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Abstract. The inclusive K+ meson production in photon–induced reactions in the near threshold and
subthreshold energy regimes is analyzed with respect to the one–step (γN → K+Y , Y = Λ,Σ) incoherent
production processes on the basis of an appropriate new folding model, which takes properly into account
the struck target nucleon removal energy and internal momentum distribution (nucleon spectral function),
extracted from recent quasielastic electron scattering experiments and from many–body calculations with
realistic models of the NN interaction. Simple parametrizations for the total and differential cross sections
of the K+ production in photon–nucleon collisions are presented. Comparison of the model calculations
of the K+ differential cross sections for the reaction γ + C12 in the threshold region with the existing
experimental data is given, that displays the contributions to the K+ production at considered incident
energies coming from the use of the single–particle part as well as high momentum and high removal
energy part of the nucleon spectral function. Detailed predictions for the K+ total and differential cross
sections from γH2, γC12 and γPb208 reactions at subthreshold and near threshold energies are provided.
The influence of the uncertainties in the elementary K+ production cross sections on the K+ yield is
explored.

PACS. 25.20.Lj Photoproduction reactions – 21.80.+a Hypernuclei

1 Introduction

An extensive investigations of the production of K+

mesons in proton–nucleus reactions [1–15] at incident en-
ergies lower than the free nucleon-nucleon threshold have
been carried out over the last years. Because of rather
weak K+ rescattering in the surrounding medium com-
pared to pions, etas, antiprotons and antikaons, one hopes
to extract from these studies information about both the
intrinsic properties of target nuclei (such as Fermi motion,
high–momentum components of the nuclear wave func-
tion, clusters of nucleons or quarks) and reaction mech-
anism, in–medium properties of hadrons. There are es-
sentially less extensive investigations [16, 17] of the in-
clusive subthreshold kaon production in pion–nucleus re-
actions. Finally, the electromagnetic production of K+

mesons on nuclei in the threshold region has up to now
received very little consideration [18], probably, because
of a lack of suitable facilities and associated detectors.
Since the cross sections of (γ,K+) reaction at subthresh-
old and near threshold energies are expected to be ex-
tremely small (about one hundred times smaller than
those of (π+,K+) reaction in the same kinematical condi-
tions), high duty cycle and high intensity electron beams
are needed to allow accurate inclusive (γ,K+) measure-
ments on nuclear targets in the threshold region. Such

measurements are planned to be conducted in the near
future at the Continuous Electron Beam Accelerator Fa-
cility (CEBAF) [19, 20] using the tagged photon beam
in the CLAS (the CEBAF Large Acceptance Spectrom-
eter) detector system. New data from CEBAF [19, 20]
will hopefully permit improving our understanding of the
phenomenon of the near threshold and subthreshold kaon
production in composite hadronic systems, since we can
take here advantage of the much cleaner electromagnetic
probes, compared to hadronic ones. It is clear that, in or-
der to analyze such data, a relevant formalism has to be
developed.

The main goal of the present work is to extend the
spectral function approach [10] that has been employed
by us for the description of the measured total [1] and
differential [8] kaon production cross sections from pC12

collisions in the near threshold and subthreshold energy
regimes to K+–producing electromagnetic processes. It is
evident that the use of a single model to describe simul-
taneously K+ production on nuclei in the threshold re-
gion from hadronic and electromagnetic probes will enable
us to disentangle reliably the underlying reaction mecha-
nism. In this paper we present the detailed predictions for
the K+ total and differential cross sections from γ +H2,
γ+C12 and γ+Pb208 reactions in the threshold energy re-
gion obtained in the framework of the first collision model
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[10] based on nucleon spectral function and compare part
of them with the available data.

2 First collision model

An incident photon can produce a K+ directly in the
first inelastic γN collision due to nucleon Fermi motion.
Since we are interested in the bombarding energy region
up to approximately 1.4 GeV , we have taken into account
the following elementary processes which have the lowest
free production thresholds (respectively, 0.911, 1.046 and
1.052 GeV ) 1 :

γ + p→ K+ + Λ, (1)

γ + p→ K+ +Σ0, (2)

γ + n→ K+ +Σ−. (3)

Because the mean–free paths both of γ and K+ in
the nuclear medium are relatively long compared to those
of p, π± and K− due to the small photon–nucleon and
kaon–nucleon cross sections, we will neglect the photon
initial– and kaon final–state interactions in the present
study. Moreover, since the kaon mass in the medium is
approximately not affected by medium effects [21] as well
as in view of the substantial uncertainties of the model hy-
peron self–energies [22–24], we will also ignore the medium
modification of hadron masses in the present work. Then
we can represent the invariant inclusive cross section of
K+ production on nuclei by the initial photon with mo-
mentum pγ as follows [10]:

EK+

dσ
(prim)
γA→K+X(pγ)

dpK+
=

Z

[〈
EK+

dσγp→K+Λ(pγ ,pK+)
dpK+

〉
+
〈
EK+

dσγp→K+Σ0(pγ ,pK+)
dpK+

〉]
+N

〈
EK+

dσγn→K+Σ−(pγ ,pK+)
dpK+

〉
, (4)

where 〈
EK+

dσγN→K+Y (pγ ,pK+)
dpK+

〉
=∫ ∫

P (pt, E)dptdE

×
[
EK+

dσγN→K+Y (
√
s,pK+)

dpK+

]
. (5)

Here, EK+dσγN→K+Y (
√
s,pK+)/dpK+ are the free in-

variant inclusive cross sections for K+ production in re-
actions (1)–(3); P (pt, E) is the nucleon spectral function

1 We can neglect in the energy domain of our interest the K+

production processes with higher kaon (K+(892)) and hyperon
(Λ(1405), Λ(1520), Σ0(1385)) resonances in the final states due
to their larger production thresholds in γN collisions. For ex-
ample, the threshold for free Σ0(1385) excitation is 1.412 GeV .

normalized to unity; pt and E are the internal momentum
and removal energy of the struck target nucleon just be-
fore the collision; Z and N are the numbers of protons and
neutrons in the target nucleus (A=N+Z); pK+ and EK+

are the momentum and total energy of the K+ meson, re-
spectively; EK+ =

√
p2
K+ +m2

K (mK is the rest mass of
a kaon in free space); s is the γN center–of–mass energy
squared. The expression for s is:

s = (Eγ + Et)2 − (pγ + pt)2, (6)

where Eγ and Et are the projectile total energy, given
by Eγ = pγ , and the struck target nucleon total energy,
respectively. Taking into account the recoil and excitation
energies of the residual (A− 1) system, one has [10, 25]:

Et = MA −
√

(−pt)2 + (MA −mN + E)2, (7)

where MA and mN are the rest masses of the initial target
nucleus and nucleon. It is easily seen that in this case
the struck target nucleon is off–shell. In (4) any difference
between the proton and the neutron spectral functions is
disregarded [10].

Taking into consideration the two–body kinematics of
the elementary processes (1)-(3), we can readily get the
following expressions for the Lorentz invariant inclusive
cross sections for these processes:

EK+
dσγN→K+Y (

√
s,pK+)

dpK+
=

π

I2(s,mY ,mK)
dσγN→K+Y (s)

d
∗
Ω

× 1
(ω + Et)

δ

[
ω + Et −

√
m2
Y + (Q + pt)2

]
, (8)

where

I2(s,mY ,mK) =
π

2
λ(s,m2

Y ,m
2
K)

s
, (9)

λ(x, y, z) =
√[

x− (
√
y +
√
z)2
][
x− (

√
y −
√
z)2
]
, (10)

ω = Eγ − EK+ , Q = pγ − pK+ . (11)

Here, dσγN→K+Y (s)/d
∗
Ω are the K+ differential cross

sections in the γN center–of–mass system normalized
to the corresponding total experimental cross sections
σγN→K+Y ; mY is the mass in free space of a Y hyperon (Λ
or Σ). The existing experimental data (see Figs. 1–3) on
the total cross sections σγN→K+Y have been fitted (see,
also, Figs. 1–3) by the following simple expressions:

σγN→K+Y (
√
s) =

AY (
√
s−√s0)

BY + (
√
s−√s0)2

, (12)

σγp→K+Σ0(
√
s) =

8.67
(√

s−
√
s̃0

GeV

)0.7907

[µb] for
√
s̃0<
√
s≤1.873 GeV

0.3665
(

GeV√
s−
√
s̃0

)1.0956

[µb] for
√
s>1.873 GeV,

(13)
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Fig. 1. Total cross section for the reaction γp→ K+Λ as a function of photon energy. The solid and dotted lines are calculations
by (12) and (16), respectively. Data are from [26] (open triangles), and [27] (full triangles)

Fig. 2. Total cross section for the reaction γn→ K+Σ− as a
function of photon energy. The solid line is calculation by (12).
Data are from [28]

Fig. 3. Total cross section for the reaction γp → K+Σ0 as a
function of photon energy. The solid line is calculation by (13).
Data are from [26] (open circles), and [29] (full circles)

where the parameters AY , BY ,
√
s0 are given in Table 1

and
√
s̃0 = 1.6861 GeV .

The currently available experimental information (see
Fig. 4) concerning the angular distribution of the outgoing
kaons in the γp → K+Λ reaction in the photon energy

Table 1. Parameters in the approximation of the partial cross
sections for the production of K+ mesons in γN collisions

Reaction AY ,µb ·GeV BY , GeV 2 √
s0,GeV

γ + p → K+ + Λ 0.6343 0.0151 1.6093
γ + n → K+ +Σ− 0.4562 0.0236 1.6909

range of interest can be fitted as:

dσγp→K+Λ(s)

d
∗
Ω

= [1 +A1(
√
s) cosΘK+ ]

σγp→K+Λ(
√
s)

4π
.

(14)
Here, ΘK+ is the K+ production angle in the c.m.s., the
quantity σγp→K+Λ is defined above by the (12) and the
parameter A1 is given by:

A1(
√
s) =

0.928
(√

s−√s0
GeV

)0.137

for
√
s0<
√
s≤1.7372 GeV

2.485
(√

s−√s0
GeV

)0.616

for 1.7372 GeV<
√
s≤1.8375 GeV

1 for
√
s>1.8375 GeV.

(15)

In our calculations, the angular distributions dσγp→K+Σ0/

d
∗
Ω and dσγn→K+Σ−/d

∗
Ω were assumed to be isotropic

[26].
To examine the influence of the uncertainties in the

total cross section σγp→K+Λ for K+ production via the
dominant elementary process γp→ K+Λ at subthreshold
incident energies on the K+ yield from nuclear targets, we
will also use in our calculations the following parametriza-
tion of σγp→K+Λ:

σγp→K+Λ(
√
s) =

3.60
(√

s−√s0
GeV

)0.2275

[µb] for
√
s0 <

√
s ≤ 1.6204 GeV

1.29 [µb] for
√
s > 1.6204 GeV.

(16)
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Fig. 4. Differential cross section for the reac-
tion γp → K+Λ. The solid line is calculation
by (14), (15). Data are from [26]

It is shown by the dotted line in Fig. 1. A choice of the
approximation of the total cross section σγp→K+Λ in the
form (16) has been motivated by the fact that in the
threshold energy region (Eγ < 0.93 GeV ) it practically
coincides with the prediction for this cross section ob-
tained in [30] within the pseudovector coupling descrip-
tion of the KNΛ interaction with the value of coupling
constant gKNΛ/

√
4π = −2.0 settled close to the value cal-

culated in [31] using the QCD sum rule method. Whereas

at higher beam energies (Eγ > 0.93 GeV ) it reproduces
also reasonably well the available data.

Before going to the next step, we discuss now the nu-
cleon spectral function needed for our calculations. The
nucleon spectral function, P (pt, E), which represents the
probability to find in the nucleus a nucleon with mo-
mentum pt and removal (binding) energy E, is a crucial
point in the evaluation of the subthreshold production of
any particles on a nuclear target. When we consider the
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ground–state NN correlations, which are generated by the
short–range and tensor parts of realistic NN interaction,
the spectral function P (pt, E) can be represented in the
following form [32, 33]:

P (pt, E) = P0(pt, E) + P1(pt, E), (17)

where P0 includes the ground and one–hole states of the
residual (A − 1) nucleon system and P1 more complex
configurations (mainly 1p–2h states) that arise from the
2p–2h excited states generated in the ground state of the
target nucleus by NN correlations. Before considering the
specific expressions for functions P0 and P1, let us recall
several important quantities which are related to the nu-
cleon spectral function, namely [32, 33]:
the internal nucleon momentum distribution

n(pt) =
∫
P (pt, E)dE

=
∫
P0(pt, E)dE +

∫
P1(pt, E)dE

= n0(pt) + n1(pt), (18)

the mean nucleon kinetic energy

< T > =
∫ ∫

p2
t

2mN
P (pt, E)dptdE

=
∫

p2
t

2mN
n(pt)dpt, (19)

and the mean nucleon removal energy

< E >=
∫ ∫

EP (pt, E)dptdE. (20)

The last two quantities are related to the total binding
energy per nucleon εA by the following energy sum rule
(the Koltun sum rule [34]):

εA =
1
2

(
A− 2
A− 1

< T > − < E >

)
, (21)

if the nuclear hamiltonian contains only two–body
density–independent forces. The quantities εA and n(pt)
have been calculated [32, 33] for different nuclear systems
ranging from light nuclei to infinite nuclear matter within
the framework of many–body approaches with realistic
NN interactions, so that the theoretical values of < T >
and < E > for various nuclei are known presently [32, 33].

In calculating the cross sections for kaon production
in γH2 interactions, we have used for the nucleon spectral
function P (pt, E) the following expression [33]:

P (pt, E) = nd(pt)δ(E − |εd|), (22)

where nd(pt) is the nucleon momentum distribution in the
deuteron and |εd| = 2.226 MeV is the deuteron binding
energy. The momentum distribution nd(pt) has been cal-
culated in [33] using the Paris potential [35, 36] and the
results of calculations have been parametrized as follows:

nd(pt) =
1

4π

3∑
i=1

Ai
exp (−Bip2

t )

(1 + Cip2
t )

2 . (23)

Table 2. Values of the parameters Ai, Bi and Ci appearing
in the parametrization (23) of the nucleon momentum distri-
bution in the deuteron

i Ai,fm
3 Bi, fm

2 Ci,fm
2

1 157.4 1.24 18.3
2 0.234 1.27
3 0.00623 0.22

The values of the parameters appearing in (23) are given
in Table 2.

It can be easily obtained that in case of the deuteron
the off–shell energy Et of the struck target nucleon given
by (7) has the following simple form:

Et = Md −
√

(−pt)2 +m2
N . (24)

Consider now the quantity P (pt, E) for C12 and Pb208

target nuclei. For K+ production calculations in the
case of C12 and Pb208 target nuclei reported here we
have employed for the single–particle (uncorrelated) part
P0(pt, E) of the nucleon spectral function the following
relation [10]:

P0(pt, E) =

S0P
(SM)(pt, E) for C12,

S0P
(FG)(pt, E) for Pb208.

(25)

Here, P (SM)(pt, E) and P (FG)(pt, E) are the harmonic
oscillator and Fermi–gas model spectral functions; the pa-
rameter S0 = 0.8 [32, 33] takes into account the depletion
of states below the Fermi sea due to the NN correlations.
According to [10], one has 2

P (SM)(pt, E) =
4
A
n1s(pt)δ(E − |ε1s|)

+
(
A− 4
A

)
n1p(pt)δ(E − |ε1p|), (26)

where the s– and p–shell nucleon momentum distributions
n1s(pt) and n1p(pt) are:

n1s(pt) = (b0/π)3/2 exp (−b0p2
t ), (27)

n1p(pt) =
2
3

(b0/π)3/2b0p
2
t exp (−b0p2

t )

(b0 = 68.5(GeV/c)−2) and binding energies of |ε1s| = 34
and |ε1p| = 16 MeV for the s and p shells, respectively,
were used. The expression for P (FG)(pt, E) is [38]:

P (FG)(pt, E) =
1

4
3πp

3
F

θ(pF − pt)δ(E − |εpt |), (28)

2 It should be pointed out that the use of Gaussian functions
for the s– and p–shell nucleon removal energy distributions for
C12 target nuclei in line with [37] in calculating the inclusive
cross sections we are interested in, as showed our calculations,
leads to the results which are sufficiently close to those ob-
tained with the spectral function in the δ–function form (26).
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where θ(x) = (x + |x|)/2|x|, εpt = (p2
t/2mN ) + U0 (mN

is the rest mass of a nucleon), and the constants pF , U0

(p2
F /2mN = 30.5 MeV , U0 = −50.7 MeV ) for Pb208 were

fixed requiring < T >= 38.2 MeV , < E >= 53.7 MeV
[33]. Here the mean kinetic < T > and removal < E >
energies were calculated (see, formulas, (17)–(20), (25),
(28)) according to the following expressions:

< T > = S0 < T >FG + < T >1, (29)
< E > = S0 < E >FG + < E >1,

where

< T >FG =
3
5
p2
F

2mN
, < E >FG= −(U0+ < T >FG);

< T >1 =
∫

p2
t

2mN
n1(pt)dpt,

< E >1 =
∫ ∫

EP1(pt, E)dptdE (30)

and the spectral function P1(pt, E) is given below.
Let us focus now on the high momentum and high

removal energy part (correlated part) P1(pt, E) of the nu-
cleon spectral function. As was shown in [33], function
P1(pt, E) can be expressed as a convolution integral of
the momentum distributions describing the relative and
center–of–mass motions of a correlated NN pair in the
nuclear medium. An inspection of the convolution for-
mula (53) from [33] for the spectral function P1(pt, E)
leads to the following simple analytical expression for the
P1(pt, E) (see, also, [10]):

P1(pt, E) = a1n1(pt)

× exp
{
− 3[(A− 2)/(A− 1)]mN

×
[√

E − Ethr −
√
E1(pt)− Ethr

]2
/ < p2

cm >

}
, (31)

where

a1 =
3[(A− 2)/(A− 1)]mN{

e−α
2
0 + α0

√
π [1 + erf(α0)]

}
< p2

cm >
, (32)

α0 =
pt

(< p2
cm >)1/2

√
3
2

(
A− 2
A− 1

)2[
1−
(
A− 1
A− 2

)
γ

]
, (33)

erf(x) =
2√
π

x∫
0

e−t
2
dt,

E1(pt) = Ethr +
(
A− 2
A− 1

)
p2
t

2mN

[
1−

(
A− 1
A− 2

)
γ

]
,

γ =
< p2

cm >

< p2
rel >

. (34)

Here, a1 is a proper normalization constant (such that
∞∫

Ethr

P1(pt, E)dE = n1(pt)); Ethr = MA−2 + 2mN −MA

is the two–particle break–up threshold (Ethr is equal to
14 and 25 MeV for Pb208 and C12 target nuclei, respec-
tively); < p2

cm > and < p2
rel > are the mean–square mo-

menta associated with the low and high momentum parts
of the momentum distribution describing the center–of–
mass motion of a correlated NN pair and the momen-
tum distribution describing the relative motion of this
pair, respectively. In our calculations of the K+ produc-
tion cross sections on the C12 and Pb208 target nuclei
we have used the values < p2

cm >= 1.5fm−2 for C12,
< p2

cm >= 1.8fm−2 for Pb208 and < p2
rel >= 7.5fm−2

[33] both for C12 and for Pb208. The many–body mo-
mentum distribution n1(pt) for C12 has been presented
in [32]. Taking into account the corresponding normaliza-
tion of n1(pt) (

∫
n1(pt)dpt = S1 = 1 − S0 = 0.2), it can

be parametrized as follows [10]:

n1(pt) =
S1

(2π)3/2(1 + α1)

×
[

1
σ3

1

exp (−p2
t/2σ

2
1) +

α1

σ3
2

exp (−p2
t/2σ

2
2)
]
, (35)

where σ2
1 = 0.162fm−2, σ2

2 = 2.50fm−2 and α1 = 2.78.
This momentum distribution has been also employed in
the case of Pb208 target nucleus [33].

Now let us perform an averaging of the γN → K+Y
inclusive invariant differential cross section (8) over the
Fermi motion of the nucleons in the nucleus using the
properties of the energy conserving Dirac δ–function. The
integration in (5) over the angle ϑ between pt and Q yields
(see, also, [39, 40]):〈

EK+
dσγN→K+Y (pγ ,pK+)

dpK+

〉
=

π

Q

Emax(Q,ω)∫
Emin

dE

pmaxt (Q,ω,E)∫
pmint (Q,ω,E)

ptdptP (pt, E)

×
2π∫
0

dϕ
1

I2[s(x0, ϕ, E),mY ,mK ]
dσγN→K+Y [s(x0, ϕ, E)]

d
∗
Ω

,

(36)

where

Emin = MA−1 +mN −MA,

Emax = Emin +∆x;
∆x = Mx − (MA−1 +mY ),

Mx = [(ω +MA)2 −Q2]1/2. (37)

The values of pmint (Q,ω,E) and pmaxt (Q,ω,E) are deter-
mined by the constraint −1 ≤ cosϑ ≤ 1, with cosϑ given
by the energy conservation

ω +MA =
√
m2
Y +Q2 + p2

t + 2Qpt cosϑ

+
√

(MA −mN + E)2 + p2
t , (38)
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and can be expressed as:

pmint (Q,ω,E) = α|pcmt − βEcmA−1|, (39)

pmaxt (Q,ω,E) = α(pcmt + βEcmA−1), (40)

where

EcmA−1 =
√
M∗2A−1 + (pcmt )2,

pcmt =
1

2Mx
λ(M2

x ,M
∗2
A−1,m

2
Y ),

M∗A−1 = MA −mN + E (41)

and

β = Q/(ω+MA), α = (1−β2)−1/2 = (ω+MA)/Mx. (42)

In (36)

s(x, ϕ,E) = (Eγ + Et)2 − p2
γ − p2

t − 2pγpt

· (cosϑQ · x+ sinϑQ ·
√

1− x2 cosϕ), (43)

x0 =
[
(ω + Et)2 −m2

Y −Q2 − p2
t

]
/(2Qpt), (44)

where

cosϑQ = pγQ/(pγQ), sinϑQ =
√

1− cos2 ϑQ. (45)

Because the nucleon spectral function P (pt, E) is a rapidly
decreasing function of pt and E, already for moderate val-
ues of the momentum transfer Q the quantities Emax and
pmaxt can be safely replaced, as showed our calculations, by
infinity. Therefore, the Q dependence of the momentum–
energy–averaged differential cross section (36) will be es-
sentially governed by the Q dependence of pmint (39). The
latter is determined from the energy conservation (cf. (38))

ω +MA =
√
m2
Y + (Q± pmint )2

+
√
M∗2A−1 + (pmint )2. (46)

The positive and the negative signs in front of pmint in (46)
correspond to ω > ω0 and to ω < ω0, respectively, with
ω0 = (m2

Y + Q2)1/2 + M∗A−1 −MA. The foregoing leads,

as is easy to see, to the conclusion that x0

∣∣∣
pt=pmint

= +1

for ω > ω0 and x0

∣∣∣
pt=pmint

= −1 for ω < ω0.

Let us discuss now the results of our calculations in
the framework of the approach outlined above.

3 Results

Figure 5 shows a comparison of the calculated differen-
tial cross sections for the production of K+ mesons at
the laboratory angles of 100 ≤ θK+ ≤ 400 from primary
γN → K+Y channels with the experimental data [18] for
γ+C12 → K++X reaction at the various bombarding en-
ergies. The differential cross sections under consideration

Fig. 5. Differential cross sections for K+ production in γ+C12

reactions in the angular domain 100 ≤ θK+ ≤ 400 in the lab
system as functions of the laboratory energy of the photon. The
experimental data (open squares) are from [18]. The curves are
our calculation. The solid and dot–dashed lines are calculations
by (47) with the total nucleon spectral function for primary
production processes (1)–(3) and (2), (3), respectively. The
parametrizations (12), (13) for the total cross sections of the
subprocesses (1)–(3) were used in the above calculations. The
dashed line denotes the same as solid line, but it is supposed
that the total nucleon spectral function given by (17), (25) and
(31) is replaced by its correlated part (31). The dotted line
denotes the same as solid line, but it is supposed that the total
cross section of the subprocess (1) given by (12) is replaced by
the parametrization (16). The arrow indicates the threshold
for the reaction γp→ K+Λ occuring on a free proton

have been calculated according to the following expres-
sion:

dσ
(prim)
γA→K+X(pγ)

dΩK+
=

1
[cos (100)− cos (400)]

×
400∫

100

sin θK+dθK+

plim
K+ (θK+ )∫

0

dpK+

d2σ
(prim)
γA→K+X(pγ)

dpK+dΩK+
,

(47)

where

plimK+(θK+) =

[βApγ cos θK+ +(Eγ+MA)
√
β2
A−4m2

K(sA+p2
γ sin2 θK+)]

2(sA+p2
γ sin2 θK+)

;

(48)

βA = sA +m2
K − (MA−1 +mY )2,

sA = (Eγ +MA)2 − p2
γ . (49)
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Here, plimK+(θK+) is the kinematical limit for kaon
production at the lab angle θK+ from photon–
nucleus interactions. The double differential cross section
d2σ

(prim)
γA→K+X(pγ)/dpK+dΩK+ entering into the (47) is de-

fined above by the formulas (4), (5) and (36). The mini-
mum value of the removal energy Emin (see, (37)) in the
calculations was taken to be 15.5 MeV for C12 [41]. One
can see that:

1) the contributions to the K+ production from the pri-
mary reaction channels (1) and (2), (3) with Λ and
Σ particles in the final states are comparable at bom-
barding energies Eγ ≥ 1.2 GeV , whereas at lower in-
cident energies the primary production process (1) is
essentially more important than (2) and (3);

2) the kaon yield from the one–step K+ production mech-
anism is entirely governed by the single–particle part
P0(pt, E) of the nucleon spectral function at all con-
sidered beam energies (0.8 GeV ≤ Eγ ≤ 1.3 GeV ),
what makes difficult to extract the information on the
high momentum and high removal energy components
within the C12 target nucleus from the first kaon pho-
toproduction experiment [18];

3) while our calculations for the one–step reaction chan-
nels (1)–(3) carried out under two assumptions about
the total cross section of the subprocess (1) follow-
ing from formulas (12) (solid line) and (16) (dotted
line) reproduce reasonably well the experimental data
[18] in the energy region of interest, they nevertheless
provide different energy dependence of the excitation
function as compared to the data, what might be due
to possible in–medium modifications of the elementary
γN → K+Y reactions discarded in the present work;

4) the experimental data are better described by our first
chance collision model when the parametrization (16)
for the total cross section of the elementary process
γp → K+Λ has been employed, what indicates the
need for high quality kaon photoproduction data both
on the proton and nuclear targets at considered beam
energies from the future experiments [19, 20, 42] to
reliably test the spectral function approach presented
in this study as well as to deeply elucidate the un-
derlying mechanism of subthreshold and near thresh-
old kaon photoproduction and possible modifications
of the elementary photon–nucleon interaction in the
nuclear medium.

In Fig. 6 we show the predictions of the above model
for the differential cross sections for the production of K+

mesons from primary γN → K+Y reaction channels at
the laboratory angles of 100 ≤ θK+ ≤ 400 in the inter-
action of different energy photons with the deuterons. In-
spection of Figs. 5 and 6 tells us that the K+ differential
cross sections on C12 and H2 show charge number depen-
dence approximately proportional to Z in the threshold
region. This simply indicates that the results under con-
sideration are insensitive to the details of the low momen-
tum part of the internal nucleon momentum distribution.

Figure 7 presents the results of our calculations by (4),
(5) and (36) for the double differential cross sections for

Fig. 6. Differential cross sections for K+ production in γ+H2

reactions in the angular domain 100 ≤ θK+ ≤ 400 in the lab
system as functions of the laboratory energy of the photon.
The notation is identical to that in Fig. 5

Fig. 7. Double differential cross sections for the production of
K+ mesons at an angle of 100 in the interaction of 0.8, 0.9 and
1.3 GeV photons with the C12 nuclei as functions of kaon mo-
mentum. The solid and dashed lines represent our calculations
by (4), (5) and (36) for primary production processes (1)–(3)
with the use of total nucleon spectral function and its cor-
related part, respectively, and correspond from the top to the
bottom 1.3, 0.9 and 0.8 GeV incident energy. The parametriza-
tions (12), (13) for the total cross sections of the subprocesses
(1)–(3) were used in the above calculations

the production of K+ mesons at an angle 3 of 100 in the in-
teraction of photons with energies of 0.8, 0.9 and 1.3 GeV
with C12 nuclei. It is seen that:

1) the calculated kaon momentum spectra reveal char-
acteristic features of quasifree production (a singly
peaked structure the width of which reflects Fermi

3 A choice of this angle has been particularly motivated by
the fact that in the threshold energy region kaons are mainly
emitted in forward directions.



E.Ya. Paryev: Subthreshold and near threshold K+ meson photoproduction on nuclei 135

Fig. 8. Total cross section for K+ production in γ +H2 reac-
tions as a function of the laboratory energy of the photon. The
solid and dot–dashed lines are calculations with the ”total” nu-
cleon spectral function for primary production processes (1)–
(3) and (2), (3), respectively. The dashed line denotes the same
as solid line, but it is supposed that the ”total” nucleon spec-
tral function given by (22) and (23) is replaced by the ”model”
nucleon spectral function in which only the internal nucleon
momenta greater than 0.5 GeV/c are taken into account. The
parametrizations (12), (13) for the total cross sections of the
subprocesses (1)–(3) were used in the above calculations. The
arrows indicate the thresholds for the reactions γp → K+Σ0,
γp → K+Λ occuring on a free proton and the absolute pro-
duction threshold

broadening, an asymmetric spectral shape) even at
subthreshold incident energies;

2) the main contribution to the K+ production both
at subthreshold and above the free γN threshold
beam energies considered here comes from the use
of the uncorrelated part4 P0(pt, E) of the nucleon
spectral function in the calculation of the correspond-
ing momentum–energy–averaged differential cross sec-
tions for kaon production, what makes rather diffi-
cult to extract the information on the correlated part
of the nucleon spectral function even through analy-
sis of the experimental double differential cross sec-
tions for K+ production at adopted photon energies
(Eγ ≥ 0.8 GeV ).

The total cross section for K+ production in γ + H2

reactions calculated according to (4) is shown in Fig. 8

4 Compare to the analogous conclusion drawn from the anal-
ysis of the kaon differential cross sections presented in Figure 5.

Fig. 9. Total cross section for K+ production in γ + C12 re-
actions as a function of the laboratory energy of the photon.
The solid and dot–dashed lines are calculations with the to-
tal nucleon spectral function for primary production processes
(1)–(3) and (2), (3), respectively. The parametrizations (12),
(13) for the total cross sections of the subprocesses (1)–(3)
were used in the above calculations. The dashed line denotes
the same as solid line, but it is supposed that the total nucleon
spectral function given by (17), (25) and (31) is replaced by
its correlated part (31). The dotted line denotes the same as
solid line, but it is supposed that the total cross section of the
subprocess (1) given by (12) is replaced by the parametriza-
tion (16). The arrows indicate the thresholds for the reactions
γp → K+Σ0, γp → K+Λ occuring on a free proton and the
absolute production threshold

as a function of the laboratory photon energy Eγ . It is
seen that the kaon yield from the direct K+ produc-
tion processes (1)–(3) is entirely governed by the low
momentum part (pt < 0.5 GeV/c) of the deuteron mo-
mentum distribution at considered bombarding energies
(at beam energies between the absolute reaction thresh-
old and 1.4 GeV ), what makes difficult to test the high
momentum tail of nd(pt) from the measurement of the
primary–photon energy dependence of the total cross sec-
tion for K+ production in γH2 collisions even in the far
subthreshold region (Eγ ∼ 0.8 GeV ). One can also see
that the contributions to the K+ production from pri-
mary reaction channels (1) and (2), (3) with Λ and Σ
particles in the final states are comparable at beam ener-
gies Eγ ≥ 1.2 GeV , whereas at lower incident energies the
primary production process (1) is more important than
(2) and (3). This is consistent with our previous findings
of Figs. 5 and 6.
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Fig. 10. Total cross section for K+ production in γ + Pb208

reactions as a function of the laboratory energy of the photon.
The notation is identical to that in Fig. 9

Figures 9 and 10 present the results of similar calcula-
tions by (4) for the total cross sections for K+ produc-
tion in γ + C12 and γ + Pb208 reactions, respectively.
It can be seen that in these cases the kaon yield from
the one–step K+ production mechanism is almost com-
pletely determined by the correlated part P1(pt, E) of
the nucleon spectral function only in the vicinities of the
absolute reaction thresholds (at bombarding energies of
Eγ ≤ 0.75 GeV ). This conclusion is in line with our find-
ings inferred above (cf. Figs. 5 and 7) from the analysis of
differential and double differential kaon production cross
sections. The values of the total kaon production cross
sections in the far subthreshold region (Eγ ≤ 0.75 GeV )
are very small (in the range of 0.1–10 nb), but one should
expect to measure these values on modern experimental
facilities such as the CEBAF [19, 20], ELectron Stretcher
Accelerator (ELSA) [26] and European Synchrotron Ra-
diation Facility (ESRF) [29]. As in the preceding cases,
the direct K+ production processes (2), (3) play a mi-
nor role in kaon production in γA interactions at beam
energies of Eγ < 1.2 GeV . It is also seen from Fig. 9
that the extrapolations (12) and (16) of the elementary
cross section for γp → K+Λ reaction to the threshold
lead to different numerical predictions5 for the respective
kaon production cross sections in γC12 collisions in the
energy region far below the lowest threshold (at incident
energies of Eγ ∼ 0.75 GeV ). Thus, to achieve a better
understanding of the phenomenon of the deep subthresh-

5 The difference between these predictions is of order 5.

old K+ production in γA interactions it is important to
measure the elementary cross section under consideration
close to the threshold.

Kinematical considerations show that the two–step
kaon production processes of the type γN →MN ,MN →
K+Y ; M = {π, η} may contribute to the (γ,K+) reaction
on nuclei at subthreshold incident energies. We have ne-
glected in the present work the two–step kaon creation
processes mentioned above in calculating the K+ produc-
tion cross sections from γA reactions, since the contribu-
tion from them to these cross sections is expected to be
small in the bombarding energy range of our main inter-
est (Eγ ≤ 0.8 GeV ) where the intermediate pion and eta
are produced, as showed our calculations, with energies at
which secondary MN → K+Y channels are energetically
suppressed. Nevertheless, it would be interesting to carry
out in the future a detailed study of subthreshold kaon
production from the two–step processes under considera-
tion.

Thus, our results demonstrate that it is difficult to
distinguish the contribution to K+ production in γA re-
actions from the high momentum and high removal energy
part of the nucleon spectral function which is generated by
ground–state two–nucleon short–range correlations inside
the target nucleus with the measurements of the K+ to-
tal and differential cross sections at subthreshold photon
energies.

4 Conclusions

In this paper we have calculated the total and differential
cross sections for K+ production from γ+H2, γ+C12 and
γ+Pb208 reactions in the near threshold and subthreshold
energy regimes by considering incoherent primary photon–
nucleon production processes within the framework of the
first collision model based on free elementary cross sec-
tions for kaon production and on the nucleon spectral
function. The comparison of the results of our calcula-
tions with the existing experimental data [18] was made.
It was shown that while our calculations reproduce rea-
sonably well these data, they nevertheless provide differ-
ent energy dependence of the excitation function as com-
pared to the data. It was found also that in the case of
γ + H2 reaction the calculated K+ production cross sec-
tions are completely determined by the low momentum
part (pt < 0.5 GeV/c) of the deuteron momentum dis-
tribution. Whereas in the case of γ + C12 and γ + Pb208

reactions they are entirely governed by the correlated part
of the nucleon spectral function only in the vicinities of the
absolute reaction thresholds, what makes rather difficult
to extract the information on the high momentum–energy
component of the nucleon spectral function from the mea-
surements of the total and differential cross sections for
K+ production in γA interactions at subthreshold pho-
ton energies.

The author would like to thank Yu.T. Kiselev and V.A.
Sheinkman for interest in the work.
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