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Distinctions between quark to Λ and Λ̄ longitudinal spin transfers in the semi-inclusive deep inelastic
scattering process were observed by the E665 and COMPASS Collaborations. There are suggestions that
the difference between Λ and Λ̄ production is related to the asymmetric strange-antistrange distribution
inside the nucleon. However, previous calculations are still too small to explain the experimental data. From
a realistic consideration of quark to Λ fragmentation due to different flavors, we investigate the strange
quark contribution for Λ production and polarization. We find that the strange quark-antiquark asymmetry
of the nucleon sea can be amplified into an observable quantity from the difference between Λ and Λ̄
polarizations after taking into account the larger probability of the Λ produced from the s quark
fragmentation process compared to that from the u or d quark. The qualitative agreement between our
calculation and the experimental data supports the existence of the intrinsic strange sea and the strange-
antistrange asymmetry. Thus the polarization of Λ=Λ̄ does open a new window to probe the nucleon sea
properties, especially the strange content and its quark-antiquark asymmetry.
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The sea content of nucleons is a key focus in hadronic
physics as there exist a number of anomalies in experi-
ments, such as the proton spin problem [1] and the NuTeV
anomaly [2,3]. Due to the nonperturbative nature of
quantum chromodynamics (QCD) at low energy scale, it
is complicated to theoretically calculate the sea properties
and structures. Also, the limited data sensitive to the sea
content of the nucleon from experiments makes the detailed
sea structure remain obscure. Even the existence of the
intrinsic sea quark and the strange quark-antiquark asym-
metry are still under controversy. It is thus important to find
experimental quantities that are sensitive to revealing the
striking features of the nucleon sea content.
From theoretical aspects, the existence of the intrinsic

charm quark and the non-negligible uudcc̄ Fock compo-
nent in the proton was proposed in 1980 to explain the
unexpectedly large cross section of charmed hadrons at
high xF [4]. This intrinsic quark model has been extended
to the light-quark sector with significant progress recently
[5]. Under the frame of the intrinsic quark sea, several
theoretical models were proposed to investigate the non-
perturbative contributions to the nucleon asymmetric
strange-antistrange sea distribution, such as the baryon-
meson fluctuation model, the meson cloud model, and the
chiral quark model [6–11]. This asymmetric distribution
was thought to play an important role in the extraction of
the Weinberg angle [12] from neutrino-nucleon deep

inelastic scattering, and it has the potential to remove
the NuTeV anomaly [13–20].
From experimental aspects, the current constraints on the

strangeness mainly come from the neutrino dimuon pro-
duction data. This is because a neutrino can resolve the
flavor of the nucleon constituents and such an ability can be
used to isolate the nucleon strange-antistrange quark
distributions. CCFR and NuTeV dimuon measurements
[21–26] are such experiments. However, these experiments
are not enough to provide a meaningful fit for the
strangeness distributions since there are large uncertainties
]27 ]. The semi-inclusive deep inelastic scattering (SIDIS)

process also has the power to probe the strangeness in the
nucleon. The HERMES Collaboration has recently
reported the determination of xðsðxÞ þ s̄ðxÞÞ over the range
of 0.02 < x < 0.5 at Q2 ¼ 2.5 GeV2 from the measure-
ment of charged kaon production on a deuteron target [28].
Apart from the kaon production, the Λ=Λ̄ hyperon pro-
duced in high energy interactions can also supply infor-
mation concerning the strange content of the nucleon
[29–33]. This is due to the fact that Λ is the lightest baryon
containing a strange quark; it has a relatively large
production cross section, and its polarization can be also
determined by measuring the angular distributions of the
decay products.
The measurement of the polarization of Λ=Λ̄ hyperons

not only allows a unique test of the quark distributions of
the target nucleon but also the quark to Λ=Λ̄ fragmentation
functions [34–47]. More explicitly, the studies of Λ=Λ̄
polarization can provide us a lot of useful information, such*mabq@pku.edu.cn
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as the quark to Λ=Λ̄ fragmentation functions [35,36,38,
41–44,47] and the quark distribution functions in nucleon
[30,34,37,39,40], especially in regard to the strange den-
sities [29,31–33,45,46]. For example, it is suggested that
the difference between Λ and Λ̄ production is related to the
asymmetric strange-antistrange distribution inside the
nucleon [31,32]. There have been some calculations trying
to reveal the different behaviors of Λ and Λ̄ from the
asymmetric strange-antistrange distribution [31,33,46].
However, results from Refs. [31] and [33] are still too
small to explain the experimental data. Reference [46]
produces a large difference between Λ and Λ̄ polarization,
with results close to the existing COMPASS data; while in
their calculation the extreme case for S−ðxÞ ¼ sðxÞ − s̄ðxÞ,
i.e., S−ðxÞ ¼ sðxÞ þ s̄ðxÞ or S−ðxÞ ¼ −ðsðxÞ þ s̄ðxÞÞ was
adopted.
In this paper, we present a general analysis of the spin

transfer for the Λ and Λ̄ hyperons both in eþe− annihilation
and SIDIS processes. We point out that the small magnitude
of the spin transfer compared to the E665 [48] and the
COMPASS [49] data in previous studies [31,33] is due to
the equivalent treatment of the fragmentations of s, u and d
quarks by using the Gribov-Lipatov relation [50,51].
However, the probability of the Λ produced from the s
quark fragmentation process should be larger than that from
the u or d quark [36]. This effect can be taken into account
by relating the model result of quark fragmentations to the
Albino, Kniehl, and Kramer (AKK) parametrization [52].
To verify the reasonability of our consideration of the
strange quark fragmentation process, we first calculate the
Λ polarization in eþe− annihilation at the Z-pole, then we
extend our calculation to the SIDIS process at COMPASS,
E665, and HERMES. Although the results we get from a
realistic consideration of the contributions by different
flavor quarks based on the quark-spectator-diquark model
have no quantitative value, the qualitative agreement
between our calculations and the experimental data sug-
gests an amplified contribution from strange quarks, so that
the strange quark-antiquark asymmetry of the nucleon sea
can produce an observable difference between Λ and Λ̄
polarizations observed in experimental data, as was
expected from theoretical considerations [31,32]. Thus
the Λ and Λ̄ production in the SIDIS process is indeed
an ideal place to probe the nucleon strange sea properties
and its quark-antiquark asymmetry. Further measurements
of Λ=Λ̄ polarization with accurate enough data should
provide us more information on the nucleon strange sea
content and give us better control of the form of the quark to
Λ=Λ̄ fragmentation functions.
In the eþe− annihilation process around the bosonic

Z-pole, the qq̄ pair produced from the weak interaction can
be polarized even though the initial eþe− states are
unpolarized. These polarized quark pairs lead to the
polarized Λ hyperon eventually. Thus the measurement

on the polarization of Λ can be used to test the quark
fragmentations. The expression of the final Λ polarization
in this process can be given as

PΛ ¼ −
P

qAq½ΔDΛ
q ðzÞ − ΔDΛ

q̄ ðzÞ�P
qCq½DΛ

q ðzÞ þDΛ
q̄ ðzÞ�

; ð1Þ

where ΔDΛ
qðq̄ÞðzÞ and DΛ

qðq̄ÞðzÞ are the polarized and
unpolarized fragmentation functions for a quark q splitting
into a Λ hyperon with the longitudinal momentum fraction
z, and the parameters Aq, Cq can be referred to in Ref. [39].
The final Λ hyperon can be produced either from the

direct quark fragmentation process or via the decay of
heavier resonances, such as Σ�, Σ0, and Ξ, which can also
partially transfer their polarization to the Λ. Taking both of
the possibilities into account, we can rewrite the polarized
fragmentation function ΔDΛ

q ðzÞ and the unpolarized frag-
mentation function DΛ

q ðzÞ as

ΔDΛ
q ðz;Q2Þ ¼ a1ΔD

ΛðdirectÞ
q ðz;Q2Þþa2ΔDΣ0

q ðz0;Q2ÞαΣ0Λ

þa3ΔDΣ�
q ðz0;Q2ÞαΣ�Λþa4ΔDΞ

q ðz0;Q2ÞαΞΛ;
DΛ

q ðz;Q2Þ ¼ a1D
ΛðdirectÞ
q ðz;Q2Þþa2DΣ0

q ðz0;Q2Þ
þa3DΣ�

q ðz0;Q2Þþa4DΞ
q ðz0;Q2Þ: ð2Þ

Here, a’s are weight coefficients representing the ratio of Λ
produced from different channels. In Ref. [53], the con-
tribution of the indirectly produced Λ was estimated by a
Monte Carlo simulation to be as large as 60%. This is in
accord with the calculation using the LEPTO generator,
which indicates that only about 40%–50%ofΛ are produced
directly, 30%-40% are originated from Σ�ð1385Þ decaying,
and about 20% are decay products of theΣ0 [54].We choose
a1 ¼ 0.4, a2 ¼ 0.2, a3 ¼ 0.3, a4 ¼ 0.1 in our calculations
[33]. To see the dependence of our results on the chosen
values of the a’s parameters, we let a1 have a 10% variable
rangewith the othera’s parameters being adjusted according
to its proportion among a2, a3, and a4; i.e., a1 ¼ 0.4� 0.1,
a2 ¼ 0.2 ∓ 0.0333, a3 ¼ 0.3 ∓ 0.05, a4 ¼ 0.1 ∓ 0.0167,
and show the results with bands. The decay parameters
α’s are αΣ0Λ ¼ −0.333, αΣ�ð3

2
;3
2
ÞΛ ¼ 1.0, αΣ�ð3

2
;1
2
ÞΛ ¼ 0.333,

αΞ0Λ ¼ −0.406, αΞ−Λ ¼ −0.458, and z0 ¼ 1.1z, based on
the same consideration with those of Ref. [33].
For the fragmentation functions of hyperons appearing in

Eq. (2), they cannot be calculated using perturbative QCD
directly since fragmentations are nonperturbative proc-
esses. At present, there are still no parametrizations about
the fragmentations of Σ�, Σ0, and Ξ. The AKK collabo-
ration gives fits of Λ=Λ̄ fragmentation functions, but it does
not include the polarized ones [52]. In this case, phenom-
enological models are quite useful in particular in obtaining
some guide for experiments. We know that quark frag-
mentation functionsDh

qðzÞ and distribution functions qhðzÞ,
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which present the probability of finding the corresponding
quark q carrying a momentum fraction z inside the same
hadron, can be related by the phenomenological Gribove-
Lipatov relation [50,51]

Dh
qðzÞ ∼ zqhðzÞ: ð3Þ

Although this relation is known to be valid only at a specific
Q2 near z → 1, it provides us reasonable guidance for a
phenomenological parametrization of the hadron fragmen-
tation functions. In this work, the valence quark distribution
functions are analyzed in a SU(6) quark-spectator diquark
model, and the sea quark distributions are obtained from the
SU(3) symmetry relations between octet baryons by using
the CT14 parametrization (CT14 LO) [55]. Since the
valence quark distributions in the SU(6) quark-spectator
diquark model have been discussed in detail in Ref. [33],
we omit the descriptions about this model here. The
specific forms of the quark distributions can be referred
to in Ref. [33].
As mentioned above, the probability of the Λ produced

from the s quark fragmentation should be larger than that
from a u or d quark. This is because if the Λ originates from
the primarily u quark, a ss̄ and a dd̄ pair have to be created
in order to provide the constituent quarks which should be
suppressed with respect to the creation of only uū and dd̄
pairs required if the Λ is produced from an initial s quark.
However, in the previous study [33], this effect was
suppressed, since every flavor quark fragmentation func-
tion was normalized to the same form. The ratio of the
probability of Λ produced from the s quark to that from the
u quark is about 0.9 in Ref. [33], while from the AKK
parametrization this ratio is about 1.4 [52]. To show this
effect, we take the following equations to relate the model
quark fragmentations to the AKK parametrization:

DΛ
u ðx;Q2Þ ¼DΛ

d ðx;Q2Þ ¼
�

DΛ
u ðxÞ

DΛ
uþūðxÞ

�th

DΛ
uþūðx;Q2ÞAKK;

DΛ
ū ðx;Q2Þ ¼DΛ

d̄
ðx;Q2Þ ¼

�
DΛ

ū ðxÞ
DΛ

uþūðxÞ
�th

DΛ
uþūðx;Q2ÞAKK;

ΔDΛ
u ðx;Q2Þ ¼ΔDΛ

d ðx;Q2Þ

¼
�
ΔDΛ

u ðxÞ
DΛ

uþūðxÞ
�th

DΛ
uþūðx;Q2ÞAKK;

DΛ
s ðx;Q2Þ ¼

�
DΛ

s ðxÞ
DΛ

sþs̄ðxÞ
�th

DΛ
sþs̄ðx;Q2ÞAKK;

DΛ
s̄ ðx;Q2Þ ¼

�
DΛ

s̄ ðxÞ
DΛ

sþs̄ðxÞ
�th

DΛ
sþs̄ðx;Q2ÞAKK;

ΔDΛ
s ðx;Q2Þ ¼

�
ΔDΛ

s ðxÞ
DΛ

sþs̄ðxÞ
�th

DΛ
sþs̄ðx;Q2ÞAKK: ð4Þ

This approach is similar to the way we adopted the quark
distribution functions in Ref. [33].
The solid line in Fig. 1 shows the results of z dependence

of a Λ hyperon in eþe− annihilation process at the Z pole
[56,57], while the dotted line corresponds to the previous
work without the AKK parametrization input [47]. To
compare with the dotted line, the a’s parameters should be
taken as the same as those of the previous work [47].
Therefore, we do not show the bands in this figure due to
the 10% variable ranges of the a1 parameter. It is interesting
to notice that, compared to the dotted line, the solid line
with the AKK parametrization input has a much better
description of the experimental data, especially in the
medium z region 0.2 → 0.6. This suggests that the dis-
agreement between the data and the dotted line in the
previous study could be partially explained by the larger
probability of the s quark fragmentation.
Now we extend our calculation to the SIDIS process. For

a longitudinal polarized charged lepton beam and an
unpolarized nucleon target, the longitudinal spin transfer
to the Λ hyperon is

AΛðzÞ ¼
R
dxdy Sx

Q4

P
qe

2
qfqðx;Q2ÞΔDΛ

q ðz;Q2ÞR
dxdy Sx

Q4

P
qe

2
qfqðx;Q2ÞDΛ

q ðz;Q2Þ ; ð5Þ

where eq is the electric charge of parton q, x ¼
Q2=ð2P · qÞ; y ¼ P · q=ðP · lÞ, and z ¼ P · Ph=ðP · qÞ
are three Lorentz invariant variables, and Q2 ¼ Sxy is
the squared four-momentum transfer of the virtual photon
with S ¼ M2

p þm2
l þ 2MpEl. For the Λ̄ hyperon, the spin

transfer AΛ̄ can be obtained from Eq. (5) by replacing q
with q̄ and Λ with Λ̄. After integrating the numerator and
denominator on x and y respectively, we can get the
longitudinal spin transfer of Λ or Λ̄ as a function of z.

FIG. 1. The z dependence ofΛ polarization in eþe− annihilation
process. The solid curve corresponds to the theoretical calculation
with AKK parametrization input, and the dotted curve is from the
previous work without AKK parametrization input [47].
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At COMPASS, the given measurement cuts are about x,
y, and the Feynman variable xF [49]: 1 GeV2 <Q2 <
50 GeV2;0.005< x< 0.65;0.2< y< 0.9;0.05< xF < 0.5.
To get the spin transfer dependence on xF, we express z as a
function of x, y, and xF with

z ¼ xF
2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
4M2x
Sy

þ 1

s
þ
�
M2

Sy
þ 1

2

� ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
4ðM2

h þ P2
h⊥Þ

M2 þ Sy − Sxy
þ x2F

s
;

ð6Þ

where Ph⊥ is the transversal momentum of the final Λ
hyperon. We set the value of Ph⊥ to be 3.0 GeV which is in
a reasonable region compared to the COMPASS exper-
imental center-of-mass energy, S ¼ 320 GeV2.
In our numerical calculation, the quark distribution

functions of the u and d flavors in Eq. (5) are from the
CTEQ parametrization [55]. For strange quarks, the CTEQ
parametrization of s and s̄ are flavor blind, and the results
are in fact an average of them. To investigate the con-
tribution to the spin transfer difference between Λ and Λ̄
hyperon from the nucleon asymmetric strange-antistrange
sea distribution, we need an asymmetric nucleon strange
sea input. We consider the nucleon asymmetric strange-
antistrange sea distribution effect in the meson-baryon
fluctuation model [6], where the nucleon wave function
at low resolution can be viewed as a fluctuating system
coupling to the intermediate noninteracting baryon-meson
Fock states. As is mentioned in Ref. [33], this way of
determining sðxÞ and s̄ðxÞ does not take the QCD evolution
effect into account. However it is pointed out in
Refs. [58,59] that the quark-antiquark symmetry of the
nucleon sea would be violated when the perturbative QCD
evolution was calculated at the next-to-next-to-leading
order, where the splitting functions for quarks and anti-
quarks are different from each other. To reflect the QCD
evolution effect while keeping sðx;Q2Þ þ s̄ðx;Q2Þ the
same with that of the CTEQ parametrization, a reasonable
form of the nucleon strange sea input is given as [33]

sPðx;Q2Þ ¼ 2sthðxÞ
sthðxÞ þ s̄thðxÞ s

ctqðx;Q2Þ;

s̄Pðx;Q2Þ ¼ 2s̄thðxÞ
sthðxÞ þ s̄thðxÞ s

ctqðx;Q2Þ; ð7Þ

where sth and s̄th are the strange and antistrange quark
distributions from the baryon-meson fluctuation model [6],
and sctqðxÞ is the strange quark distribution from the CTEQ
parametrization [55].
Figures 2 and 3 show the results of x and xF dependences

of Λ and Λ̄ longitudinal spin transfers, together with the
COMPASS data. The solid and dashed lines correspond to
the Λ and Λ̄ longitudinal spin transfers, respectively. The
bands are from 10% variable ranges of a1 parameter.

In order to focus on the contribution of the nucleon
asymmetric strange-antistrange sea distribution, we first
calculate the longitudinal spin transfers on the symmetric
strange sea input and show the results in the left panels of
Figs. 2 and 3. In the right panels of Figs. 2 and 3, the
asymmetric strange-antistrange sea distribution is consid-
ered. As we can see, the difference between Λ and Λ̄ gets
enlarged under an asymmetric strange-antistrange sea input
so that the agreement between our calculation and the data
is improved significantly. Since there are limited data
sensitive to the strange sea content, the qualitative agree-
ment between our calculation and the data can be seen as
support of the existence of the nucleon strange-antistrange
sea distribution. What is more, bands in these two figures
tell us that, although the a’s values adjusted according to
the Monte Carlo predictions [54] are somewhat arbitrary,
the small difference of these weight coefficients does not
affect our qualitative prediction and conclusion by the fact
that only the shapes of the Λ and Λ̄ longitudinal spin
transfers are changed. In fact, we even calculate the Λ and
Λ̄ polarization (not presented in this work) in the case that
there are no intermediate, heavier hyperon decay processes,
i.e., a1 ¼ 1.0, a2 ¼ 0, a3 ¼ 0, a4 ¼ 0, and find that the

FIG. 2. The x dependence of Λ and Λ̄ longitudinal spin
transfers with and without the asymmetric strange-antistrange
sea distribution input at COMPASS. The solid and dashed curves
correspond to Λ and Λ̄ hyperons. The bands are from 10%
variable ranges of a1 parameter.

FIG. 3. The xF dependence of Λ and Λ̄ longitudinal spin
transfers with and without the asymmetric strange-antistrange sea
distribution input at COMPASS. The solid and dashed curves
correspond to Λ and Λ̄ hyperons. The bands are from 10%
variable ranges of a1 parameter.
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difference between the quark to Λ and the Λ̄ longitudinal
spin transfers predicted by our model remains.
Next we calculate the xF dependence of Λ and Λ̄

longitudinal spin transfers in the E665 experiment. The
similar phenomenon with the COMPASS xF dependent
spin transfer appears in our calculations, and is displayed in
Fig. 4. The value of Ph⊥ is set to be 4.0 GeV, which is also
in a reasonable region compared to the E665 experimental
center-of-mass energy S ¼ 940 GeV2.
The x and xF dependences of a Λ longitudinal spin

transfer have also been measured by the HERMES
Collaboration within the kinematical domains [53,60]:
0.8GeV2 <Q2< 24GeV2, W2> 4GeV2, 0.05<y< 0.9.
We now perform our calculation under the HERMES
experimental conditions. Using Eq. (6), we can evaluate
the region of Ph⊥ value from the measured x, y, z, and xF
bins at HERMES, and the result is about 0.3 → 0.9 GeV.
In our calculation, we choose Ph⊥ ¼ 0.85 GeV.
We show the x and xF dependence of Λ and Λ̄

longitudinal spin transfers under the HERMES experimen-
tal cuts in Figs. 5 and 6. Specially, Figs. 5(a) and 6(a) give
the results from the integration without considering the
asymmetric nucleon strange sea distribution input, while

Figs. 5(b) and 6(b) show the results with this effect taken
into account. As expected [31,32], the asymmetric nucleon
strange sea input produces a larger spin transfer difference
between Λ and Λ̄ hyperons. Since there are only Λ
polarization data at HERMES, we also suggest an analysis
on the Λ̄ polarization to give a more precise examination of
the nucleon strange-antistrange sea distribution.
In conclusion, we investigated the Λ and Λ̄ polarizations

in the eþe− annihilation process and in lepton-nucleon
SIDIS process. The larger probability of a Λ=Λ̄ hyperon
produced from s=s̄ quark fragmentation compared to u=ū
or d=d̄ flavor was considered. We particularly discuss the
importance of the asymmetric nucleon strange-antistrange
sea distribution in reproducing the longitudinal spin trans-
fer difference between Λ and Λ̄ hyperons. We present the
results obtained at COMPASS, E665, and HERMES with
and without the asymmetric nucleon strange sea distribu-
tion input. Compared to Refs. [31,33,46], the asymmetric
strange-antistrange sea distribution input and the s=s̄ quark
fragmentation process are treated more reasonably in this
work. Our results show that the asymmetric nucleon
strange sea distribution input gives a better description
of the experimental data. This qualitative agreement
between the data and our calculation can be viewed as
support of the existence of the intrinsic strange sea and the
strange-antistrange asymmetry. Since it is difficult to
measure the strange content of the nucleon sea, the analysis
on the polarization of Λ=Λ̄ does open a new window to
probe the nucleon sea properties. We suggest future experi-
ments to analyze the polarization of Λ=Λ̄ for providing
more information on the nucleon strange sea content.
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FIG. 4. The xF dependence of Λ and Λ̄ longitudinal spin
transfers with and without the asymmetric strange-antistrange sea
distribution input at E665. The solid and dashed curves corre-
spond to Λ and Λ̄ hyperons. The bands are from 10% variable
ranges of a1 parameter.

FIG. 5. The x dependence of Λ and Λ̄ longitudinal spin
transfers with and without the asymmetric strange-antistrange
sea distribution input at HERMES. The solid and dashed curves
correspond to Λ and Λ̄ hyperons. The bands are from 10%
variable ranges of a1 parameter.

FIG. 6. The xF dependence of Λ and Λ̄ longitudinal spin
transfers with and without the asymmetric strange-antistrange sea
distribution input at HERMES. The solid and dashed curves
correspond to Λ and Λ̄ hyperons. The bands are from 10%
variable ranges of a1 parameter.

STRANGE QUARK-ANTIQUARK ASYMMETRY OF NUCLEON … PHYSICAL REVIEW D 95, 014029 (2017)

014029-5



[1] J. Ashman et al. (European Muon Collaboration), Nucl.
Phys. B328, 1 (1989).

[2] G. P. Zeller et al. (NuTeV Collaboration), Phys. Rev. Lett.
88, 091802 (2002); 90, 239902(E) (2003).

[3] G. P. Zeller et al. (NuTeV Collaboration), Phys. Rev. D 65,
111103 (2002); 67, 119902(E) (2003).

[4] S. J. Brodsky, P. Hoyer, C. Peterson, and N. Sakai, Phys.
Lett. 93B, 451 (1980).

[5] W. C. Chang and J. C. Peng, Phys. Rev. Lett. 106, 252002
(2011).

[6] S. J. Brodsky and B.-Q. Ma, Phys. Lett. B 381, 317 (1996).
[7] A. I. Signal and A.W. Thomas, Phys. Lett. B 191, 205

(1987).
[8] M. Burkardt and B. Warr, Phys. Rev. D 45, 958 (1992).
[9] H. Holtmann, A. Szczurek, and J. Speth, Nucl. Phys. A596,

631 (1996).
[10] B.-Q. Ma, Phys. Lett. B 408, 387 (1997).
[11] H. R. Christiansen and J. Magnin, Phys. Lett. B 445, 8

(1998).
[12] S. Davidson, S. Forte, P. Gambino, N. Rius, and A. Strumia,

J. High Energy Phys. 02 (2002) 037.
[13] D. Abbaneo et al. (ALEPH and DELPHI and L3 and OPAL

and LEP Electroweak Working Group and SLD Heavy
Flavor and Electroweak Groups), arXiv:hep-ex/0112021.

[14] S. Kretzer, F. Olness, J. Pumplin, D. Stump, W. K. Tung,
and M. H. Reno, Phys. Rev. Lett. 93, 041802 (2004).

[15] Y. Ding and B.-Q. Ma, Phys. Lett. B 590, 216 (2004).
[16] J. Alwall and G. Ingelman, Phys. Rev. D 70, 111505 (2004).
[17] Y. Ding, R. G. Xu, and B.-Q. Ma, Phys. Lett. B 607, 101

(2005); Phys. Rev. D 71, 094014 (2005).
[18] M. Wakamatsu, Phys. Rev. D 71, 057504 (2005).
[19] R. D. Ball, L. D. Debbio, S. Forte, A. Guffanti, J. I. Latorre,

A. Piccione, J. Rojo, and M. Ubiali (NNPDF Collabora-
tion), Nucl. Phys. B823, 195 (2009).

[20] R. D. Ball, V. Bertone, F. Cerutti, L. D. Debbio, S. Forte, A.
Guffanti, J. I. Latorre, J. Rojo, and M. Ubiali, Nucl. Phys.
B849, 296 (2011).

[21] A. O. Bazarko et al. (CCFR Collaboration), Z. Phys. C 65,
189 (1995).

[22] S. A. Rabinowitz et al., Phys. Rev. Lett. 70, 134 (1993).
[23] D.Mason andNuTeVCollaboration, arXiv:hep-ex/0405037.
[24] F. Olness, J. Pumplin, D. Stump, J. Huston, P. Nadolsky,

H. L. Lai, S. Kretzer, J. F. Owens, and W. K. Tung, Eur.
Phys. J. C 40, 145 (2005).

[25] D. Mason et al. (NuTeV Collaboration), Phys. Rev. Lett. 99,
192001 (2007).

[26] A. Kayis-Topaksu et al. (CHORUS Collaboration), Phys.
Lett. B 549, 48 (2002).

[27] P. Gao and B.-Q. Ma, Eur. Phys. J. C 44, 63 (2005); Phys.
Rev. D 77, 054002 (2008).

[28] A. Airapetian et al. (HERMES Collaboration), Phys. Rev. D
89, 097101 (2014).

[29] W. Lu and B.-Q. Ma, Phys. Lett. B 357, 419 (1995).
[30] J. R. Ellis, D. Kharzeev, and A. Kotzinian, Z. Phys. C 69,

467 (1996).
[31] B.-Q. Ma, I. Schmidt, J. Soffer, and J. J. Yang, Phys. Lett. B

488, 254 (2000); 489, 293 (2000).

[32] M. Anselmino, M. Boglione, U. D’Alesio, E. Leader, and F.
Murgia, Phys. Lett. B 509, 246 (2001).

[33] Y. Chi, X. Du, and B.-Q. Ma, Phys. Rev. D 90, 074003
(2014).

[34] R. L. Jaffe, Phys. Rev. D 54, R6581 (1996).
[35] A. Kotzinian, A. Bravar, and D. von Harrach, Eur. Phys. J. C

2, 329 (1998).
[36] D. de Florian, M. Stratmann, and W. Vogelsang, Phys. Rev.

D 57, 5811 (1998); Phys. Rev. Lett. 81, 530 (1998).
[37] C. Boros and Z. t. Liang, Phys. Rev. D 57, 4491 (1998).
[38] B.-Q. Ma and J. Soffer, Phys. Rev. Lett. 82, 2250 (1999).
[39] B.-Q. Ma, I. Schmidt, and J. J. Yang, Phys. Rev. D 61,

034017 (2000); Phys. Lett. B 477, 107 (2000).
[40] B.-Q. Ma, I. Schmidt, J. Soffer, and J. J. Yang, Eur. Phys. J.

C 16, 657 (2000); Phys. Rev. D 64, 014017 (2001); 64,
099901(E) (2001).

[41] M. Anselmino, M. Boglione, and F. Murgia, Phys. Lett. B
481, 253 (2000).

[42] M. Anselmino, D. Boer, U. D’Alesio, and F. Murgia, Phys.
Rev. D 63, 054029 (2001).

[43] M. Anselmino, M. Boglione, U. D’Alesio, and F. Murgia,
Eur. Phys. J. C 21, 501 (2001).

[44] C. Boros, J. T. Londergan, and A.W. Thomas, Phys. Rev. D
62, 014021 (2000).

[45] J. R. Ellis, A. Kotzinian, D. Naumov, and M. Sapozhnikov,
Eur. Phys. J. C 52, 283 (2007).

[46] S. s. Zhou, Y. Chen, Z. t. Liang, and Q. h. Xu, Phys. Rev. D
79, 094018 (2009).

[47] Y. Chi and B.-Q. Ma, Phys. Lett. B 726, 737 (2013).
[48] M. R. Adams et al. (E665 Collaboration), Eur. Phys. J. C 17,

263 (2000).
[49] M. Alekseev et al. (COMPASS Collaboration), Eur. Phys. J.

C 64, 171 (2009).
[50] V. Barone, A. Drago, and B.-Q. Ma, Phys. Rev. C 62,

062201 (2000).
[51] V. N. Gribov and L. N. Lipatov, Phys. Lett. B 37, 78 (1971);

Yad. Fiz. 15, 1218 (1972) [Sov. J. Nucl. Phys. 15, 675
(1972)].

[52] S. Albino, B. A. Kniehl, and G. Kramer, Nucl. Phys. B803,
42 (2008).

[53] A. Airapetian et al. (HERMES Collaboration), Phys. Rev. D
74, 072004 (2006).

[54] C. Adolph et al. (COMPASS Collaboration), Eur. Phys. J. C
73, 2581 (2013).

[55] S. Dulat, T.-J. Hou, J. Gao, M. Guzzi, J. Huston, P.
Nadolsky, J. Pumplin, C. Schmidt, D. Stump, and C.-P.
Yuan, Phys. Rev. D 93, 033006 (2016).

[56] D. Buskulic et al. (ALEPH Collaboration), Phys. Lett. B
374, 319 (1996).

[57] K. Ackerstaff et al. (OPAL Collaboration), Eur. Phys. J. C 2,
49 (1998).

[58] S. Moch, J. A. M. Vermaseren, and A. Vogt, Nucl. Phys.
B688, 101 (2004).

[59] S. Catani, D. de Florian, G. Rodrigo, and W. Vogelsang,
Phys. Rev. Lett. 93, 152003 (2004).

[60] S. Belostotski, D. Veretennikov, and Y. Naryshkin, J. Phys.
Conf. Ser. 295, 012114 (2011).

XIAOZHEN DU and BO-QIANG MA PHYSICAL REVIEW D 95, 014029 (2017)

014029-6

http://dx.doi.org/10.1016/0550-3213(89)90089-8
http://dx.doi.org/10.1016/0550-3213(89)90089-8
http://dx.doi.org/10.1103/PhysRevLett.88.091802
http://dx.doi.org/10.1103/PhysRevLett.88.091802
http://dx.doi.org/10.1103/PhysRevLett.90.239902
http://dx.doi.org/10.1103/PhysRevD.65.111103
http://dx.doi.org/10.1103/PhysRevD.65.111103
http://dx.doi.org/10.1103/PhysRevD.67.119902
http://dx.doi.org/10.1016/0370-2693(80)90364-0
http://dx.doi.org/10.1016/0370-2693(80)90364-0
http://dx.doi.org/10.1103/PhysRevLett.106.252002
http://dx.doi.org/10.1103/PhysRevLett.106.252002
http://dx.doi.org/10.1016/0370-2693(96)00597-7
http://dx.doi.org/10.1016/0370-2693(87)91348-7
http://dx.doi.org/10.1016/0370-2693(87)91348-7
http://dx.doi.org/10.1103/PhysRevD.45.958
http://dx.doi.org/10.1016/0375-9474(95)00448-3
http://dx.doi.org/10.1016/0375-9474(95)00448-3
http://dx.doi.org/10.1016/S0370-2693(97)00830-7
http://dx.doi.org/10.1016/S0370-2693(98)01460-9
http://dx.doi.org/10.1016/S0370-2693(98)01460-9
http://dx.doi.org/10.1088/1126-6708/2002/02/037
http://arXiv.org/abs/hep-ex/0112021
http://dx.doi.org/10.1103/PhysRevLett.93.041802
http://dx.doi.org/10.1016/j.physletb.2004.04.008
http://dx.doi.org/10.1103/PhysRevD.70.111505
http://dx.doi.org/10.1016/j.physletb.2004.12.054
http://dx.doi.org/10.1016/j.physletb.2004.12.054
http://dx.doi.org/10.1103/PhysRevD.71.094014
http://dx.doi.org/10.1103/PhysRevD.71.057504
http://dx.doi.org/10.1016/j.nuclphysb.2009.08.003
http://dx.doi.org/10.1016/j.nuclphysb.2011.03.021
http://dx.doi.org/10.1016/j.nuclphysb.2011.03.021
http://dx.doi.org/10.1007/BF01571875
http://dx.doi.org/10.1007/BF01571875
http://dx.doi.org/10.1103/PhysRevLett.70.134
http://arXiv.org/abs/hep-ex/0405037
http://dx.doi.org/10.1140/epjc/s2004-02099-4
http://dx.doi.org/10.1140/epjc/s2004-02099-4
http://dx.doi.org/10.1103/PhysRevLett.99.192001
http://dx.doi.org/10.1103/PhysRevLett.99.192001
http://dx.doi.org/10.1016/S0370-2693(02)02865-4
http://dx.doi.org/10.1016/S0370-2693(02)02865-4
http://dx.doi.org/10.1140/epjc/s2005-02335-5
http://dx.doi.org/10.1103/PhysRevD.77.054002
http://dx.doi.org/10.1103/PhysRevD.77.054002
http://dx.doi.org/10.1103/PhysRevD.89.097101
http://dx.doi.org/10.1103/PhysRevD.89.097101
http://dx.doi.org/10.1016/0370-2693(95)00927-D
http://dx.doi.org/10.1007/s002880050048
http://dx.doi.org/10.1007/s002880050048
http://dx.doi.org/10.1016/S0370-2693(00)00906-0
http://dx.doi.org/10.1016/S0370-2693(00)00906-0
http://dx.doi.org/10.1016/S0370-2693(00)00940-0
http://dx.doi.org/10.1016/S0370-2693(01)00570-6
http://dx.doi.org/10.1103/PhysRevD.90.074003
http://dx.doi.org/10.1103/PhysRevD.90.074003
http://dx.doi.org/10.1103/PhysRevD.54.R6581
http://dx.doi.org/10.1007/s100520050142
http://dx.doi.org/10.1007/s100520050142
http://dx.doi.org/10.1103/PhysRevD.57.5811
http://dx.doi.org/10.1103/PhysRevD.57.5811
http://dx.doi.org/10.1103/PhysRevLett.81.530
http://dx.doi.org/10.1103/PhysRevD.57.4491
http://dx.doi.org/10.1103/PhysRevLett.82.2250
http://dx.doi.org/10.1103/PhysRevD.61.034017
http://dx.doi.org/10.1103/PhysRevD.61.034017
http://dx.doi.org/10.1016/S0370-2693(00)00167-2
http://dx.doi.org/10.1007/s100520000447
http://dx.doi.org/10.1007/s100520000447
http://dx.doi.org/10.1103/PhysRevD.64.014017
http://dx.doi.org/10.1103/PhysRevD.64.099901
http://dx.doi.org/10.1103/PhysRevD.64.099901
http://dx.doi.org/10.1016/S0370-2693(00)00455-X
http://dx.doi.org/10.1016/S0370-2693(00)00455-X
http://dx.doi.org/10.1103/PhysRevD.63.054029
http://dx.doi.org/10.1103/PhysRevD.63.054029
http://dx.doi.org/10.1007/s100520100741
http://dx.doi.org/10.1103/PhysRevD.62.014021
http://dx.doi.org/10.1103/PhysRevD.62.014021
http://dx.doi.org/10.1140/epjc/s10052-007-0381-9
http://dx.doi.org/10.1103/PhysRevD.79.094018
http://dx.doi.org/10.1103/PhysRevD.79.094018
http://dx.doi.org/10.1016/j.physletb.2013.09.044
http://dx.doi.org/10.1007/s100520000493
http://dx.doi.org/10.1007/s100520000493
http://dx.doi.org/10.1140/epjc/s10052-009-1143-7
http://dx.doi.org/10.1140/epjc/s10052-009-1143-7
http://dx.doi.org/10.1103/PhysRevC.62.062201
http://dx.doi.org/10.1103/PhysRevC.62.062201
http://dx.doi.org/10.1016/0370-2693(71)90576-4
http://dx.doi.org/10.1007/BF00910321
http://dx.doi.org/10.1016/j.nuclphysb.2008.05.017
http://dx.doi.org/10.1016/j.nuclphysb.2008.05.017
http://dx.doi.org/10.1103/PhysRevD.74.072004
http://dx.doi.org/10.1103/PhysRevD.74.072004
http://dx.doi.org/10.1140/epjc/s10052-013-2581-9
http://dx.doi.org/10.1140/epjc/s10052-013-2581-9
http://dx.doi.org/10.1103/PhysRevD.93.033006
http://dx.doi.org/10.1016/0370-2693(96)00300-0
http://dx.doi.org/10.1016/0370-2693(96)00300-0
http://dx.doi.org/10.1007/s100520050123
http://dx.doi.org/10.1007/s100520050123
http://dx.doi.org/10.1016/j.nuclphysb.2004.03.030
http://dx.doi.org/10.1016/j.nuclphysb.2004.03.030
http://dx.doi.org/10.1103/PhysRevLett.93.152003
http://dx.doi.org/10.1088/1742-6596/295/1/012114
http://dx.doi.org/10.1088/1742-6596/295/1/012114

