integrated

FIG. 3. Single parameter reach with an integrated luminosity
of 2 ab!1.

FIG. 4. Two parameter reach with an integrated luminosity of
2 ab!1.

TABLE IV. The list of simultaneous limits on FCNC param-
eters obtained from MCMC analysis including the cross section
and all other asymmetries for e!p collider at Ee#p$ "
60#7000$ GeV with integrated luminosity of 2 ab!1.

Vector
Coupling

Obtainable reach (in part of 103)

at C:L: " 68% 95% 99%

XL
ut " %!9.8; 9.7& " %!16.4; 16.4& " %!20.0; 20.1&

XR
ut " %!13.7; 13.6& " %!20.8; 20.9& " %!24.4; 24.4&

XL
ct " %!30.8; 31.1& " %!52.8; 52.7& " %!65.7; 65.5&

XR
ct " %!48.0; 47.3& " %!73.0; 72.7& " %!85.9; 86.8&

Tensor
Coupling

Obtainable reach (TeV!1)

at C:L: " 68% 95% 99%

#Lut=! " %!0.06; 0.06& " %!0.10; 0.10& " %!0.13; 0.13&
#Rut=! " %!0.07; 0.07& " %!0.12; 0.12& " %!0.16; 0.15&
#Lct=! " %!0.23, 0.23 " %!0.40; 0.40& " %!0.50; 0.50&
#Rct=! " %!0.31; 0.31& " %!0.57; 0.56& " %!0.71; 0.72&

TABLE V. Limiting values of the couplings that can be reached
(refer Table IV), and the branching fractions of the corresponding
top quark decays.

BR %
(t ! Zu)

BR %
(t ! Zc)

XL
ut " 0.016 0.009 XL

ct " 0.053 0.095
XR
ut " 0.021 0.015 XL

ct " 0.073 0.181
#Lut
! " 0.10 TeV!1 0.004 #Lct

! " 0.40 TeV!1 0.068
#Rut
! " 0.12 TeV!1 0.006 #Rct

! " 0.57 TeV!1 0.133
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interactions considered. When only one type of coupling is
present both !!";"# and !!!;!# are expected to be the
same leading to Az $

Pz
2 $ 1

2. However, we notice a small
deviation from the value of 12 in the Table III which might be
due to the effects like that of the detector simulation,
particle identification efficiency, etc. As expected, the left-
handed couplings and right-handed couplings give rise to
negative and positive asymmetries, respectively, thus giv-
ing a handle to discriminate the type of couplings. With
unpolarized electron beam, Ax is close to 10% for all cases
of couplings, except for left-handed tensor couplings for
which it is negligible. With the beam polarization, this
features the distinguishing ability, with the asymmetry
vanishing for the opposite combination of polarization.
That is, Ax is negligible for right-handed couplings, when
the electron beam is left-polarised, and vice versa. Thus, a
combination of the asymmetries measured with left-polar-
ized, right-polarized, and unpolarized electron beam pro-
vide clear indication of the type of the coupling present.

B. Multiparameter analysis

Going beyond the single parameter case, we shall now
consider simultaneous presence of more than one parameter
and the reach on their values that may be obtained at an e!p
collider through single top production being considered in
this discussion. We shall restrict to the case when either of u
or c quark is considered at a time. The cross section can be
written as a second order polynomial in the relevant
parameters, as follows

!tot!fb# $ 745.57XL
ut
2 " 629.54XR

ut
2 " 279.13"Lut2

" 427.77"Rut2 ! 7.96XL
ut"Rut " 0.97XR

ut"Lut

" 62.84XL
ct
2 " 47.65XR

ct
2 " 12.09"Lct2

" 27.45"Rct2 ! 0.91XL
ct"Rct ! 2.48XR

ct"Lct: !12#

The normalized top-polarization asymmetries may simi-
larly be written as

Ai $
AN
i

!tot
; i $ x; z; e!FB#; !13#

where AN
i ! L, with L denoting the integrated luminosity,

will give the asymmetric number of events. AN
i can also be

expressed as a polynomial function of the coupling
parameters as given below. The coefficients in this case
are obtained by a numerical fit.

AN
x $ !119.90XL

ut
2 " 44.02XR

ut
2 ! 45.68"Lut2

" 16.86"Rut2 " 3.89XL
ut"Rut ! 3.20XR

ut"Lut

! 13.85XL
ct
2 " 1.08XR

ct
2 ! 2.45"Lct2

! 0.36"Rct2 " 1.61XL
ct"Rct ! 3.61XR

ct"Lct !14#

AN
z $ !320.27XL

ut
2 " 199.36XR

ut
2 ! 125.51"Lut2

" 151.95"Rut2 " 5.36XL
ut"Rut " 11.65XR

ut"Lut

! 25.97XL
ct
2 " 14.28XR

ct
2 ! 6.18"Lct2

" 7.76"Rct2 " 3.57XL
ct"Rct " 8.41XR

ct"Lct !15#

AFB
e

N $ !134.93XL
ut
2 ! 206.87XR

ut
2 " 170.14"Lut2

" 269.34"Rut2 ! 2.85XL
ut"Rut " 3.57XR

ut"Lut

! 6.85XL
ct
2 ! 15.81XR

ct
2 " 6.30"Lct2

" 16.00"Rct2 " 2.81XL
ct"Rct ! 2.37XR

ct"Lct: !16#

We tried to include all the possible terms irrespective of
their significance. Terms with smaller coefficients are less
significant. This means that the quadratic couplings give
the dominant contributions. Similarly, the tensor couplings
are subleading compared to the vector couplings, when
considered together. In the rest of this section, we shall
make use of the above information on the cross section and
the asymmetries to obtain the reach of the e!p collider in
extracting the anomalous FCNC couplings. Apart from the
single parameter analysis, where one assumes that only one
of the couplings is present at a time, we shall also
investigate the possibilities when more than one couplings
present simultaneously. For single and two parameter cases
we shall employ #2 analysis, whereas considering simulta-
neous presence of all couplings, we shall perform a
likelihood analysis to extract the information regarding
reach of the collider at 2 ab!1 luminosity.

1. ! 2 analysis

We perform a #2 analysis with the integrated cross
section and the asymmetries considered as the observables
Oi, with

#2!f# $
X

i

!Oi!f##2

$O2
i

; !17#

where f collectively denoting the anomalous couplings
considered. $O is the estimated error in the measurement of

O, which is $!!# $
!!!!!!!!!!!!!!!!!!!!!!!!!!!
!BG
L " !%!BG#2

q
when cross section is

considered as the observable, where !BG denote the
total background cross section (after final selection
this is 2.3 fb in our case as shown in Table II), and %
(taken to be 10% in our numerical analysis) represents
the systematic error in the calculation of cross section.
When asymmetry is considered as the observable, we have

$!Ai# $
!!!!!!!!!!!!!!!!!!!!
1!Ai

BG
L!BG

" %2A

q
, where Ai

BG is the corresponding
asymmetry arising purely from the background (once
again, this is 2.3 fb in our case), and %A (again, taken to
be 10% in our numerical analysis) represents the systematic
error in the calculation of asymmetries. Taking the cross
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interactions considered. When only one type of coupling is
present both !!";"# and !!!;!# are expected to be the
same leading to Az $

Pz
2 $ 1

2. However, we notice a small
deviation from the value of 12 in the Table III which might be
due to the effects like that of the detector simulation,
particle identification efficiency, etc. As expected, the left-
handed couplings and right-handed couplings give rise to
negative and positive asymmetries, respectively, thus giv-
ing a handle to discriminate the type of couplings. With
unpolarized electron beam, Ax is close to 10% for all cases
of couplings, except for left-handed tensor couplings for
which it is negligible. With the beam polarization, this
features the distinguishing ability, with the asymmetry
vanishing for the opposite combination of polarization.
That is, Ax is negligible for right-handed couplings, when
the electron beam is left-polarised, and vice versa. Thus, a
combination of the asymmetries measured with left-polar-
ized, right-polarized, and unpolarized electron beam pro-
vide clear indication of the type of the coupling present.

B. Multiparameter analysis

Going beyond the single parameter case, we shall now
consider simultaneous presence of more than one parameter
and the reach on their values that may be obtained at an e!p
collider through single top production being considered in
this discussion. We shall restrict to the case when either of u
or c quark is considered at a time. The cross section can be
written as a second order polynomial in the relevant
parameters, as follows

!tot!fb# $ 745.57XL
ut
2 " 629.54XR

ut
2 " 279.13"Lut2

" 427.77"Rut2 ! 7.96XL
ut"Rut " 0.97XR

ut"Lut

" 62.84XL
ct
2 " 47.65XR

ct
2 " 12.09"Lct2

" 27.45"Rct2 ! 0.91XL
ct"Rct ! 2.48XR

ct"Lct: !12#

The normalized top-polarization asymmetries may simi-
larly be written as

Ai $
AN
i

!tot
; i $ x; z; e!FB#; !13#

where AN
i ! L, with L denoting the integrated luminosity,

will give the asymmetric number of events. AN
i can also be

expressed as a polynomial function of the coupling
parameters as given below. The coefficients in this case
are obtained by a numerical fit.

AN
x $ !119.90XL

ut
2 " 44.02XR

ut
2 ! 45.68"Lut2

" 16.86"Rut2 " 3.89XL
ut"Rut ! 3.20XR

ut"Lut

! 13.85XL
ct
2 " 1.08XR

ct
2 ! 2.45"Lct2

! 0.36"Rct2 " 1.61XL
ct"Rct ! 3.61XR

ct"Lct !14#

AN
z $ !320.27XL

ut
2 " 199.36XR

ut
2 ! 125.51"Lut2

" 151.95"Rut2 " 5.36XL
ut"Rut " 11.65XR

ut"Lut

! 25.97XL
ct
2 " 14.28XR

ct
2 ! 6.18"Lct2

" 7.76"Rct2 " 3.57XL
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" 269.34"Rut2 ! 2.85XL
ut"Rut " 3.57XR

ut"Lut

! 6.85XL
ct
2 ! 15.81XR

ct
2 " 6.30"Lct2
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ct"Rct ! 2.37XR
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We tried to include all the possible terms irrespective of
their significance. Terms with smaller coefficients are less
significant. This means that the quadratic couplings give
the dominant contributions. Similarly, the tensor couplings
are subleading compared to the vector couplings, when
considered together. In the rest of this section, we shall
make use of the above information on the cross section and
the asymmetries to obtain the reach of the e!p collider in
extracting the anomalous FCNC couplings. Apart from the
single parameter analysis, where one assumes that only one
of the couplings is present at a time, we shall also
investigate the possibilities when more than one couplings
present simultaneously. For single and two parameter cases
we shall employ #2 analysis, whereas considering simulta-
neous presence of all couplings, we shall perform a
likelihood analysis to extract the information regarding
reach of the collider at 2 ab!1 luminosity.

1. ! 2 analysis

We perform a #2 analysis with the integrated cross
section and the asymmetries considered as the observables
Oi, with

#2!f# $
X

i

!Oi!f##2

$O2
i

; !17#

where f collectively denoting the anomalous couplings
considered. $O is the estimated error in the measurement of

O, which is $!!# $
!!!!!!!!!!!!!!!!!!!!!!!!!!!
!BG
L " !%!BG#2

q
when cross section is

considered as the observable, where !BG denote the
total background cross section (after final selection
this is 2.3 fb in our case as shown in Table II), and %
(taken to be 10% in our numerical analysis) represents
the systematic error in the calculation of cross section.
When asymmetry is considered as the observable, we have

$!Ai# $
!!!!!!!!!!!!!!!!!!!!
1!Ai

BG
L!BG

" %2A

q
, where Ai

BG is the corresponding
asymmetry arising purely from the background (once
again, this is 2.3 fb in our case), and %A (again, taken to
be 10% in our numerical analysis) represents the systematic
error in the calculation of asymmetries. Taking the cross
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interactions considered. When only one type of coupling is
present both !!";"# and !!!;!# are expected to be the
same leading to Az $

Pz
2 $ 1

2. However, we notice a small
deviation from the value of 12 in the Table III which might be
due to the effects like that of the detector simulation,
particle identification efficiency, etc. As expected, the left-
handed couplings and right-handed couplings give rise to
negative and positive asymmetries, respectively, thus giv-
ing a handle to discriminate the type of couplings. With
unpolarized electron beam, Ax is close to 10% for all cases
of couplings, except for left-handed tensor couplings for
which it is negligible. With the beam polarization, this
features the distinguishing ability, with the asymmetry
vanishing for the opposite combination of polarization.
That is, Ax is negligible for right-handed couplings, when
the electron beam is left-polarised, and vice versa. Thus, a
combination of the asymmetries measured with left-polar-
ized, right-polarized, and unpolarized electron beam pro-
vide clear indication of the type of the coupling present.

B. Multiparameter analysis

Going beyond the single parameter case, we shall now
consider simultaneous presence of more than one parameter
and the reach on their values that may be obtained at an e!p
collider through single top production being considered in
this discussion. We shall restrict to the case when either of u
or c quark is considered at a time. The cross section can be
written as a second order polynomial in the relevant
parameters, as follows

!tot!fb# $ 745.57XL
ut
2 " 629.54XR

ut
2 " 279.13"Lut2

" 427.77"Rut2 ! 7.96XL
ut"Rut " 0.97XR

ut"Lut

" 62.84XL
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2 " 47.65XR

ct
2 " 12.09"Lct2

" 27.45"Rct2 ! 0.91XL
ct"Rct ! 2.48XR

ct"Lct: !12#

The normalized top-polarization asymmetries may simi-
larly be written as

Ai $
AN
i

!tot
; i $ x; z; e!FB#; !13#

where AN
i ! L, with L denoting the integrated luminosity,

will give the asymmetric number of events. AN
i can also be

expressed as a polynomial function of the coupling
parameters as given below. The coefficients in this case
are obtained by a numerical fit.
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ct"Rct ! 3.61XR

ct"Lct !14#
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z $ !320.27XL
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2 " 199.36XR

ut
2 ! 125.51"Lut2

" 151.95"Rut2 " 5.36XL
ut"Rut " 11.65XR
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! 25.97XL
ct
2 " 14.28XR
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2 ! 6.18"Lct2

" 7.76"Rct2 " 3.57XL
ct"Rct " 8.41XR

ct"Lct !15#
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e

N $ !134.93XL
ut
2 ! 206.87XR

ut
2 " 170.14"Lut2

" 269.34"Rut2 ! 2.85XL
ut"Rut " 3.57XR

ut"Lut

! 6.85XL
ct
2 ! 15.81XR

ct
2 " 6.30"Lct2

" 16.00"Rct2 " 2.81XL
ct"Rct ! 2.37XR

ct"Lct: !16#

We tried to include all the possible terms irrespective of
their significance. Terms with smaller coefficients are less
significant. This means that the quadratic couplings give
the dominant contributions. Similarly, the tensor couplings
are subleading compared to the vector couplings, when
considered together. In the rest of this section, we shall
make use of the above information on the cross section and
the asymmetries to obtain the reach of the e!p collider in
extracting the anomalous FCNC couplings. Apart from the
single parameter analysis, where one assumes that only one
of the couplings is present at a time, we shall also
investigate the possibilities when more than one couplings
present simultaneously. For single and two parameter cases
we shall employ #2 analysis, whereas considering simulta-
neous presence of all couplings, we shall perform a
likelihood analysis to extract the information regarding
reach of the collider at 2 ab!1 luminosity.

1. ! 2 analysis

We perform a #2 analysis with the integrated cross
section and the asymmetries considered as the observables
Oi, with

#2!f# $
X

i

!Oi!f##2

$O2
i

; !17#

where f collectively denoting the anomalous couplings
considered. $O is the estimated error in the measurement of

O, which is $!!# $
!!!!!!!!!!!!!!!!!!!!!!!!!!!
!BG
L " !%!BG#2

q
when cross section is

considered as the observable, where !BG denote the
total background cross section (after final selection
this is 2.3 fb in our case as shown in Table II), and %
(taken to be 10% in our numerical analysis) represents
the systematic error in the calculation of cross section.
When asymmetry is considered as the observable, we have

$!Ai# $
!!!!!!!!!!!!!!!!!!!!
1!Ai

BG
L!BG

" %2A

q
, where Ai

BG is the corresponding
asymmetry arising purely from the background (once
again, this is 2.3 fb in our case), and %A (again, taken to
be 10% in our numerical analysis) represents the systematic
error in the calculation of asymmetries. Taking the cross
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sections !tot and asymmetries, Ax, Az, and AFB
e as our

observables we compute "2 for single and multiparameter
cases. To distinguish the use of asymmetries used in this
analysis in setting the limits of various couplings, we did
the "2 analysis with ! as the only observable, which is
represented in Figs. 3 and 4. The single parameter case for
an integrated luminosity of 2 ab!1 is presented in Fig. 3.
The vector couplings for the Ztu case yield a 3! limit of
about!0.032 (!0.034), whereas for the right-handed (left-
handed) tensor couplings it is !0.042 (!0.052). The
corresponding values in the case of Ztc couplings are
!0.11 (!0.12) and !0.16 (!0.24) for the right-handed
(left-handed) vector and tensor couplings, respectively. In
Fig. 4, we perform the same exercise for two param-
eter case.

2. Likelihood mapping of the parameter space

In this section we perform a likelihood analysis using the
events available after the final selection. The likelihood of a
given point f in the parameter space is given by

L " exp
!
!
"2#f$
2

"
#18$

where "2 is defined in Eq. (17). We apply theMarkov Chain
Monte Carlo (MCMC) method to map the likelihood of the
parameter space for each of the couplings. We make use of
the publicly available GETDIST [28] package to obtain the
single and multi-parameter bounds using MCMC chain.
Table IV shows the simultaneous limits on the anomalous
couplings at 68%, 95%, and 99% C.L’s obtained from the
MCMC analysis considering an integrated luminosity of
2 ab!1. For direct comparison with the experimental
observations, 95% branching fraction of FCNC decays
of the top quark corresponding to the couplings quoted in
Table IVare given in Table V. While these limits are at best
comparable to that of the HL-LHC reach [15], one may
notice that our limits do not assume the absence of other
couplings, unlike those quoted in the case of LH-LHC
study. In Fig. 5 the 2-dimensional projections of the
hyperspace of the 4-dimensional (four couplings for u=c
quark each) parameter space region limited by the 95%
and 99% C.L. regions obtained assuming an integrated

FIG. 3. Single parameter reach with an integrated luminosity
of 2 ab!1.

FIG. 4. Two parameter reach with an integrated luminosity of
2 ab!1.

TABLE IV. The list of simultaneous limits on FCNC param-
eters obtained from MCMC analysis including the cross section
and all other asymmetries for e!p collider at Ee#p$ "
60#7000$ GeV with integrated luminosity of 2 ab!1.

Vector
Coupling

Obtainable reach (in part of 103)

at C:L: " 68% 95% 99%

XL
ut " %!9.8; 9.7& " %!16.4; 16.4& " %!20.0; 20.1&

XR
ut " %!13.7; 13.6& " %!20.8; 20.9& " %!24.4; 24.4&

XL
ct " %!30.8; 31.1& " %!52.8; 52.7& " %!65.7; 65.5&

XR
ct " %!48.0; 47.3& " %!73.0; 72.7& " %!85.9; 86.8&

Tensor
Coupling

Obtainable reach (TeV!1)

at C:L: " 68% 95% 99%

#Lut=! " %!0.06; 0.06& " %!0.10; 0.10& " %!0.13; 0.13&
#Rut=! " %!0.07; 0.07& " %!0.12; 0.12& " %!0.16; 0.15&
#Lct=! " %!0.23, 0.23 " %!0.40; 0.40& " %!0.50; 0.50&
#Rct=! " %!0.31; 0.31& " %!0.57; 0.56& " %!0.71; 0.72&

TABLE V. Limiting values of the couplings that can be reached
(refer Table IV), and the branching fractions of the corresponding
top quark decays.

BR %
(t ! Zu)

BR %
(t ! Zc)

XL
ut " 0.016 0.009 XL

ct " 0.053 0.095
XR
ut " 0.021 0.015 XL

ct " 0.073 0.181
#Lut
! " 0.10 TeV!1 0.004 #Lct

! " 0.40 TeV!1 0.068
#Rut
! " 0.12 TeV!1 0.006 #Rct

! " 0.57 TeV!1 0.133
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Max Klein, Nestor Armesto,
Christian Schwanenbeger,
Pramod Sharma, Gao J, Gao M,
Behera Subhasish

q Future e-p collider has a rich analysis program, in particular for
electroweak interactions of top quark

q Single top quark factory: measurement of |Vtb| ~1% level accuracy

q NLO production of single top quark in leptonic channel and Mass 
reconstruction

q Top quark couplings to bosons (Wtq, tty, ttZ, tH, FCNC)

q Searches for new physics, anomalous top-quark couplings 

q DIS is competitive and complementary in performing high 
precision measurement of top quark properties

q Large sensitivity to discover new physics 

The Large Hadron-Electron Collider 
at the HL-LHC (LHeC and FCC-he 
Study Group) [2007.14491]
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𝐿$%& =
𝑔
√2

𝑊' ̅𝑡𝛾' 𝑉%& 𝑓()𝑃) + 𝑓(*𝑃* 𝑏 −
1

2𝑚+
𝑊', ̅𝑡𝜎', 𝑓-)𝑃) + 𝑓-*𝑃* 𝑏 + ℎ. 𝑐.

𝑤𝑖𝑡ℎ 𝑓() = 1 + Δ𝑓() 𝑎𝑛𝑑 𝑖𝑛 𝑡ℎ𝑒 𝑆𝑀 𝑉%& 𝑓() ≈ 1,
𝐴𝑛𝑑 𝑎𝑙𝑙 𝑜𝑡ℎ𝑒𝑟 𝑐𝑜𝑢𝑝𝑙𝑖𝑛𝑔𝑠 𝑣𝑎𝑛𝑖𝑠ℎ𝑒𝑠 𝑎𝑡 𝑡𝑟𝑒𝑒 𝑙𝑒𝑣𝑒𝑙

TOP QUARK PRODUCTION (CHARGED CURRENT)
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1 2

Fig. 1 Single antitop-quark production through charge current at the
e! p collider. The blobs at vertices 1 and 2 show the effective W! t̄ b̄
couplings, which includes the SM contribution. Further W! decays into
the hadronic mode via light quarks ( j " ū, d, c̄, s) or the leptonic mode
(l! " e!, µ!) with missing energy

by the Lagrangian (1) in MadGraph/MadEvent [47] using
FeynRules [48]. The partonic cross sections are convoluted
with CTEQ6L1 parton distribution functions (PDFs) keep-
ing the factorization and renormalization scale µF = µR =
mt = 172.5 GeV. The mass of the b-quark, mb = 4.7 GeV,
and the W± boson,mW= 80.399 GeV, are based on assuming
the SM value for |Vtb| f L1 = 1.

The total top decay width, which is is one of the fundamen-
tal properties of top physics, is measured with precision from
the partial decay width !(t # W b) in the t-channel of the
single top-quark production. The effect of anomalous Wtb
couplings in evaluating the decay width of the antitop quark
is consistently taken into account throughout our analysis for
the signal cross section.

Considering the five flavor constituents of a proton we
study the 2 # 2 process e! p # "et̄+X and probe the accu-
racy with which the anomalous couplings can be measured.
The variation of the cross section of the single top production
in SM is studied with respect to the center of mass energy
and electron energy in Fig. 2 and we find agreement with the
earlier results given in [30]. We also show the effect of taking
an 80 % beam polarization for electron, which results in the
enhancement of the SM single top production cross section
as the cross section scales as (1+ Pe!), Pe! being the degree
of polarization of the electron.

We also depict the varying contribution of the 2 # 3
process e! p # t̄ "e b from the four flavor proton where the
gluon splits into b, b̄ and b̄ participates in the interaction,
while the b quark is produced in the final state as a spectator
quark. This process is, however, suppressed in comparison
to the 2 # 2 process e! p # t̄ "e. This signal can be vetoed
out by demanding the exclusion of two b jets. We do not
consider this process for our analysis.

For the rest of the analysis we compute all cross sections
for the proposed LHeC with Ee! = 60 GeV and Ep = 7
TeV as per recommendations given in the LHeC conceptual
design report [31]. The total events are estimated with an
integrated luminosity L = 100 fb!1.

The new physics effect can arise either at the production
vertex of the antitop in the process e! p # t̄"e # b̄W!"e
or at the decay vertex. Figure 3 depicts the interplay of the
interference terms for the left-handed current and shows the

Fig. 2 Single antitop-quark production cross section at the LHeC with
the variation of electron energy Ee and fixed proton energy Ep = 7 TeV.
The top two curves depict the cross section for e! p # "e t̄ from the
80 % polarized and unpolarized e! beam, respectively. The third and the
fifth curve correspond to the branching of the unpolarized cross section
into hadronic and leptonic decay modes of W!. The first and the third
curve from the below correspond to the cross section for e! p # t̄ "e b
branching to the leptonic and hadronic decay modes ofW!, respectively

Fig. 3 Variation of the single antitop-quark production cross section
with the effective Wtb couplings (taking one anomalous coupling at a
time with SM) at the production and decay vertices, for fixed Ep =
7 TeV and Ee = 60 GeV

variation of the cross section with respect to the variation in
the anomalous couplings.

The stronger dependence of the cross section on the
anomalous coupling # f L1 is because of the identical Lorentz
structure associated with the SM and # f L1 , and accord-
ingly the constructive (destructive) interference becomes
pronounced for positive (negative) #

!! f L1
!!. Therefore the

cross section of the left-handed vector current mediated pro-
cess varies as [(1 + # f L1 ) |Vtb|]2. On the other hand, the

right-handed current mediated processes vary as
!! f Ri

!!2 for
i = 1, 2 and are therefore sub-dominant even in the pres-
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!2
comb.( fi , f j , ")

= !2
comb.

!
# f L1 ! # f L1

" = # f L1 + "#1
2

"
+

!
"#1
#"

"2

=
m#

k=1

n#

i=0

n#

j=0

f "
i [V#1]ki j f "

j +
!

"k # 1
#"k

"2

(17)

where # f L1
" = # f L1 + (" # 1)/2 and f "

i $ fi (for i %= 1).
The luminosity uncertainty in the !2

comb. function in
Eq. (17) can be factored out as

!2
comb. =

$
" # 1
#"eff + #"eff R

%2

+ !̃2
comb., where

{#"eff }#2 = 1
#"2 +

1
4
[V#1]11; R = 1

2

4#

a=1

fa [V#1]1a .

(18)

The new !̃2
comb. is the reduced combined !2 function, which

can be re-written as

!̃2
comb. = !2

comb. # (#"eff)2 R2. (19)

The reduced !2 function can now be used to study the con-
straints on the effective couplings in the presence of the lumi-
nosity uncertainty. It is worth mentioning that the correlations
between the |Vtb|# f L1 with other couplings are affected due
to the presence of the second term in Eq. (19). Following the
optimal analysis by incorporating the luminosity uncertainty
and the reduced !̃2

comb., we get a 4 & 4 covariance matrix.
The modified correlation matrices based on the combined
study of the six and four kinematical distributions from the
hadronic and leptonic modes, respectively, at an integrated
luminosity of L = 100 fb#1 can now be computed for differ-
ent luminosity uncertainty factor ". We give the spectrum of
three correlation matrices corresponding to the three choices
for #" = at 1, 5, and 10 %, respectively:

|Vtb|# f L1 = ±5.0 & 10#3

f R1 = ±4.7 & 10#4

f L2 = ±4.2 & 10#4

f R2 = ±2.6 & 10#4

&

''''(

1

#0.003 1

#0.003 #0.068 1

#0.002 0.032 #0.041 1

)

****+
;

(a) #" = 1 % (20)
|Vtb|# f L1 = ±2.5 & 10#2

f R1 = ±4.6 & 10#4

f L2 = ±4.2 & 10#4

f R2 = ±2.6 & 10#4

&

''''(

1

0 1

0 #0.068 1

0 0.032 #0.041 1

)

****+
;

(b) #" = 5 % (21)

|Vtb|# f L1 = ±5.0 & 10#2

f R1 = ±4.6 & 10#4

f L2 = ±4.2 & 10#4

f R2 = ±2.6 & 10#4

&

''''(

1

0 1

0 #0.068 1

0 0.032 #0.041 1

)

****+
;

(c) #" = 10 %. (22)

It is observed from Eqs. (20), (21), and (22) that the sensi-
tivities of all couplings except for |Vtb|# f L1 remain the same
as before, given in (14). The sensitivity of |Vtb|# f L1 , which
has the same weight function as SM, is, however, reduced by
one order of magnitude, ' 10#3, corresponding to a luminos-
ity uncertainty of 1 %. The error in |Vtb|# f L1 is now compa-
rable to that obtained in the bin analysis with 1 % systematic
error. Following the same suite of bin analysis the sensitivity
further worsens by an order of magnitude of ' 10#2 with
increased luminosity uncertainty at 5–10 % uncertainty. On
the assumption that the statistical error might dominate over
the systematics in the determination of all other couplings,
we observe that they are not affected due to the varying #"

as mentioned in the definition of !2
comb. This is in sharp con-

trast to that observed in the bin analysis where all couplings
are affected by the systematic uncertainty. The correlations
of f R1 , f L2 , and f R2 with |Vtb|# f L1 are drastically reduced
for #" = 0.01 and finally becomes vanishingly small for
#" = 0.05 and #" = 0.10. However, the correlations
among f R1 , f L2 , and f R2 remain the same as given in Eq. (14).

As an illustration, we study the variation in the total error
measurement of |Vtb|# f L1 based on this optimal analysis
with a fixed luminosity uncertainty #". In Fig. 11, the vari-
ation of the total error in the estimation of |Vtb|# f L1 , with
the luminosity for a given #" is shown. Thus the error in the

Fig. 11 Variation of the total error of |Vtb|# f L1 with the luminosity for
a given luminosity uncertainty of 1, 5, and 10 %, corresponding to the
kinematical distributions from hadronic, leptonic, and combined decay
modes of W#, respectively,
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The combined !2 reads

!2
comb.( fi , f j ) !

n!

k=1

!2
mink

=
!

k

!

i, j

( fi ! f̄i )[V!1]ki j ( f j ! f̄ j ). (11)

Here k " number of distributions corresponding to the kine-
matic observables. n = 6 and 4 for hadronic and leptonic
channels, respectively.

We thus provide the accuracy with which anomalous cou-
plings can be measured from each of these distributions.
The correlation matrices and the absolute errors in each and
every couplings in the hadronic and leptonic modes are given
below:

|Vtb|" f L1 = ±4.5 # 10!4

f R1 = ±7.2 # 10!4

f L2 = ±4.7 # 10!4

f R2 = ±3.2 # 10!4

"

###$

1

!0.07 1

!0.04 !0.07 1

!0.03 0.006 !0.02 1

%

&&&'
;

(a) hadronic mode (12)
|Vtb|" f L1 = ±4.6 # 10!4

f R1 = ±7.2 # 10!4

f L2 = ±8.3 # 10!4

f R2 = ±4.3 # 10!4

"

###$

1

!0.02 1

!0.05 !0.06 1

!0.01 0.09 !0.07 1

%

&&&'
;

(b) leptonic mode (13)

Until now we have considered the hadronic and leptonic
modes of single antitop production at the LHeC to be two
different probes for measuring these anomalous couplings.
We now combine the observations from both channels in
terms of the combined inverse covariance matrix. The global
errors and correlations from the corresponding global com-
bined covariance matrix are then given as

|Vtb|" f L1 = ±3.2 # 10!4

f R1 = ±4.6 # 10!4

f L2 = ±4.2 # 10!4

f R2 = ±2.6 # 10!4

"

###$

1

!0.05 1

!0.04 !0.06 1

!0.02 0.03 !0.04 1

%

&&&'
.

(14)

It is worthwhile to mention that we have not yet considered
any systematic error in the covariance analysis. On compar-
ing the errors given in Eqs. (13a) and (13b) corresponding to
the hadronic and leptonic modes, respectively, and the errors
for the global combined analysis in Eq. (14) with those in
Sect. 3.2, we find that the sensitivity of |Vtb|" f L1 and oth-
ers are found to have increased by one and two orders of
magnitude, respectively.

We have computed all the errors and their correlations
based on 60 % b tagging efficiency #b along with 10 % and
1 % b faking probability by charm and light jets, respectively.

One can, however, take these parameters in the !2 analysis
explicitly rather than as an overall multiplying factor in the
respective cross sections. Since we consider processes with
the same final states (same number of b, b̄) for the signal
as well as the dominant SM top background, the optimal
analysis shows that the sensitivity of the errors in the mea-
surement of these couplings will scale as 1/

$
#b for a given

luminosity and !2. Assuming the measured luminosity to be
the true luminosity, the accuracy with which the anomalous
couplings are measured scales as 1/

$
L .

3.3.1 Luminosity error

An error in the measurement of luminosity is, however, likely
to affect the measurements of some effective couplings. It
is thus instructive to study the impact of the uncertainty in
the luminosity measurement on the sensitivity of anomalous
Wtb couplings. The true luminosity L can be estimated as

L " $ L̄, $ = 1 ± "$, (15)

where L̄ is the measured mean value, and "$ is its one %

uncertainty. With the inclusion of the luminosity uncertainty
the !2

comb. definition given in (9) is modified to

!2
comb.( fi , f j ) % !2

comb.( fi , f j , $)

"
m!

k=1

n!

i=0

n!

j=0

( fi ! f̄i )[V!1]ki j ( f j ! f̄ j )+
(

$k ! 1
"$k

)2

.

(16)

Here [V!1]ki j is now a (n+1) # (n+1) matrix with f0 =
$ !1. The luminosity uncertainty "$k " "$ is the same for
all kinematic observables at a given collision energy. Here
n " 0, 1, 2, 3, 4, corresponding to the luminosity factor $

and four anomalous couplings.m = 6 (4), correspond to the
number of kinematic observables for the hadronic (leptonic)
mode.

It is straightforward to integrate out the f0 = 1!$ depen-
dence and obtain the probability distribution of the param-
eters f1 to fn in the presence of the luminosity uncertainty.
|Vtb|" f L1 is the only coupling whose weight function is iden-
tical to the SM distribution at tree level. The other effective
couplings get the SM contribution at the one-loop level and
it is thus likely that the statistical errors dominate over the
systematics. Therefore the errors coming from the luminos-
ity uncertainty can be safely neglected for the other three
couplings, namely f R1 , f L2 , and f R2 . The impact of the lumi-
nosity uncertainty can thus be accounted for algebraically by
using the !2 functions written in terms of " f L1 . We redefine
our !2

comb. function by

123

An error in the measurement of luminosity, likely to affect the 
measurements of some effective couplings 

577 Page 16 of 19 Eur. Phys. J. C (2015) 75 :577

!2
comb.( fi , f j , ")

= !2
comb.

!
# f L1 ! # f L1

" = # f L1 + "#1
2

"
+

!
"#1
#"

"2

=
m#

k=1

n#

i=0

n#

j=0

f "
i [V#1]ki j f "

j +
!

"k # 1
#"k

"2

(17)

where # f L1
" = # f L1 + (" # 1)/2 and f "

i $ fi (for i %= 1).
The luminosity uncertainty in the !2

comb. function in
Eq. (17) can be factored out as

!2
comb. =

$
" # 1
#"eff + #"eff R

%2

+ !̃2
comb., where

{#"eff }#2 = 1
#"2 +

1
4
[V#1]11; R = 1

2

4#

a=1

fa [V#1]1a .

(18)

The new !̃2
comb. is the reduced combined !2 function, which

can be re-written as

!̃2
comb. = !2

comb. # (#"eff)2 R2. (19)

The reduced !2 function can now be used to study the con-
straints on the effective couplings in the presence of the lumi-
nosity uncertainty. It is worth mentioning that the correlations
between the |Vtb|# f L1 with other couplings are affected due
to the presence of the second term in Eq. (19). Following the
optimal analysis by incorporating the luminosity uncertainty
and the reduced !̃2

comb., we get a 4 & 4 covariance matrix.
The modified correlation matrices based on the combined
study of the six and four kinematical distributions from the
hadronic and leptonic modes, respectively, at an integrated
luminosity of L = 100 fb#1 can now be computed for differ-
ent luminosity uncertainty factor ". We give the spectrum of
three correlation matrices corresponding to the three choices
for #" = at 1, 5, and 10 %, respectively:

|Vtb|# f L1 = ±5.0 & 10#3

f R1 = ±4.7 & 10#4

f L2 = ±4.2 & 10#4

f R2 = ±2.6 & 10#4

&

''''(

1

#0.003 1

#0.003 #0.068 1

#0.002 0.032 #0.041 1

)

****+
;

(a) #" = 1 % (20)
|Vtb|# f L1 = ±2.5 & 10#2

f R1 = ±4.6 & 10#4

f L2 = ±4.2 & 10#4

f R2 = ±2.6 & 10#4

&

''''(

1

0 1

0 #0.068 1

0 0.032 #0.041 1

)

****+
;

(b) #" = 5 % (21)

|Vtb|# f L1 = ±5.0 & 10#2

f R1 = ±4.6 & 10#4

f L2 = ±4.2 & 10#4

f R2 = ±2.6 & 10#4

&

''''(

1

0 1

0 #0.068 1

0 0.032 #0.041 1

)

****+
;

(c) #" = 10 %. (22)

It is observed from Eqs. (20), (21), and (22) that the sensi-
tivities of all couplings except for |Vtb|# f L1 remain the same
as before, given in (14). The sensitivity of |Vtb|# f L1 , which
has the same weight function as SM, is, however, reduced by
one order of magnitude, ' 10#3, corresponding to a luminos-
ity uncertainty of 1 %. The error in |Vtb|# f L1 is now compa-
rable to that obtained in the bin analysis with 1 % systematic
error. Following the same suite of bin analysis the sensitivity
further worsens by an order of magnitude of ' 10#2 with
increased luminosity uncertainty at 5–10 % uncertainty. On
the assumption that the statistical error might dominate over
the systematics in the determination of all other couplings,
we observe that they are not affected due to the varying #"

as mentioned in the definition of !2
comb. This is in sharp con-

trast to that observed in the bin analysis where all couplings
are affected by the systematic uncertainty. The correlations
of f R1 , f L2 , and f R2 with |Vtb|# f L1 are drastically reduced
for #" = 0.01 and finally becomes vanishingly small for
#" = 0.05 and #" = 0.10. However, the correlations
among f R1 , f L2 , and f R2 remain the same as given in Eq. (14).

As an illustration, we study the variation in the total error
measurement of |Vtb|# f L1 based on this optimal analysis
with a fixed luminosity uncertainty #". In Fig. 11, the vari-
ation of the total error in the estimation of |Vtb|# f L1 , with
the luminosity for a given #" is shown. Thus the error in the

Fig. 11 Variation of the total error of |Vtb|# f L1 with the luminosity for
a given luminosity uncertainty of 1, 5, and 10 %, corresponding to the
kinematical distributions from hadronic, leptonic, and combined decay
modes of W#, respectively,
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It is observed from Eqs. (20), (21), and (22) that the sensi-
tivities of all couplings except for |Vtb|# f L1 remain the same
as before, given in (14). The sensitivity of |Vtb|# f L1 , which
has the same weight function as SM, is, however, reduced by
one order of magnitude, ' 10#3, corresponding to a luminos-
ity uncertainty of 1 %. The error in |Vtb|# f L1 is now compa-
rable to that obtained in the bin analysis with 1 % systematic
error. Following the same suite of bin analysis the sensitivity
further worsens by an order of magnitude of ' 10#2 with
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the assumption that the statistical error might dominate over
the systematics in the determination of all other couplings,
we observe that they are not affected due to the varying #"
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trast to that observed in the bin analysis where all couplings
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for #" = 0.01 and finally becomes vanishingly small for
#" = 0.05 and #" = 0.10. However, the correlations
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As an illustration, we study the variation in the total error
measurement of |Vtb|# f L1 based on this optimal analysis
with a fixed luminosity uncertainty #". In Fig. 11, the vari-
ation of the total error in the estimation of |Vtb|# f L1 , with
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Fig. 11 Variation of the total error of |Vtb|# f L1 with the luminosity for
a given luminosity uncertainty of 1, 5, and 10 %, corresponding to the
kinematical distributions from hadronic, leptonic, and combined decay
modes of W#, respectively,
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BR (in %) Taking mean values of 
couplings at 1, 2 and 3 𝜎

𝑋.%) 0.019 0.051 0.072
𝑋.%* 0.023 0.064 0.097
𝑋/%) 0.135 0.444 0.640
𝑋/%* 0.257 0.754 1.176

𝜅.%) /Λ 0.011 0.030 0.043
𝜅.%* /Λ 0.013 0.043 0.064
𝜅/%) /Λ 0.098 0.377 0.637
𝜅/%* /Λ 0.191 0.739 1.194

FCNC TOP QUARK COUPLINGS (Ztu , Ztc)

68% 95% 99%

𝑋.%) [-2.73, 2.75] [ -4.45, 4.54] [ -5.41,5.34]

𝑋.%* [ -3.24, 2.86] [ -5.12, 4.99] [ -6.19, 6.29] 

𝑋/%) [ -6.89, 7.83] [-13.41, 13.24] [-16.85, 15.15

𝑋/%* [-10.08, 10.18] [-16.71, 18.02] [-20.85, 22.52] 

68% 95% 99%

𝜅.%) /Λ [-20.87, 20.92] [ -35.09, 34.05] [ -41.56, 41.85]

𝜅.%* /Λ [-20.52, 25.95] [ -40.81, 41.79] [ -51.39, 49.65]

𝜅/%) /Λ [-71.68, 53.24] [-126.82, 118.67] [-170.23, 149.02]

𝜅/%* /Λ [-80.12, 94.74] [-177.57, 166.24] [-224.57, 212.49]

At integrated luminosity of 1 𝑎𝑏"(


