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1. Introduction

According to the standard model (SM), quarks come in three generations, with up and down
type flavors. The weak charged current for quarks can be written as Jµ+

qW = 1√
2
ŪLγµVDL. Here

QL = 1
2(1− γ5)Q, indicates the left-handed projection. V is the Cabibbo-Kobayashi-Maskawa

(CKM) matrix [1, 2], governing flavor transitions among quarks and describing how the mass
states are mixed. The conventional labeling for the flavor mixing matrix is

V =

Vud Vus Vub

Vcd Vcs Vcb

Vtd Vts Vtb

 . (1.1)

The SM itself does not predict the elements of V, thus they should be evaluated experimentally.
Currently the first two rows of V are already being probed directly with improving precision,

mainly through decays of nuclei, pions, kaons, hyperons, charmed mesons and B-hadrons. On
the other hand, few direct experimental measurements exist regarding the third row of V, describ-
ing couplings of the top quark. The best method to independently measure Vtb is in single top
production at the LHC. The remaining third row elements Vtd and Vts are very small, and it is
experimentally difficult to precisely measure the t→ d and t→ s transitions in the single top pro-
duction at the LHC, therefore few information can be obtained in this direct measurement channel.
Instead, they are currently derived from CKM unitarity considerations, and are best measured in-
directly in virtual processes with loop diagrams involving top quarks, giving rise to, for example,
B0−B̄0 or B0

s−B̄0
s mixing. A global CKM fit in Ref.[3] yields |Vfit

tb |= 1−8.81+0.12
−0.24×10−3 , |Vfit

ts |=
41.08+3.0

−5.7×10−3 , |Vfit
td |= 8.575+0.076

−0.098×10−3 . Notice the CKM unitarity assumption, as well as the
SM contributions in the third row elements determinations in the loop induced rare flavor processes,
are not valid if beyond SM physics are considered. Therefore, performing direct measurements to
confirm the values of these CKM elements is very interesting and important.

Here we study the prospects to extract Vtd and Vts elements through single top related produc-
tions at the electron proton (ep) colliders, for example, the Large Hadron Electron Collider (LHeC),
based on the current running machine LHC. The point is that, charged current single top produc-
tion is the dominant production channel at the ep colliders involving Vtx vertices, while the top
pair background is suppressed. This is not like the situation at the LHC, where top pair production
has a very large cross section and constitutes a dangerous background for single top production.
We organize our talk as follows. In Section 2 we study the signal production and backgrounds. In
Section 3 we provide the limits on the matrix elements. Finally we ends with a short summary.

2. THE MEASUREMENT STRATEGY

Following Ref.[4], we will parameterize eventual deviations from the fitted number in the
CKM matrix element Vtd and Vts through the ratio Rd = |Vtd|/|Vfit

td | and Rs = |Vts|/|Vfit
ts |, in order

to classify processes according to their leading power in the parameters Rd and Rs. In our study
we concentrate on the charged current single top mechanism which is actually the dominant top
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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−→ νe t̄→ νeW−b̄→ νe`
−

ν`b̄,

Signal.2 : pe−→ νeW−b→ νe`
−

ν`b,

Signal.3 : pe−→ νe t̄→ νeW−j→ νe`
−

ν`j,

Signal.4 : pe−→ νeW−j→ νe`
−

ν`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 (σRx=0

Expect). By varying the R parameter, we
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obtain the total cross section (σRx
total). The pure signal contribution can therefore be written as

σ
[Rx]
Signal = δ

[Rx]×σ
[Rx=0]
Expect where δ

[Rx] =
σ
[Rx]
total−σ

[Rx=0]
Expect

σ
[Rx=0]
Expect

. (2.2)

The δ dependence as functions of R parameters are shown in Fig.2. The solid red, dashed purple,
dotted blue and dash-dotted green curve correspond to Signal.1, 2, 3, 4 respectively. The numerical
results of σ

[Rx=0]
Expect can be found in Tab.1, and also shown in Fig.2. From Fig.2, we see that the en-

σ
[Rx=0]
Expect 7TeV⊕60GeV@LHeC 50TeV⊕60GeV@FCC-eh

Signal.1 1.8881 pb 15.257 pb
Signal.2 13.654 fb 142.54 fb
Signal.3 2.0176 pb 16.38 pb
Signal.4 0.857pb 3.86 pb

Table 1: σ
[Rx=0]
Expect values for different signal channels.

hancement for Signal.4 corresponding to its expected value is much smaller than the other signals,
which means it’s challenge to use signal.4 to have a better signal over background ratio or signal
significance. For Signal.1, 2, 3, the enhanced behaviours are similar, and large, to some typical R
parameters, they can reach around 10 percent. Notice in this case, Signal.1 and 3 have much larger
expected cross section than Signal.2, which means they can have larger signal statistics. However,
large expected cross section also means large SM backgrounds. So until now, it’s still difficult to
say which channel is the best one among Signal.1, 2 and 3, and a more detailed analysis on the
backgrounds is also required. The corresponding backgrounds we considered are

B1 : pe−→ νe t̄→ νeW−b̄→ νe`
−

ν`b̄. (2.3)

where the W and b̄ quark are associated produced through s-channel anti-top decay.

B2 : pe−→ `−Emiss
T b/b̄, (2.4)

which produced from different sources including a) pe−→ νeW−b→ νe`
−ν`b with t-channel top

quark exchanging. In this case, the final state has a bottom quark, instead of an anti-bottom quark as
in B1. Notice this one is in fact not possible to be separated from B1 since it is currently not possible
to identify jets with their charges. b) pe−→ νeW−b/b̄→ νe`

−ν`b/b̄ where the W boson and the
bottom/anti-bottom are not from the s-channel anti-top decays. c) pe−→ e−Zb/b̄→ e−ν`ν̄`b/b̄,
which include Z boson decays to undetected neutrinos. d) Other diagrams that belong to non-
resonance contributions. There are also backgrounds, which can be formulated as

B3 : pe−→ `−Emiss
T j, (2.5)

due to a mistagging of the light jets to b-jets. There are some other backgrounds, like undetected
particles fake missing energy, top pair background which are very small and safely ignored.

In order to provide a detector level study, we start our simulation chain with the event gener-
ator MadGraph5_aMC@NLO [6], followed by applying Pythia [7], where parton showering and

3



P
o
S
(
D
I
S
2
0
1
8
)
1
6
7

Probing the CKM matrix element Vtd and Vts at the ep colliders Hao Sun

hadronization is then performed. A modified version of Pythia should be used to simulate an au-
thentic electron proton collisions. Delphes [8] is used for detector simulation. The detector is
assumed based on the LHeC detector design [9, 10].

3. THE MEASUREMENT POTENTIAL

In order to present our results on the future reach of the ep colliders including systematical
uncertainties, we adopt the final definition of significance as follows

SS = Ns/
√

Nb +(∆B×Nb)2 (3.1)

where ∆B refers to the corresponding percentage systematic uncertainties. For our signal channels,
we have taken ∆B = 5%. For the electron polarization effects, we consider it to be 80%. The 2σ

limits of the Vtx value as functions of the luminosities are summarized in Fig.3. The limits from
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Figure 3: The 2σ limit of the Vtx value as functions of the luminosities for different signal channels.

Signal.4 is ignored due to its poor search potential. The first two figures in Fig.3 are for the Vtd

measurement. The dashed red(solid volet) curves are for Signal.1(2) and dashed black curve is for
Signal.3 respectively. We find even at the LHeC, the limits we obtained are much lower than the
current direct limits from the LHC experiment (see the upper dash-dotted curve in this figures),
and comparable to, or lower than the Vtd limit achieved from other phenomenological study [4]
(see the middle dash-dotted curve in the first two figures in Fig.3). The measurement potential is
much improved at the FCC-eh. The situation is almost the same for the measurement of Vts which
are shown in the last two figures in Fig.3. In this case, these three channels show nice feature to
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measure it, both at the LHeC and FCC-eh. We also notice that in all cases, Signal.3 is the most
prompt channel in measuring Vtx elements.

Considering the proposed 2ab−1 luminosity and 80% electron polarization, the 2σ limits for
Rtd parameters for Signal.1, 2, 3 are 6.86, 8.85, 5.83 at the LHeC and 4.6, 5.44, 4.27 at the FCC-eh,
correspond to the limits of Vtd equal 0.0588, 0.0759 0.05 at the LHeC and 0.0394, 0.0466, 0.0366
at the FCC-eh. For Rts, the 2σ R parameter limits are 2.01, 4.49, 1.32 at the LHeC and 1.47, 2.32,
0.90 at the FCC-eh, correspond to the limits of Vts equal 0.0824, 0.1843, 0.0541 at the LHeC and
0.0602, 0.0952, 0.0369 at the FCC-eh.

4. SUMMARY

In this talk we present a study on the measurement of Vtd and Vts CKM matrix elements at the
ep colliders, through W and bottom associated production channels as well as W and jet associated
production channels. The W and bottom (jet) final states can be produced by s-channel single
top decay or t-channel top exchange. We present the measurement potential by using different
channels separately, depending on the possibility to distinguish them kinematically, but the same
final state contributions are fully considered when considering different channels. In summary
for the conclusion, the ep colliders provide nice features in measuring Vtd and Vts CKM matrix
elements.
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