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Leading Λ (LL) production in ep collisions at high energies is investigated using the color dipole
formalism and taking into account the nonlinear QCD effects. In particular, the impact of the absorptive
effects on the LL spectra are estimated considering the kinematical range that will be probed by the
Electron Ion Collider and by the Large Hadron electron Collider. Our results indicate that the LL spectrum
is strongly suppressed at small photon virtualities. These results suggest that absorptive effects are not
negligible and should be taken into account in order to extract the kaon structure function from data on
leading Λ production.
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I. INTRODUCTION

The experimental data from HERA, RHIC, and LHC
have largely improved our understanding of the proton
structure during the last decades (for a review see, e.g.,
Ref. [1]). In particular, the data from the HERA ep collider
have demonstrated that for high energies and small values
of the Bjorken-x variable, the proton is composed by a
large number of gluons, which motivated a large number
of theoretical studies about the QCD dynamics at high
partonic densities [2]. The observation of nonlinear effects
in the QCD dynamics is one of the main motivations for
the construction of the future electron-hadron colliders
at BNL (EIC) [3] and at CERN (LHeC) [4]. In addition,
these colliders are expected to probe the 3D structure of the
proton encoded in the quantum phase space Wigner
distributions, which include information on both general-
ized parton distributions (GPDs) and transverse momentum
parton distributions (TMDs). As a consequence, a deeper

understanding of the proton structure is expected to be
reached in the forthcoming years.
A natural question is if a similar improvement of our

understanding of the pion and kaon structure can also be
reached in the near future (see e.g. Ref. [5]). Such a
challenge has motivated a large number of studies based
on the meson cloud model of the proton [6], which have
proposed different ways of constraining the meson struc-
ture in ep and pp colliders [7–17]. The basic idea is that the
proton may be decomposed in a series of Fock states,
containing states such as jπþni and jKþΛi, and that
these states can be probed in the interaction with a given
projectile. Therefore, the virtual photon present in ep
collisions can be used to probe the meson structure, with
the process being characterized by a leading baryon that
acts as a spectator carrying a large fraction of the incoming
proton momentum and having a very large rapidity. In the
last decades, this formalism has been applied to leading
neutron production at HERA [7–17], which have improved
our understanding of the pion structure. In particular, in
Refs. [14,15], the color dipole (CD) formalism, which
successfully describes the ep HERA data and allows us to
take into account the nonlinear QCD dynamical effects, has
been extended to leading baryon production in inclusive
and exclusive processes. As demonstrated in Refs. [14,15],
the CD formalism is able to describe the current leading
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neutron data and important improvements are expected in
the future ep colliders. One of the goals of this paper is to
extend the CD formalism to leading Λ production and
present predictions for the EIC and LHeC.
Another goal of this work is to estimate, for the first time,

the impact of the absorptive effects on leadingΛ production
in ep collisions. The absorptive effects (denoted S2eik
hereafter) are associated with soft rescatterings between
the produced and spectator particles, which can break the
validity of the factorization hypothesis. This hypothesis
allows us to factorize the cross section in terms of the
p → MB splitting and photon-meson interaction. As a
consequence, a precise determination of S2eik is fundamental
in order to access the meson structure. The studies
performed in Refs. [18–21] indicated that these effects
strongly affect leading neutron production in pp collisions.
In contrast, the absorptive corrections are predicted to be
smaller in ep collisions and their effects become weaker
at larger photon virtualities [18,22–24]. In particular, in
Ref. [24], one has applied the CD formalism to estimate
S2eik in the leading neutron production at ep colliders. In
this paper, we will extend the analysis performed in
Ref. [24] to the leading Λ production and will estimate
its impact for different center-of-mass energies and differ-
ent photon virtualities. Moreover, a comparison with the
results derived for leading neutron production will also
be presented. The results presented in this paper are a
necessary step to allow us, in the future, to obtain a realistic
description of the kaon structure.
This paper is organized as follows. In the next section we

will address leading Λ production in ep collisions and
present its description in the color dipole formalism. The
main ingredients needed for the calculation of the spectrum
will be briefly reviewed. Moreover, we will discuss the
absorptive effects and present our assumptions for the
dipole-kaon cross section. Our results will be presented in
Sec. III considering different values of the center-of-mass
energy and several photon virtualities. A comparison with
the results derived for leading neutron production will be
presented. Finally, in Sec. IV we will summarize our main
results and conclusions.

II. LEADING Λ SPECTRUM IN THE COLOR
DIPOLE FORMALISM

The kaon structure can be probed in electron-proton
collisions through the Sullivan process [6], where the

electron scatters off the meson cloud of the proton target.
The associated processes can be separated by tagging a
forward Λ in the final state, which carries a large fraction of
the proton energy. Theoretically, this leading Λ production
is usually described assuming that the splitting p → ΛK
and the photon-kaon interaction can be factorized, as
represented in Fig. 1, where fK=p represents the kaon flux.
Assuming the validity of the factorization hypothesis and
the universality of the fragmentation process, which allows
us to constrain fK=p using the data of leading Λ production
in pp collisions, we can obtain σγ�K and, consequently,
determine the x and Q2 dependence of the kaon structure
function. Following Refs. [14,15] we propose to treat
leading Λ production in ep processes with the color dipole
formalism. In this model, the virtual photon-kaon cross
section can be factorized in terms of the photon wave
function (which describes the photon splitting in a qq̄ pair)
and the dipole-kaon cross section σdK (see Fig. 1). As
shown in Refs. [14,15], the HERA data on leading neutron
production are quite well described by this approach
assuming that absorptive corrections can be factorized
and represented by a multiplicative constant factor, denoted
by Kabs in Ref. [14].
Let us first recall the expressions proposed in Ref. [14] to

treat leading neutron production in ep collisions, adapting
them to leading Λ production. Disregarding initially the
absorptive effects (S2eik ¼ 1), this process can be seen as a
set of three factorizable subprocesses: (i) the photon
emitted by the electron fluctuates into a quark-antiquark
pair (the color dipole), (ii) the color dipole interacts with the
kaon, and (iii) the leading Λ is formed. In the color dipole
formalism, the differential cross section reads:

d2σðW;Q2; xLÞ
dxL

¼
Z

dtfK=pðxL; tÞ × σγ�KðŴ2; Q2Þ; ð1Þ

¼
Z

dtfK=pðxL; tÞ ×
Z

1

0

dz
Z

d2r
X
L;T

jΨT;Lðz; r; Q2Þj2σdKðxK; rÞ; ð2Þ

FIG. 1. Leading Λ production in ep → eΛX interactions at
high energies in the color dipole model.
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where Q2 is the virtuality of the exchanged photon, xL is
the proton momentum fraction carried by the Λ, and t is the
square of the four-momentum of the exchanged kaon.
Moreover, Ŵ is the center-of-mass energy of the virtual
photon-kaon system, which can be written as Ŵ2 ¼
ð1 − xLÞW2, where W is the center-of-mass energy of
the virtual photon-proton system. In terms of the measured
quantities xL and transverse momentum pT of the Λ, the
kaon virtuality is

t ≃ −
p2
T

xL
−
ð1 − xLÞðm2

Λ −m2
pxLÞ

xL
: ð3Þ

In Eq. (2), the virtual photon-kaon cross section was
expressed in terms of the transverse and longitudinal
photon wave functions Ψi, which describe the photon
splitting into a qq̄ pair of size r≡ jrj, and the dipole-kaon
cross section σdK , which is determined by the QCD
dynamics at high energies [2]. The variable z represents
the longitudinal photon momentum fraction carried by the
quark, the variable r defines the relative transverse sepa-
ration of the pair (dipole), and the scaling variable xK is
defined by xK ¼ x=ð1 − xLÞ, where x is the Bjorken
variable. As in Ref. [14], we will assume that this quantity
can be related to the dipole-proton cross section through
σdK ¼ Rq · σdp, with Rq ¼ 2=3 as in the additive quark
model. Moreover, σdp will be described by the color glass
condensate (CGC) formalism, as given in the phenomeno-
logical model proposed in Ref. [25]. As a consequence,
we will have that

σdKðx; rÞ

¼ 2

3
· σdpðx; rÞ

¼ 2

3
· 2πR2

p ×

8<
:

N 0ðrQs
2
Þ2ðγsþlnð2=rQsÞ

KλY Þ; for rQsðxÞ ≤ 2;

1 − e−aln
2ðbrQsÞ; for rQsðxÞ > 2;

ð4Þ

where a and b are determined by continuity conditions at
rQsðxÞ¼2. The parameters γs¼0.7376, κ¼9.9,N 0¼0.7,
and Rp ¼ 3.344 GeV−1 have been adjusted using the
HERA data in Ref. [26], with the saturation scale Qs
given by

Q2
sðxÞ ¼ Q2

0

�
x0
x

�
λ

ð5Þ

with x0 ¼ 1.632 × 10−5, λ ¼ 0.2197, Q2
0 ¼ 1.0 GeV2. The

first line of Eq. (4) describes the linear regime whereas the
second one includes saturation effects. This model is of
course not the only one and there are several others in the
literature. In order to have an idea of how our results

depend on the choice of the dipole cross section, we will
also consider the model presented in Ref. [27].
The flux factor fK=p gives the probability of the splitting

of a proton into a K-Λ system and can be expressed as
follows (see e.g. Ref. [18])

fK=pðxL; tÞ ¼
1

2
π
X
λλ0

jϕλλ0
ΛKðxL;pTÞj2 ð6Þ

where ϕλλ0
ΛKðxL;pTÞ is the probability amplitude to find,

inside a proton with spin up, a Λ with longitudinal
momentum fraction xL, transverse momentum pT and
helicity λ and a kaon, with longitudinal momentum fraction
1 − xL, transverse momentum −pT and helicity λ0. In the
light-cone approach, the amplitudes ϕΛK of a proton with
spin þ1=2, read

ϕ1=2;0
ΛK ðxL;pTÞ ¼

g0
4π

ffiffiffiffiffiffi
3

2π

r
1ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

x2Lð1 − xLÞ
p ðxLmN −mΛÞ

M2
ΛK −m2

N
;

ϕ−1=2;0
ΛK ðxL;pTÞ ¼

g0
4π

ffiffiffiffiffiffi
3

2π

r
1ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

x2Lð1 − xLÞ
p jpT je−iφ

M2
ΛK −m2

N
;

ð7Þ

where M2
ΛK is the invariant mass of the K-Λ system,

given by

M2
ΛK ¼ m2

Λ þ p2
T

xL
þm2

K þ p2
T

1 − xL
;

with mΛ and mK being the Λ and the kaon masses, g0 is the
NKΛ coupling constant [28], and φ is the azimuthal angle
in the transverse plane. Because of the extended nature of
the hadrons involved, the interaction amplitudes in the
above equations have to be modified by including a
phenomenological NKΛ form factor, GðxL; pTÞ. It is
important to stress here that while the vertex is derived
from an effective meson-nucleon Lagrangian, the form
factor is introduced ad hoc. In our analysis we will choose
the covariant form factor, corrected by the Regge factor,
given by

GðxL; pTÞ ¼ exp½R2
cðt −m2

KÞ�ð1 − xLÞ−α0t ð8Þ

where α0 ¼ 1 GeV−2 and R2
c ¼ 0.3 GeV−2 were con-

strained using the HERA data (for details see Ref. [14]).
The amplitude ϕλλ0

ΛKðxL;pTÞ changes to ϕλλ0
ΛKðxL;pTÞ×

GðxL; pTÞ and then the kaon flux becomes

fK=pðxL; tÞ ¼
1

2
π
X
λλ0

jϕλλ0
ΛKðxL;pTÞj2jGðxL; pTÞj2; ð9Þ

where 1=2 is the isospin factor and the azimuthal angle in
the transverse plane has been integrated out.
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In order to derive more realistic predictions for the
leading Λ spectrum it is crucial to improve the description
of S2eik. This was done in Ref. [24] for leading neutron
production, where we revisited and updated the approach
proposed in Ref. [18] to study absorptive effects. In order
to include the absorptive effects in our predictions for the
leading Λ spectrum dσ=dxL, we will follow the approach

proposed in Ref. [18], where these effects were estimated
using the high-energy Glauber approximation [29] to
treat the multiple scatterings between the dipole and
the K-Λ system. As demonstrated in Ref. [18], such
approach can be easily implemented in the impact
parameter space, implying that the spectrum can be
expressed as follows:

dσðW;Q2; xLÞ
dxL

¼
Z

d2brelρΛKðxL; brelÞ
Z

dzd2r
X
L;T

jΨT;Lðz; r; Q2Þj2σdKðxK; rÞS2eikðr; brelÞ; ð10Þ

where ρΛKðxL; brelÞ is the probability density of finding a Λ
and a kaon with momenta xL and 1 − xL, respectively, and
with a relative transverse separation brel, which is given by

ρΛKðxL; brelÞ ¼
X
i

jψ i
ΛKðxL; brelÞj2 ð11Þ

with

ψ i
ΛKðxL; brelÞ ¼

1

2π

Z
d2pTeibrel·pTϕi

ΛKðxL;pTÞ; ð12Þ

and ϕi
ΛK ¼ ffiffiffiffiffiffiffiffi

2=3
p

ϕλλ0
ΛKGðxL; pTÞ. Moreover, the survival

factor S2eik associated to the absorptive effects is expressed
in terms of the dipole Λ (σdΛ) cross section as follows:

S2eikðr;brelÞ¼
�
1−Λ2

eff
σdΛðxΛ;rÞ

2π
exp

�
−
Λ2
effb

2
rel

2

��
; ð13Þ

where xΛ ¼ x=xL and Λ2
eff is an effective parameter that

was found to be equal to 0.1 GeV2 in Ref. [18].
As can be seen from the above expression, the absorptive

corrections depend crucially on the dipole-Lambda cross
section, σdΛ. In our previous work [24] on the leading
neutron spectrum, we assumed that σdn was equal to the
dipole-proton cross section, σdp, which is strongly con-
strained by HERA data. While this was a good approxi-
mation for σdn, this may be not so good for σdΛ. What is the
effect of changing a light quark by a strange quark in the
baryon which scatters against the dipole? We can try to
answer this question comparing the data on pp and Σ−p
cross sections measured at

ffiffiffi
s

p
≃ 30 GeV. This energy is

relevant for the study of HERA data, where the dipole-
baryon collisions happen at Ŵ ¼ ffiffiffiffiffiffiffiffiffiffiffiffiffi

1 − xL
p

W. Considering
values of W in the range 100 < W < 200 GeV and
assuming that xL ≃ 0.7 the dipole-baryon collision energies
are typically 50–100 GeV. At these energies the data
and the parametrizations performed in Ref. [30] yield
σpΣ− ≃ 0.8σpp. This suggests that, in a first approximation,
σdΛ ≃ 0.8σdn. Going from HERA to the LHeC, Ŵ would
be much higher (≃500 GeV) and according to [30] the

differences between the cross sections would decrease.
On the other hand, going from HERA to JLab we have
Ŵ ¼ 5–10 GeV. In order to have an estimate of the dipole-
baryon cross section at low energies, in the Appendix we
have computed the π − n and π − Λ cross sections using a
effective Lagrangian theory [31,32] and found that it
predicts that strange baryons have smaller cross section
than the light baryons. These findings are in agreement
with old data [33] and also with other calculations [34],
indicating that σpΛ ≃ 0.8σpp. Taken together, these results
are a strong indication that σdΛ¼ rsσdp, with rs≈const≤1.
As we will demonstrate in the next section, when such an
assumption is applied to our study, it has the interesting
consequence that leading Λ’s have a smaller production
cross section but are less absorbed than leading neutrons.

III. RESULTS

In this section we will present the color dipole model
predictions for leading Λ production in ep collisions at the
EIC and LHeC.
Initially, in Fig. 2(a) we present the leading Λ spectrum

at different energies. We focus on the dependence of the
results on the choice of the dipole cross section. The solid
lines show the results obtained with the IIM [25] dipole
cross section. Dashed lines represent the results obtained
with the GBW [27] dipole cross section. We can see that the
predictions are similar, which is expected since the leading
Lambda spectrum is computed at values of the variable x
which are not so small. In this region of the phase space the
dipole cross sections are strongly constrained by the
existing data and, as a consequence, the predictions tend
to agree with each other. However, for higher energies and
much lower values of x, beyond those probed at the EIC
and LHeC, different dipole cross sections are expected to
lead to different results. Figure 2(b) shows the dependence
of the spectrum on the parameter Λeff which appears in
the survival factor S2eik. As demonstrated in Ref. [18], this
parameter can be expressed, in a first approximation, in
terms of the cross sections for the pion-pion and rho meson-
neutron processes. Using the typical values for LHC
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energies, we find that Λ2
eff ≈ 0.1 GeV2, which is the value

used throughout this work. However, the results presented
in Fig. 2(b) indicate that our predictions are modified
by ≈20% if Λ2

eff is modified by a factor 2. Figure 2(c)
illustrates the dependence of the spectrum on the parameter
Rq. In our analysis, we have assumed Rq ¼ 2=3, motivated
by the additive quark model. However, as this factor
determines the normalization of the dipole-kaon cross
section, our predictions for the spectrum are strongly
dependent on this parameter. Currently, our main justifi-
cation to assume Rq ¼ 2=3 is associated to the fact that this
assumption allow us to describe the HERA data on the
leading neutron production.
In Fig. 3(a) we present our prediction for the spectrum

in the HERA kinematical region, assuming that Q2 ¼
53 GeV2, W ¼ 100 GeV, and rs ¼ 0.8. For comparison,
we also present the results derived in Ref. [14] and the
associated H1 data [35]. It is important to emphasize that
our predictions are expected to be valid in the region
xL ≳ 0.5, since for smaller values of xL, additional con-
tributions are expected to play a significant role [19,21].
The cross section for leading Λ production is smaller than
that for leading neutron production, with the peak occurring

for xL ≈ 0.6. In Fig. 3(b) we analyze the dependence of our
prediction on the value of rs, which is the scale factor that
determines the relation between the dipole-Lambda and
dipole-proton cross sections. As it can be seen, larger
values of rs imply a reduction of the spectrum, which is
expected since the impact of the absorptive effects are
larger when σdΛ increases [see Eq. (13)]. In Fig. 3(c) we
present our predictions for the Λ spectra at different
center-of-mass energies, Q2 ¼ 5 GeV2 and rs ¼ 0.8.
We find that the predictions are not strongly dependent
on W, similarly to what was observed in leading neutron
production in Ref. [14]. Such results demonstrate that the
color dipole formalism predicts that the leading baryon
spectrum leads to Feynman scaling, i.e. the energy
independence of the xL spectra.
As discussed in the previous section, in order to measure

the γπ and γK cross sections and extract, respectively, the
pion and kaon structure functions, it is crucial to have
control of the absorptive effects. In particular, we should
know the dependence of these effects onQ2,W, and xL. We
can estimate the impact of the absorptive effects through the
calculation of the ratio between the cross sections with and
without absorption, defined by

0 0.2 0.4 0.6 0.8 1
xL

0

0.05

0.1

0.15

0.2

(1
/

D
IS

) 
d

/d
x L

 + p n + X
 + p  + X

H1 (2014)

Q2 = 53 GeV2
W = 100 GeV

0 0.2 0.4 0.6 0.8 1
xL

0

0.01

0.02

0.03

0.04

0.05

0.06

(1
/

D
IS

) 
d

/d
x L

rs = 0.5
rs = 0.8
rs = 1.0

W = 100 GeV

 + p  + X

Q2 = 53 GeV2

0 0.2 0.4 0.6 0.8 1
xL

0

0.01

0.02

0.03

0.04

0.05

0.06

(1
/

D
IS

) 
d

/d
x L

W = 60 GeV
W = 100 GeV
W = 1000 GeV

Q2 = 5 GeV2

 + p  + X

rs = 0.8

FIG. 3. (a) Predictions of the color dipole formalism for leading Λ production in the HERA kinematical range. For comparison, the
results for leading neutron production and corresponding HERA data [35] are also presented. (b) Dependence on rs of the leading Λ
spectrum. (c) Dependence of the leading Λ spectrum on the photon-proton center-of-mass energy W for Q2 ¼ 5 GeV2.

0 0.2 0.4 0.6 0.8 1
xL

0

0.5

1
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2.5

3
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d
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eff
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FIG. 2. (a) Leading Λ spectrum at different energies. Dependence of the results on the choice of the dipole cross section. The solid
lines show the results obtained with the IIM dipole cross section, used throughout this work. Dashed lines represent the results obtained
with the GBW dipole cross section. (b) Dependence of the spectrum on the parameter Λeff which appears in the survival factor S2eik.
(c) Dependence of the spectrum on the parameter Rq. Rq ¼ 2=3 is the prediction of the additive quark model, used throughout this work.
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KabsðW;Q2; xLÞ ¼
dσ
dxL

½S2eik�
dσ
dxL

½S2eik ¼ 1� : ð14Þ

In the case of leading Λ production, our predictions for this
ratio, obtained assuming rs ¼ 0.8, are presented in Fig. 4.
Our results show that the impact increases for smaller
values of Q2 and it is almost insensitive to the energy W.
For Q2 ¼ 50 GeV2, we see that Kabs ≈ 0.9 for xL ≳ 0.5,
with the predictions being similar for the three values ofW.
This weak absorption is expected in the color dipole
formalism, since at large values ofQ2 the main contribution
to the cross section comes from dipoles with a small pair
separation. In this regime, known as color transparency, the
impact of the rescatterings is small, which implies that the
absorptive effects become negligible. Similar results were
derived in Refs. [18,24]. On the other hand, for small
virtualities (Q2 ¼ 0.5 GeV2), we observe strong absorptive
effects, which reduce the cross sections by a factor ≈0.5
for xL ¼ 0.5. This result is also expected, since for smallQ2

the cross section is dominated by large dipoles and,
consequently, the contribution of the rescatterings cannot
be disregarded. For larger values of xL, absorptive effects
cannot be modeled by a constant factor. Our conclusions
agree with those derived in Ref. [21] using Regge theory.

Finally, our results indicate that the contribution of the
absorptive effects is not strongly energy dependent. This
result suggests that the main conclusion of Ref. [14],
that the spectra will satisfy Feynman scaling, is still valid
when the absorptive effects are estimated using a more
realistic model.
In Fig. 5 we present a comparison between the absorptive

factors estimated for the leading neutron and leading Λ
productions at the EIC energy (W ¼ 100 GeV) considering
different values of Q2. Moreover, the leading Λ predictions
are presented for three distinct values of rs. As expected
from the results discussed above, these predictions are
strongly dependent on rs, with KΛ

abs ≥ Kn
abs for rs ≲ 0.8

and intermediated values of xL, indicating that the Λ’s are
less absorbed in comparison to leading neutrons. This can
be qualitatively understood as follows. The production
cross section is given by Eq. (10). This equation is more
detailed but (if we disregard for a moment the absorption
factor Seik) it has the same physical content of Eq. (2),
which is more transparent. The leading baryon cross
section depends on two factors: the splitting function
fp→BM and the photon-meson cross section σγM. The
function f comes from a Feynman diagram which depends
on masses and couplings (see, for example, Ref. [6] for
leading neutrons and Ref. [36] for leading Lambdas). It is
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easy to check that fp→nπ > fp→ΛK . Moreover σγπ ≥ σγK.
These two inequalities make the leading neutron cross
section bigger than the leading Lambda one. The absorp-
tion correction is given by Eq. (13) and it is governed by the
dipole-Lambda (or dipole-neutron) cross section, σdΛ. In
the same way as σγπ ≥ σγK, we have σdn ≥ σdΛ. These two
inequalities explain why the leading Lambda is less sup-
pressed than the leading neutron.
Finally, in Fig. 6 we show the dependence of the ratio

Kabs on (a) the choice of the dipole cross section, and on the
values of (b)Λ2

eff and (c) Rq. We can see that the predictions
are almost insensitive to the model assumed for σdp and to
the value of Rq, which is expected since these quantities
are present on the numerator and on the denominator of
Eq. (14). In contrast, Kabs is strongly dependent on Λ2

eff ,
since the latter determines the magnitude of the absorptive
corrections, as already demonstrated in Fig. 2(b).
A final comment about the feasibility of Lambda

detection in ep collisions is in order. This subject was
discussed in detail in Refs. [3,36–38]. These studies have
indicated that the main Λ decay channels which can be
used for the experimental separation are the Λ → pπ− and
Λ → nπ0 processes. The Λ has a long lifetime and will be
close to the proton beam with a small scattering angle.
Therefore, in order to separate the leading Λ events, the
detector should have the tagging capability in the hadron-
going far forward region. For the current EIC project,
which considers only one interaction region, the results
presented in Ref. [3] indicated that the acceptance of the Λ
decay products in the far forward system is larger and
appropriate for ep collisions with smaller center-of-mass
energies. This situation can be improved if a second
detector, with a better tagging capability at forward
rapidities, is installed in the near future [3].

IV. SUMMARY

In this paper we have investigated leading Λ production
in future ep colliders using the color dipole formalism and
estimated, for the first time, the impact of the absorptive

corrections in the associated spectrum. Our analysis has
been motivated by the perspective of using this process to
measure the kaon structure function and improve our
understanding of the partonic structure of this meson.
We have presented predictions for the kinematical ranges
that will be probed by the future EIC and LHeC. Our results
indicate that leading Λ spectra are not strongly energy
dependent at small photon virtualities. Moreover, we have
estimated the impact of the absorptive effects, demonstrated
that they increase at smaller photon virtualities and that they
depend on the longitudinal momentum xL.
Our main conclusion is that a realistic measurement of

the γK cross sections in future colliders and the extraction
of the kaon structure function must take into account the
important contribution of the absorptive effects. Future
experimental data on leading Λ production in ep collisions
at the EIC will be crucial to test the main assumptions of
our model, as well as to improve our understanding of this
important observable.
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APPENDIX: MESON-BARYON CROSS SECTIONS

As it was mentioned in the main text, it is very important
to have a good estimate of the dipole-Lambda cross section.
We need to impose constraints on this quantity. The first
one is that it should be of the same order of magnitude as
that of the dipole-proton cross section, which is well
known. However this may not be enough, since factors
of 2 or 3 may significantly change the predictions of the
absorption factor. Moreover it is crucial to make predictions
for higher energies (for LHeC) and also for lower energies
(JLAB). In this appendix we discuss the meson-baryon
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cross sections at lower energies. In particular we estimate
the π-nucleon and π-hyperon cross sections. The compari-
son of these cross sections should give (or not) support to
the choice of the factor rs used in the main text.
To determine the relation between the πN and πΛ

cross sections we follow Refs. [31,32], which consider
effective Lagrangians based on the hidden local symmetry
approach [39] and treat pseudoscalar baryons and vector
baryons as coupled channels. Using effective Lagrangians
for the vector-pseudoscalar-pseudoscalar, vector-vector-
vector, and vector-baryon-baryon vertices, t-, u-,
s-channels contributions as well as contact terms were
considered in Refs. [31,32] to determine the amplitudes Vij

describing the transitions PB → PB, VB → VB, and
PB → VB. These amplitudes are projected on the s-wave,
isospin, and spins 1=2 and 3=2. Using the latter amplitudes,
the Bethe-Salpeter equation,

T ¼ V þ VGT; ðA1Þ

is then solved in a coupled-channel approach, with V andG
being matrices in the coupled channel space. The elements
of V are the amplitudes Vij describing the transition from a
channel i to a channel j formed by pseudoscalar-baryon
(PB) or vector-baryon particles (VB). The G in Eq. (A1)
has, as elements, the corresponding PB and VB loop
functions, which are regularized with either a cutoff of
∼600 MeV or dimensional regularization. In particular,

Gk ¼ i2Mk

Z
d4q
ð2πÞ4

1

ðp − qÞ2 −M2
k þ iϵ

1

q2 −m2
k þ iϵ

;

ðA2Þ

where p is the total four-momenta and Mk (mk) is the
baryon (meson) mass of the channel k. We refer the
reader to Refs. [31,32] for the precise expressions of
the elements of V.

By solving Eq. (A1), the two-body T-matrix for the
system is determined and poles in the complex energy
plane which can be associated with known states [like
N�ð1535Þ, N�ð1650Þ, Λð1405Þ] are found. The parameters
of the model are constrained to reproduce the data on cross
sections like K−p → K−p, K̄0n, ηΛ, π0Λ, π0Σ0, π�Σ∓.
The CLAS data for γp → KþΛð1405Þ are also well
reproduced [40]. For strangeness −1, channels like K̄N,
πΣ, πΛ, ηΣ, KΞ, K̄�N, ρΛ, ρΣ, ωΣ, K�Ξ, ϕΣ were
considered as coupled in Ref. [32]. In this way, a transition
like πΛ → πΛ can have contributions from, for example, a
virtual πΣ channel. For strangeness 0, channels like πN,
ηN, KΛ, KΣ, ρN, ωN, ϕN, K�Λ, K�Σ are treated as
coupled channels when solving Eq. (A1) [31].
In Fig. 7 we show the results for the πN → πN and

πΛ → πΛ cross sections. The results shown as dashed and
dotted lines, in Fig. 7(a), correspond to the πN and πΛ
cross sections, respectively, obtained by using the ampli-
tudes of Refs. [31,32]. The total spin is 1=2 in both cases,
while the cross sections shown for the πN → πN are
isospin averaged. It is important to mention here that the
πΛ cross sections correspond to a set of curves since all of
them lead to similar quality of fits in Ref. [32]. Though
some structures are seen at energies near the threshold,
which correspond to the appearance of resonances, the
cross sections for excitation energies (

ffiffiffi
s

p
πB −mπ −mB)

above 1000 MeV attain a smooth dependence in both πN
and πΛ cases. It seems then reasonable for the purpose of
an estimation of the cross section ratios at higher energies,
to extrapolate the results to such energies by considering
the corresponding T-matrices to remain constant beyond
some point.
We show, in Fig. 7, the cross sections obtained by

considering a constant amplitude multiplied to the phase
space as solid lines. The former is the value of the amplitude
determined at the highest energy in Refs. [31,32]. As can be
seen from Fig. 7(a), such cross sections (obtained with a
constant amplitude) do not describe the structures at low

FIG. 7. π-baryon cross sections. (a) Lower energies. (b) Extrapolation to higher energies.
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energies (shown by dashed lines) but do completely agree
with the results of Refs. [31,32] beyond the excitation
energies of 1000 MeV.
Thus, basically the energy dependence of the πN and πΛ

cross sections follows the corresponding phase space. Such

behavior, if extrapolated to higher energy regions [see
Fig. 7(b)], can provide an estimation of the ratio between
the cross sections of πN and πΛ, yielding σπΛ ≃ 0.83σπN
for

ffiffiffi
s

p
≃ 11–19 GeV.
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