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Strangeness modes in nuclei tested by antineutrinos
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The production of negative strangeness in reactions of inelastic antineutrino scattering on a nucleus provides
information on the modification of strange degrees of freedom in nuclear matter. We calculate cross sections of
the reaction channelsn̄e(m)˜e1(m1)1K2 andn̄e(m)1p˜L1e1(m1) and investigate their sensitivity to the
medium effects. In particular, we consider effects induced by the presence of a low-energy excitation mode in
the K2 spectrum, associated with correlatedL-particle and proton-hole states, and by renormalization of the
weak interaction in medium. In order to avoid double counting, various contributions to antineutrino scattering
are classified with the help of the optical theorem, formulated within the nonequilibrium Green’s function
technique.@S0556-2813~99!01007-9#
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I. MOTIVATION

Knowledge of strange particle properties in nuclear ma
is of importance for the many interesting phenomena.

example, hyperonization andK2/K̄0 condensation in neutron
stars@1–3#, enhancement ofK2 yield in heavy-ion collisions
@4,5#, scattering of strange particles on nuclei@6#, and level
shifts in kaonic atoms@7# have been discussed recently in t
literature. To gain new information it is desirable to desi
experiments which directly probe the in-medium modific
tion of strange particle properties. In Ref.@8#, Sawyer sug-
gested to study the reactionn̄e(m)˜e1(m1)1K2, decay of
an antineutrino in a nucleus into a positive lepton and
in-medium kaon. This process can occur only if a kaon w
spacelike momentum can propagate in nuclear matter
therefore, would demonstrate that the kaon spectrum
modified in medium compared to its vacuum form. In R
@8#, Sawyer described theK2 spectrum in terms of a singl
quasiparticle mode,vK2(k), determined by attractive scala
and vector potentials. Consequently, for momenta excee
a critical valuekc , the spectrum is soft withvK2(k)<k.
Hence, for an antineutrino with energyEn̄.kc , the above
reaction channel opens. The value of the critical momen
is kc'2000 MeV2 4

3 SKN , whereSKN is the kaon-nucleonS
term. Using the range ofSKN from Ref. @1#, 200 MeV
,SKN,400 MeV, we estimate the critical momentum
1500 MeV,kc,1700 MeV. At such large momenta, the d
scription of the kaon-nucleon interaction in terms of pote
tials becomes questionable. Furthermore, one should inc
momentum-dependent terms in the kaon self-energy, wh
were not considered in Ref.@8#. A more realistic modifica-
tion of the self-energy could push the critical momentumkc
to even larger values. Below, we argue that this, inde
happens in the framework of a more constrained descrip
of the K2 self-energy.

As was pointed in Ref.@2#, the K2 spectrum shows a
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second branch related to the correlatedL~1116! particle and
proton-hole states with the quantum numbers ofK2 mesons.
The typical energy of this mode isv;mL2mN
.200 MeV, where mL(N) is the mass of aL particle
~nucleon!. This low-lying branch is expected to manifest i
self in neutron stars through a condensation of negative
ons with finite momentum~p-wave condensation! @2# and in
nucleus-nucleus collisions through an enhanced popula
of K2 modes: cf. Ref.@5#.

On the low-lying branch in theK2 spectrum, the condi-
tion v,k is fulfilled at rather moderate kaon momenta (kc
.200 MeV). Therefore, it is reasonable to apply the idea
Sawyer to a new energy-momentum domain nearby
branch. In this low-energy region,K2 mesons are strongly
coupled with hyperons. To constrain theK2 spectral density
in nuclear matter from antineutrino nucleus scattering, it
therefore, necessary to consider other channels with stra
ness production in the form of a hyperonn̄ l1N˜H1 l 1,
whereN stands for a nucleon,l denotes a lepton, andH is the
corresponding hyperonL or S. We shall show that these
reaction channels give in fact a much larger contribution
the l 1 cross section as compared with the reaction chan
with K2 production.

In dense matter one has to consider in-medium renorm
ization of the kaon and nucleon-hyperon weak currents. T
renormalization due to short-range hyperon-nucleon corr
tions enhances substantially the coupling of in-medium
ons to the lepton weak current and suppresses the nucl
hyperon weak current.

In matter, the picture of asymptotic states is no long
adequate. In a vacuum, a certain set of quantum numbe
assigned to a single-particle asymptotic state. In a medi
these quantum numbers could be carried as by single-par
states as by multiparticle states. In our case, the quan
numbers of aK2 meson are carried in medium also by th
L–proton-hole states. The strong interactions mix the sing
particle and multiparticle states, which results in a damp
of effective in-medium excitations with theK2 meson quan-
tum numbers getting damped. Thus, as a result of the ma
body nature of in-medium excitations, the standard Feynm
diagram technique, based entirely on the asymptotic s
©1999 The American Physical Society10-1
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E. E. KOLOMEITSEV AND D. N. VOSKRESENSKY PHYSICAL REVIEW C60 034610
concept, cannot be directly applied to the description of
actions in medium. Redrawing Feynman diagrams with
in-medium propagators and vertices leads to double co
ing. Below, we shall demonstrate that explicitly by calcul
ing the corresponding processes.

A similar problem with in-medium pions has been d
cussed and resolved in Refs.@9,10#, with the help of the
optical theorem formalism@10#. In the present work, we ap
ply this formalism to discriminate various processes w
strangeness production. Following Refs.@10,11#, we express
the strangeness production rates in terms of closed diag
constructed with nonequilibrium Green’s functions.

Finally, we calculate cross sections of the neutrin
induced strangeness production, utilizing the in-medi
kaon spectral density, the short-rangeL-p correlations, and
taking into account the in-medium vertex renormalizatio
Since a neutrino can easily pass through a nucleus and
path lengths of producedK2 mesons andL particles are
rather small~at typical transverse momenta under consid
ation!, finite-size effects can be neglected. We discuss
possibility to observe these processes in experiment, tes
thereby, the strange degrees of freedom, in particular
kaon spectral density, in nuclear matter.

II. KAON SELF-ENERGY

Let us begin with a discussion of kaon properties in c
nuclear matter, i.e., with the densityr5r050.17 fm23 and
the proton concentrationx5rp /r51/2. The Green’s func-
tion of the K2 meson,DK2, is the solution of the Dyson
equation

~1!

where the thin wavy line is the Green’s function of a fr
kaon. The thick wavy line is the full kaon propagator
,

i
t
d
we
a
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medium, which in the momentum representation rea
DK2(v,k)5@v22k22mK

2 2PK2(v,k,r,x)1 i0#21. The
frequency and momentum of a kaon are denoted byv andk,
respectively. The notationmK stands for the free kaon mas
and PK2 is the K2 self-energy. The latter contains sever
pieces related to the most important processes,PK25PS

1PP1P res. The first termPS is thes-wave part of theK2

self-energy, generated by thes-wave kaon-nucleon scatterin
essential nearby theKN threshold@1,2,12#. The difference
between various approaches with respect to thes-wave KN
interaction is reflected mainly in the description of th
energy-momentum region nearby the kaon branch of
spectrum. However, for the parametrizations@12# consid-
ered, at present, as rather realistic, the kaon branch lies a
the line v5k up to very high kaon momentakc

;2000 MeV. Therefore, we drop a detailed discussion
uncertainties in thePS term and, following Ref.@1#, utilize it
in a much more simple form PS52dmK

2 r/r0

2amKvr/r0 , with parametersd'0.18 anda'0.23 taken
from Refs.@2,5#. Further, we intend to focus on another ter
of the kaon self-energy, which is responsible for the spec
density of theK2 states below linev5k.

Thep-wave part of theK2 polarization operator is mainly
determined by the contributions from theL~1116!–proton-
hole states and theS~1193!–nucleon-hole intermediate state
PP5PL1PS . In Ref.@2# it is argued that because of sma
ness of the kaon-nucleon-S coupling constant compared t
the kaon-nucleon-L coupling constant (CKNS /CKNL.0.2),
the contribution ofS particles to the polarization operator
small. Therefore, we do not consider small contributions
S hyperons, the structure of which is quite analogous to t
of the L hyperon, and drop the termPS in the polarization
operator.

The main contributionPL is depicted by the loop dia
gram
~2!
fol-

where k̂5gmkm, g5 and gm are the Dirac matrices
and Ĝa(p)5( p̂1ma* )Ga(p)5( p̂1ma* )$@p22ma*

21 i0#21

12p ina(p)d(p22ma*
2)% is the Green’s function of a given

baryon,a5p,L; ma* is the in-medium mass of the baryona
taken according to Ref.@3#, and na stands for the Ferm
occupation factor of protons. The bare coupling constan
CKNL.21/mp , with mp being the pion mass. Here an
below, evaluating integrals with the Green’s functions,
drop the divergent medium-independent part, which is
sumed to be contained in the physical values of part
masses and coupling constants. The fat blob in the diag
is

s-
e
m

corresponds to the fullKNL vertexC̃KNL , which takes into
account baryon-baryon correlations. It is depicted by the
lowing diagrams:

~3!
0-2
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STRANGENESS MODES IN NUCLEI TESTED BY . . . PHYSICAL REVIEW C60 034610
The shaded square represents the short-rangeL-proton inter-
action, which can be written in the nonrelativistic Landa
Migdal parametrization as

~4!

whereCKNL is used as a dimensional parameter,sL andsp
are the Pauli spin matrices of aL particle and a proton
respectively, andf L and f L8 are the corresponding Landau
Migdal parameters of theL-p interaction. This interaction is
irreducible with respect to the hyperon–nucleon-hole int
mediate states. The formal solution of Eq.~3! with the inter-
action ~4! is given by

C̃KNL5g~ f L8 !CKNL5:@12 f L8 CKNL
2 ApL~v,k!#21CKNL ,

~5!

with the loop integral ApL(v,k)52 i8mN*
2*@d4p/

(2p)4#GL(p1k)GN(p). Here mN* 5mp* is the effective
nucleon mass. We see that only the spin parameterf L8 enters
expression~5!. The empirical value off L8 is not known. It
could be, in principle, extracted from the data on mu
strange hypernuclei. For our purpose in this paper we
content with a rough estimation of this parameter. Follow
Ref. @13#, we suggest that the hyperon-nucleon interaction
determined mainly by kaon andK* exchanges corrected b
the short-range baryon-baryon correlations:

f L8 .
1

3

m0
2

mK
2 1m0

2 1
2

3

CK* NL
2

CKNL
2

m0
2

mK* 1m0
2 . ~6!

HeremK* denotes the mass of the heavy strange vector
son andm0 is related to the inverse core radius of nucleo
03461
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nucleon interaction, i.e.,m0.mv , being the mass of thev
meson. Utilizing the coupling coupling constant ofK* NL
interactions, taken from the Ju¨lich model of hyperon-nucleon
interaction via the meson exchange,CK* NL.1.74/mp , we
estimatef L8 '1.1. The calculations below will be done fo
two values of this parameterf L8 50 and f L8 51.1.

The last term of the self-energy,P res, includes the re-
sidual interaction, which cannot be constrained from exp
ments with on-shell kaons. Therefore, its value and struc
are rather ambiguous. In Refs.@14,2# the residual off-shell
interaction is suggested to be reconstructed with the hel
low-energy theorems. These constraints, following from
current algebra and the partial conservation of axial-vec
current ~PCAC! hypothesis, can be safely applied in o
present consideration, since the neutrino-induced reac
probes directly the axial current correlator, for which t
low-energy theorems have actually been formulated. Follo
ing Ref. @2#, we cast the termP res as P res5l(mK

2 2v2

1k2)r/r0 , with the parameterl52d. As we have men-
tioned above, we taked.0.18. Without regard to the low
energy theorems, one would putP res50.

Note that the particular details of the kaon-nucleon int
action nearby the mass shell~which can be found elsewher
@1,2,12#! do not affect qualitatively the description of kao
behavior at somewhat lower energies, which we are c
cerned with. The crucial point for us is that a kaon couples
L–particle-hole states and propagates, thereby, in
frequency-momentum region not accessible for vacuum
ons. This coupling enforcesK2 andL degrees of freedom to
be treated consistently. We are rather going to discuss
perimental consequences of a kaon modification, using
above formulated kaon self-energy for illustration and t
short-rangeLp interaction~4!.

III. K2 SPECTRAL DENSITY

The spectral density of kaon excitations is defined
AK2(v,k)522 ImDK2

R (v,k), where DK2
R is the retarded
f
curves

ties
FIG. 1. Spectral density ofK2 excitations in isospin-symmetrical nuclear matter atr5r0 ~left panel! and the occupation factors o
in-medium kaons~right panel!. In the left panel, the upper curve shows the position of the quasiparticle kaon branch. The dashed
border the region of the particle-hole excitations~zero spectral density!. Thin lines between them depict the levels of spectral densi

ascending with fixed step 331023mp
22. In the right panel, the lineG̃K corresponds to the upper kaon branch. The lineG̃L is related to the

integral over the region of theL–proton-hole continuum between dashed lines in the left panel.
0-3
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E. E. KOLOMEITSEV AND D. N. VOSKRESENSKY PHYSICAL REVIEW C60 034610
Green’s function of theK2 meson. The left panel in Fig. 1
shows the contour plot ofAK2(v,k) calculated forr5r0
and x51/2. The upper solid line corresponds to the qua
particle kaon branch. In the framework of our simplifie
treatment of thes-waveK2N interaction, the spectral densit
is a d-function, AK2(v,k)52p@G̃K2(k)/2vK2(k)#d„v
2vK2(k)…, for frequencies v nearby vK2(k), where
vK2(k) is the solution of the dispersion equatio
Re@DK2

R21(v,k)#2150, which determines the kaon branch
the spectrum. The factor

G̃K2~k!52vK2~k!@] ReDK2
R

„vK2~k!,k…/]v#21

measures how strongly the kaon branch is populated by
in-mediumK2 mesons: cf. Ref.@2#. It indicates the relative
weight of this branch in the full spectral density. The do
dashed line in the left panel in Fig. 1 is the upper border
the regionv,k, where the processes under considerat
may occur. We see that the upper quasiparticle kaon bra
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does not cross this border for momentak,kc , where the
critical momentumkc5mK(12d1l)/a'2570 MeV ~for l
52d, which corresponds to the more constrained desc
tion! and kc'1570 MeV ~for l50, i.e., when one ignores
constraints of the low-energy theorems!.

Below the kaon branch in Fig. 1 are shown the conto
lines of the kaon spectral density in theL–proton-hole con-
tinuum. The latter is bordered by the dashed lines. Within
continuum the imaginary part of the kaon propagator is n
zero, ImPLÞ0, which corresponds to the process
K2↔L1p21 ~p21 means the proton hole!. The relative
strength of this region in the spectral density is characteri
by the quantity

G̃L~k!5E
vpL

2
~k!

vpL
1

~k! dv

2p
2vAK2~v,k!, ~7!

wherevpL
6 (k) is the upper~1! and lower~2! borders of the

Lp21 continuum:
vpL
1 ~k!5H A~mL* 2mN* !21k2 ,

AmL*
21~k1pp,F!22AmN*

21pp,F
2 ,

k,ppF~mL* 2mN* !/mN* ,

k.ppF~mL* 2mN* !/mN* ,

vpL
2 ~k!5AmL*

21~k2pp,F!22AmN*
21pp,F

2 ;
ce
d
the

ion

g-

the

e
ter-

ive
ns
he

d by

t is
pp,F stands for the Fermi momentum of the protons. T

values of the occupation factorsG̃K2(k) and G̃L(k) are
shown in the right panel of Fig. 1. We observe that the m
weight is carried by the kaon branch, whereas the low
Lp21 continuum is populated byK2 only on a percentage
level.

Note that in the quasiparticle limit ImP˜0, our kaon
spectrum has only one kaon branch and the dispersion e
tion Re@DK2

R (v,k)#2150 has no low-energy solution. Only i
the resonance approximation for the real part of the parti
hole loop does such a solution exist: cf.@2#. In this case one
could approximately treat the low-energy region as a qu
particle branch. Additionally, an account of the complicat
threshold dynamics inK2N scattering, leading to the broa
dynamical resonanceL* (1405), induces the finite width o
the upper kaon branch. Hence, in reality, we will discuss
experimental manifestation of the regions on the frequen
momentum plane with nonvanishing the spectral functi
rather than the manifestation of quasiparticle branches.
brevity’s sake we continue to speak about the ‘‘branche
bearing in mind the regions of particle-hole continua pop
lated by mesonic excitations.

The description of the kaon-nucleon interaction form
lated above~cf. Ref. @2#! is quite analogous to that we
known from pion-nucleon physics; cf.@15#. Except for a spin
and an isospin, hyperons play the same role in kaon phy
asD isobars do in pion physics. The crucial difference, ho
ever, is that the correspondingD branch in the pion spectrum
e
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,
or
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-
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lies above the pion branch, whereas theS andL branches of
the K2 spectrum lie below the kaon branch. The differen
in the description of thes-wave interactions in the pion an
kaon cases arises mainly due to the distinct values of
correspondingS terms. The pion-nucleonS term is much
smaller than the kaon-nucleon one. Because of this, p
condensation may occur at a sufficiently high densityr
*2r0 due to attractivep-wave interactions, as has been su
gested by Migdal, Sawyer, and Scalapino: cf. Ref.@16#. On
the contrary, kaon condensation may occur as due to
s-wave attraction@1# as well as due to thep-wave one@2#
~the latter possibility is analogous to that in the pion cas!.
The choice between these possibilities depends on the in
play between strengths of not-well-knowns- andp-wave in-
teractions in dense nuclear matter.

The neutrino reactions discussed in this paper might g
extra important information on strange particle interactio
in nuclear matter. It could yield additional constraints on t
K2-L-nucleon interaction.

IV. WEAK INTERACTION IN A MEDIUM

The kaon decay processes in vacuum are determine
the currentJK

m5 i& f Kkm, wheref K'113 MeV stands for the
kaon decay constant. In the nuclear medium this curren
modified due to strong interactions,J̃K

m5 i& f KGm(k), where
the vertex functionG(k) is mainly determined by the follow-
ing diagrams:
0-4
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~8!

Here the small diamond symbolizes the bare coupling
kaonic and leptonic currents, the small box represents
matrix element of the weak hadronic current betweenL and
proton-hole statesWS

m52gm(gV
S1gA

Sg5), the vector cou-

pling constant isgV
S5A3

2 , and the axial coupling constant

gA
S'0.62A 3

2 . The Lp interaction in the intermediate state
given by Eq.~4! is absorbed into the dressed vertex ofKNL
interactions depicted by the fat circle. The dashed lines s
bolize an attached leptonic weak current. From Eq.~8! we
get

& f KGm5A2 f Kkm2
gA

S

CKNL
PA

m ,

PA
m5 iCKNLC̃KNLE d4p

~2p!4 Tr$k̂g5ĜL~p1k!gmg5ĜN~p!%.

~9!
03461
f
e

-

Taking into account that (PA•k)5PL
2 @cf. Eq. ~2!#, we ob-

tain

Gm5kmS 12
A

kW2D 2
dm0

kW2
B,

A~v,kW !5DS@vPA
0~v,kW !2PL

2~v,kW !#,

B~v,kW !52vA~v,kW !1kW2DSPA
0~v,kW !, ~10!

where dmn is the Kronecker symbol and DS

5gA
S/(&CKNL f K) is the discrepancy of the Goldberge

Treiman relation, which is about 67%.
We will also consider reactions with the leptonic curre

directly attached to the nucleon-hyperon weak current.
this case we have to take into account the modification of
latter due to the short-range correlation of nucleons and
perons. We determine the in-mediumL-p weak currentW̃S

m

by the following diagram equation:
ider

nal
processes

t

~11!

This currentW̃S
m is irreducible with respect to one-kaon exchange. The solution of Eq.~11! with the interaction~4! reads

W̃S
m52gm@gL( f L)gV

S1gL( f L8 )gA
Sg5#, where the functiongL is given by Eq.~5!.

Provided with both weak interactions~8! and ~11! and with the kaon propagator in the medium, we are able to cons
neutrino-induced reactions with associatedS521 strangeness production.

V. ANTINEUTRINO SCATTERING WITH STRANGENESS PRODUCTION

The negative strangeness in a nucleus can be produced by neutrino via the following reactions:~i! the neutrino decay
n̄ l˜ l 11K2 and~ii ! theL production on a nucleonn̄ l1p˜ l 11L. Other processes with more particles in the initial and fi
states give smaller contributions since their phase-space volume is suppressed. As in a vacuum, one may depict the
~i! and ~ii ! by the following diagrams:

Taking into account in-medium effects, however, one uses the thick wavy line for the in-mediumK2 meson and the fa
vertices to indicate in-medium renormalization given by Eqs.~3!, ~8!, and~11!.
0-5
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Proceeding naively, one would sum up these diagrams accordingly to the standard technique for vacuum diagra
diagrams with the same initial and final states would be summed coherently, whereas for diagrams with different in
final states, the squared matrix elements would be summed up. Thereby, one would calculate the amplitude of str
production as the sum of the squared matrix elements of reactions~i! and ~ii !, summing two contributions in~ii ! coherently.
We will show that this approach will immediately lead to double counting. To illustrate that we consider, e.g., the s
matrix elements of reactions~i! and~iib! summed over phase volumes of all particles except leptons. According to the o
theorem, the latter ones can be expressed through the imaginary parts of the following diagrams:

~12!

~13!

Comparing Eqs.~12! and~13!, we observe that Eq.~13! contains the kaonic self-energy part, which has been already inclu
implicitly in the fat kaon line according to Eqs.~1! and ~2!. This additional self-energy insertion breaks the perturbat
scheme. To illustrate it we write the following two series:

~14!

~15!
e
y
a
s
io
le
ro

r
e
th

ak

a

ton
Ellipses symbolize all remaining diagrams, including vert
corrections. The doubled contributions are seen alread
the first diagrams of the perturbation expansion and rem
in all orders. This repetition of the perturbative graph
surely, is not to be the case in the proper perturbat
scheme. Below, we shall explicitly show how these doub
contributions appear in the calculation of the rate of p
cesses~i! and ~ii !.

Let us consider, first, the reaction~i!, proposed by Sawye
to test the kaon spectrum in a medium. Utilizing the modifi
kaon weak current, we present the matrix element of
processn̄ l˜K21 l 1 as

MK25 iG f K sinuC@G~k!• l #.

HereG'1025/mN
2 stands for the Fermi constant of the we

interaction, uC.13° denotes the Cabbibo angle, andl m
5ūngm(12g5)ul is the leptonic current. Carrying out
03461
x
in
in
,
n
d
-

d
e

summation of the squared matrix element over the lep
spin and averaging over the neutrino spin, we obtain

VK2~En ,v,kW !5
1

2 (
spin

uMK2u2

5
1

2
G2f K

2 sin2 uCGa~k!G†b~k!.(
spin

l al b
† .

HereEn denotes the energy of the antineutrinon̄ l . The sum-
mation over spins gives

Lab5(
spin

l al †b

58@pl
apn

b1pl
bpn

a2gab~pl•pn!2 i«abgdplgpnd#,

~16!
0-6



r three
n
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FIG. 2. Differential cross section~per particle! as a function of the lepton energy for positron~left panel! and positive muon~right panel!
production in reactionn̄ l˜ l 11K2 by antineutrinos scattering on a nucleus with beam energy 1 GeV. Solid lines are calculated fo
values of the scattering angleu l between an antineutrino and a lepton, labeled by the values ofx5cosul . Dashed lines show the cross sectio
integrated over the lepton angleu l .
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where«abgd is the standard Levi-Civita` pseudotensor, and
we find

VK2~En ,v,kW !524G2f K
2 sin2 uC@ml

2F1~v,kW !

22F2~v,kW ,En!#, ~17!

whereml is the lepton mass and

F1~v,kW !5H Uv2
vA1B

kW2 U2

2kW2U12
A

kW2U2J ,

F2~v,kW ,E!5
uBu2

kW4
H S E2

1

2
v D 2

2
1

4
kW 2J .

The differential production rate renders, then,

dWl
~ i!

dEldxldt
5

AEl
22ml

2

16p2En

3@22 ImDK2
R

~v̄ l ,k̄l !#VK2~En ,v̄ l ,k̄l !.

~18!

Herev̄ l5En2El is the kaon frequency for the process wi
a given lepton in the final statesl 5e1,m1 k̄l

5AEn
21El

22ml
222xlEnAEl

22ml
2 is the corresponding

kaon momentum,xl5cosul , andu l is the angle between a
incoming antineutrino and an outgoing lepton. Consider
the nucleus with a nucleon numberA to be a uniform sphere
of the radiusR5r 0A1/3 ~where r 0.1.2 fm!, we write the
differential cross section of the positive lepton production

ds l
~ i!

dEldxl
52pr 0

3A
dWl

~ i!

dEldxldt
. ~19!

In Fig. 2 we show the differential cross sections perA of the
03461
g

s

e1 ~left panel! andm1 ~right panel! production by a neutrino
with energyEn51 GeV. We observe that the cross sectio
are strongly peaked as a function of lepton energy for sm
lepton scattering anglesxl.0.95. At larger angles 0.8,xl
,0.95, the cross sections decrease rapidly by a factor
for e1 and 3 form1, and are shifted to smaller lepton ene
gies. At angles corresponding toxl,0.8, the positron pro-
duction cross section decreases further and becomes al
negligible, whereas for positive muons the cross section
creases moderately. As a result of this, the angular-integr
cross section of muons is larger than that of positrons, es
cially at smaller lepton energies. Having integrated over
lepton energy, we obtain, for the total cross sections of
e1(m1) production,

A21s~n̄e˜K21e1!'1310242 cm2,

A21s~n̄m˜K21m1!'4310242 cm2.

We note that them1 production cross section is larger tha
that for positrons by a factor of'4, only. This is in contrast
to expectations based upon the vacuum branching ration
a kaon decay, G(K2

˜e21ne)/G(K2
˜m21nm)'2.5

31025. For the bare weak interaction, the squared ma
element of the reactionn̄ l˜K21 l 1 would be uMu2

}ml
2@ml

22(k•k)#/2, which explains the strong enhanceme
of muon processes in a vacuum compared with the posi
ones. In a medium the weak kaon current is dramatica
modified due to the mixture of kaons with theL-particle–
proton-hole states carrying the same quantum numbers;
the second diagram in Eq.~8!. As a result, the squared matri
element of the reaction~17! does not possess a strong depe
dence on the lepton mass. Therefore, in a medium
squared matrix elements for positrons and muons turn ou
be of the same order of magnitude.

Please notice that the process considered here, follow
the arguments of Sawyer, probes the kaon spectral densi
the whole frequency-momentum region rather than nea
0-7
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the kaon branch as it was considered in Ref.@8#. Indeed, the
K2 spectral density in Eq.~18! can be split as follows:

22 ImDK2
R

~v,k!52 ImPL~v,k!uDK2
R

~v,k!u2

12d Im PK2~v,k!uDK2
R

~v,k!u2.

~20!

The first term in the decomposition~20! corresponds to low-
energy kaonic states in theL–proton-hole continuum
whereas the second one is related to the contribution of o
kaon dissipation processes. In our approximation for
s-waveKN interaction, the residual part of the spectral de
sity is d function-like:

2d Im PK2~v,k!uDK2
R

~v,k!u2

52pd„v22k22mK
2 2RePK2~v,k!…u„v2vpL

1 ~k!…,
~21!

whereu~¯! is the Heaviside’s step function. In Ref.@8# only
the second term in Eq.~20! was considered, in which thed
function was smoothed by a constant width. In our case
term starts to contribute only when the kaon momentum
ceeds the critical valuekc , which is the solution of the equa
tion mK

2 1RePK2(v5kc ,ukWu5kc)50. For our polarization op-
erator, constrained by the low-energy theorems, the va
kc52570 MeV is substantially larger than that~;1600
MeV! obtained in Ref.@8#. ~We recover the latter value pu
ting l50.! Therefore, it seems that the region of the ka
spectral density considered in Ref.@8# is unlikely to be
probed by antineutrinos with energies less than the thres
valueEn

thr.2570 MeV.
On the other hand, we have seen that the first term in

kaon spectral density contributes at much smaller neut
energies. However, in this case we deal with the kaonic
citation which, being produced, decays into theL particle
and the proton hole: i.e., this process occurs exactly in
same neutrino energy region, where the processn̄ l1p˜L
1 l 1 does. This invites us to investigate the probability of t
latter in more detail.
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According to the diagrams~ii ! above, the matrix elemen
of the reactionn̄ l1p˜L1 l 1 can be written as

ML
~ ii !5ML

~ iia!1ML
~ iib!

5
1

&
G sinuCl mūL~W̃S

m1& f KC̃KNLGmk̂g5DK2!up .

For the squared, spin-averaged matrix element, we obta

1

2 (
spin

uMLu25
1

2 (
spin

uML
~ iia!u21

1

2 (
spin

2 Re$ML
~ iib!ML

†~ iia!%

1
1

2 (
spin

uML
~ iib!u2, ~22!

with

1

2 (
spin

uML
~ iia!u25

1

2
G2 sin2 uC Tr$W̃S

m~ p̂L1mL* !

3W̃S
†n~ p̂p1mN* !%Lmn , ~23!

1

2 (
spin

2 Re$ML
~ iib!ML

†~ iia!%

5G2 sin2 uCf K2 Re@C̃KNL
† DK2

R† G†m

3Tr$k̂g5~ p̂L1mL* !W̃S
n~ p̂p1mN* !%#Lmn , ~24!

1

2 (
spin

uML
~ iib!u25VK2~En ,v,k!uC̃KNLu2uDK2

R u2

3Tr$k̂g5~ p̂L1mL* !k̂g5~ p̂p1mN* !%. ~25!

HerepL andpp are momenta of theL particle and the pro-
ton, respectively. Utilizing kinematics of the reaction, th
first term in Eq.~22! is rendered as
1

2 (
spin

uML
~ iia!u25VL„~pp•pn!,v,kW…

5G2 sin2 uC„4@~k•k!2D#@~k•k!2ml
2#@~gV

S!2ugL~ f L!u22gA
SgV

S Re@gL~ f L!gL
† ~ f L8 !#1~gA

S!2ugL~ f L8 !u2#

116@~gV
S!2ugL~ f L!u21~gA

S!2ugL~ f L8 !u2#$2~pp•pn!21~pp•pn!@~k•k!2D2ml
2#%

216gA
SgV

S Re@gL~ f L!gL
† ~ f L8 !#~pp•pn!~k•k!18@~gV

S!2ugL~ f L!u22~gA
S!2ugL~ f L8 !u2#mN* mL* @ml

22~k•k!#…,

~26!
0-8
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where (k•k)5v22kW2, (pp•pn)5EpEn2pW ppW n , and D
5mL*

22mN*
2. In Eqs.~24! and~25!, we recognize the trace

appearing in Eqs.~9! and ~2!, which allow us to calculate
them with ease.

After integrating over the phase-space volume, we ob
the differential rate of the reactionn̄ l1p˜L1 l 1 as

dW l
~ ii !

dEldxldt
5

dW l
~ iia!

dEldxldt
1

dW l
~ iiab!

dEldxldt
1

dW l
~ iib!

dEldxldt
. ~27!

Three terms here are the contributions from diagram~iia!,
interference term between diagrams~iia! and ~iib!, and dia-
gram ~iib!, respectively. The first term yields

dW l
~ iia!

dEldxldt
5

AEl
22ml

2

16p2En
2 ImF ~2 i !E d4p

~2p!4 GN~p!

3GL~p1 k̄l !VL„~pn•p!,v̄ l ,k̄l…G , ~28!

where the frequencyv̄ l and the momentumk̄l are defined as
in Eq. ~18!. In the second term we useDS Im PA

m52Im Gm

and separate explicitly the real and imaginary parts of
kaon propagator. Then the second term reads

dW l
~ iiab!

dEldxldt
5

AEl
22ml

2

16p2En
$2 ReDK2

R
~v̄ l ,k̄l !VK

~1!~En ,v̄ l ,k̄l !

22 ImDK2
R

~v̄ l ,k̄k!VK
~2!~En ,v̄ l ,k̄l !%, ~29!

where

VK
~1!~En ,v,k!52G2 sin2 uCf K

2 ~ReGm Im G†nLmn!,

VK
~2!~En ,v,k!52G2 sin2 uCf K

2 ~ Im Gm Im G†nLmn!.

The last term in Eq.~27! is rendered as

dW l
~ iib!

dEldxldt
5

AEl
22ml

2

16p2En
@22 ImPL~v̄ l ,k̄l !uDK2

R
~v̄ l ,k̄l !u2#

3VK2~En ,v,k!. ~30!

Comparing this expression with Eqs.~18! and ~20!, we ob-
serve that exactly the same term has been already taken
account in Eq.~18! with the first term of the kaon spectra
density ~20!. This demonstrates the mentioned problem
double counting, which appears if one blindly includes m
dium effects in Feynman diagrams.

The differential cross section of thel 1 production in the
reactionn̄ l1p˜L1 l 1 can be calculated using Eq.~19!:

ds l
~ ii !

dEldxl
52pr 0

3AH dW l
~ iia!

dEldxldt
1

dW l
~ iiab!

dEldxldtJ . ~31!

Here we dropped the term~30! included in our analysis o
process~i!.

Figure 3 shows the results for the antineutrino energy o
GeV. We find that the difference between the positron a
03461
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nto
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muon reactions is very small; therefore, in Fig. 3 we sh
the result for positron production only. The solid and dash
lines are related to calculations without and with an acco
of the in-medium renormalization of the weak interaction
process~iia!, i.e., in the first term in Eq.~31!. To be specific,
in our calculation we putf L5 f L8 . In Fig. 3 we see that the
short-rangeLN correlations@factors gL in Eq. ~26!# sup-
press the cross section of the reaction~iia! and change the
shape of the lepton spectrum.

The contribution from the interference terms between p
cesses~iia! and ~iib! is found to be very small and is no
distinguishable on the scale of Fig. 3.

In Fig. 3 we observe that the positron production cro
section decreases monotonically with increasing posit
scattering angle. The angular-integrated cross section
mains almost constant in a wide interval of the positron
ergy. The total cross section of theL production on a
nucleus is

A21s~n̄e1p˜e11L!'A21s~n̄m1p˜m11L!

'2310239 cm2.

The account for correlations results in a decrease of the t
cross section of;10%.

As we can see, reactionn̄ l1p˜ l 11L gives the main
contribution to the strangeness production by antineutrino
a nucleus.1 Besides, this process occurs in the same ki
matic region as the reactionn̄ l˜ l 11K2. Therefore, one
needs a more peculiar analysis in order to separate the
tributions of theK2 channel.

1The cross sections in Fig. 2 and those of Ref.@8# are of the same
order of magnitude despite the different energies used.

FIG. 3. Differential cross section~per particle! of positrons pro-
duced in reactionn̄e1p˜e11L by antineutrinos of beam energ
1 GeV. Thin solid lines correspond to calculations with in-mediu
vertex renormalization. Thin dashed lines show the result with
inclusion of short-rangeLN correlations. Thick solid and dashe
lines depict the cross sections integrated over the lepton angu l

with and without account for vertex renormalization.
0-9
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E. E. KOLOMEITSEV AND D. N. VOSKRESENSKY PHYSICAL REVIEW C60 034610
In principle, one can suggest to observe directlyK2 me-
sons produced by an antineutrino on a nucleus. However
kaons produced in reaction~i! are too far off mass shell to
lap from an in-medium state to a vacuum one. They hav
gather energy in the sequence of the proceeding rescatt
processes. Additionally, free kaons can be produced in
two-step processes with aL decay, e.g.,n̄ l1p˜ l 11L
˜ l 11p1K2. This is a surface reaction, since theK2 has
rather short mean free path in nuclear matter. Thereby,
yield of this reaction is suppressed. The similar process w
a direct pion production has been considered in Ref.@17#.

VI. OPTICAL THEOREM FORMALISM FOR NEUTRINO
SCATTERING

The example, considered above, demonstrates clearly
a naive account of in-medium effects could lead to dou
counting. In the particular simplified case, it was rather e
to resolve the problem. In the general case, with account
more in-medium degrees of freedom coupled to the neutr
lepton weak current, the double-counting problem becom
very serious. Therefore, one needs an approach which e
does not lead to such a problem or allows easily to resolv
In Refs.@10,11# it was shown that the formalism of the op
tical theorem formulated in terms of nonequilibrium Green
functions allows one to avoid the double-counting proble
Here we consider diagrams with external legs correspond
only to the initial and final lepton asymptotic states. All oth
initial and final states, the phase volumes of which are u
ally integrated out in calculations of a cross section, are
picted by internal lines. The resulting cross section is giv
by the imaginary part of the sum of all diagrams. In such
closed diagram, the ‘‘virtuality’’ of internal lines, i.e., a non
trivial spectral density, is consistently incorporated. Co
structing the closed diagram, the double inclusion of the s
energy parts can be avoided.

Applying this approach to antineutrino-nucleus scatteri
we can express the transition probability between the in
state with an antineutrinon̄ l and the final state with a pos
tive leptonl 1 in terms of an evolution operatorSas follows:

dWn̄˜ l 1
tot

dt
5

dpl
3

~2p!34EnEl
(
$X%

^n̄ l uS†u l 11X&^ l 11XuSun̄ l&,

~32!
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where we write explicitly the phase-space volume of init
( n̄ l) and final (l 1) states. The overbar denotes statistic
averaging. The summation goes over complete sets o
possible intermediate states$X% constrained by the energy
momentum conservation law.

Making use of the smallness of the Fermi wea
interaction constantG, we can take into account processes
first order inG. Then we expand the evolution operatorS as

S'12 i E
2`

1`

T$VW~x0!Snucl~x0!%dx0 , ~33!

where VW is the Hamiltonian of the weak interaction,VW

5*(G/&) l m(WS
m1JK

m)d3x, taken in the interaction repre
sentation, andSnucl is the part of theS matrix corresponding
to the nuclear interaction. NotationT$...% stands for the op-
erator of chronological ordering. After substitution of theS
matrix ~33! into Eq. ~32! and averaging over the arbitrar
nonequilibrium state of a nuclear system, there appear c
nologically, antichronologically ordered exact Green’s fun
tions, denoted asG22 and G11, respectively, and disor
dered Green’s functionsG12 andG21 @18#. The latter ones
are related to Wigner’s densities.

In graphical form the general expression for the proba
ity of positive lepton production by an antineutrino is dete
mined by the diagram

which represents the sum of all closed diagrams contain
at least one~12! line. The contributions of specific pro
cesses contained in a closed diagram can be made visib
cutting the diagram over the~12! and ~21! lines, corre-
sponding to exactG12 andG21 Green’s functions.

The various contributions from$X% can be classified ac
cording to global characteristics, such as strangeness, pa
etc. Then, we can write, e.g.,
ntains the
.

dWn̄˜ l 1
tot

dt
5

dWn̄˜ l 1
DS50

dt
1

dWn̄˜ l 1
DS51

dt
1¯

~34!

The first term represents all processes with the total strangeness 0 in the intermediate states. The second term co
processes with the total strangeness21. Ellipses symbolize all other processes. In Ref.@10# it was shown that each blob in Eq
0-10
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~34! can be considered as a propagation of some quanta of the in-medium interaction with certain quantum numb
illustrate it with the example of strangeness production, considered explicitly in the previous section.

A. Strange channel

Restricting our consideration to processes~iia! and ~iib!, we decompose the second blob in Eq.~34! as

~35!

Ellipses symbolize other, more complicated, processes with the larger number of~12! and ~21! lines in the intermediate
states, which within the Feynman diagram formalism would be depicted by diagrams with the larger number of par
initial and final states. The contributions of such processes are suppressed due to the smaller phase-space volum
reason, we drop them.

The decomposition~35! is done according to the following principles: We separate two channels with strang
exchange via a kaon~the first diagram! and aL–proton-hole state~the second diagram!. The kaon exchange in the firs
diagram has to be irreducible with respect to theL–proton-hole states. Therefore, the dotted line symbolizes an in-me
kaon dressed by thes-wave and residual parts of the kaon polarization operator only. In diagrams it can be shown as f

~36!

The shaded vertex in the second diagram in Eq.~35! is irreducible with respect to the~12! and~21! kaon lines and the~12!
and~21! L–proton-hole lines. This means it contains only the lines of a given sign, all~22! or ~11!. Thereupon, we drop
this sign notation for the sake of brevity. Separating explicitly theL-particle–proton-hole states, we have

~37!

where

~38!

The shaded block in Eq.~37! is the full Lp interaction amplitude in cold nuclear matter, which is obtained via dressing a
Lp interaction byL-particle–proton-hole loops
034610-11
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~39!

where the bareL–proton-hole interaction is presented as

~40!
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The dotted line is determined by Eq.~36!, and the shaded
box represents the short-rangeL–proton-hole interaction
given in Eq.~4!.

Calculation of diagrams~35! according to standard dia
grammatic rules results in the sum of Eqs.~19! and ~31!.
Thus making use of the optical theorem allows one to na
rally avoid the double-counting problem.

B. Nonstrange channel

There are other processes with the positron or posi
muon production in neutrino nucleus scattering, supp
mented by the production of nonstrange particles. These
the background to the above-considered processes.
background could be in principle subtracted by simultane
registration of strange particles in the final state. Howev
even without this experimentally complicated approach, o
can hope to detect contributions of processes with stran
ness production.

Let us consider the nonstrange processes in more de
Some of them are easily distinguishable from those w
strangeness production having different kinematics. Ho
ever, the processn̄ l˜ l 11p2 considered in Ref.@19# and
the related processesn̄ l1p˜ l 11n and n̄ l1N˜ l 1

1D(1232), considered in Refs.@20,21#, occur in the same
energy-momentum region. Their probability is rather larg

Within the optical theorem formalism, these processes
be interpreted as an excitation of in-medium particle-h
and D-hole quanta of interactions. As well known~cf. Ref.
@15#!, these quanta are strongly mixed with each other
with pionic excitations. Thus, in a medium, these proces
should be considered within the optical theorem formali
to prevent possible double counting. Calculating the rate
the nonstrange processes above one has to take into ac
the weak-interaction renormalization due to the short-ra
NN andND correlations.

In Refs. @20,21# the effects mentioned were partially in
cluded in then̄ l1p˜ l 11n channel in the framework of the
random phase approximation~RPA!. The net effect from the
correlations is a suppression by the factor.0.5. In the n̄ l
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1N˜l11D(1232) channel, no correlations were consider
We expect that a more consistent account for correlati

will lead to somewhat larger suppression. Indeed, a ro
estimation beyond RPA gives for the reactionn̄ l1p˜ l 1

1n the correlation factor, e.g., in the axial current vert
gN(g8).1/@11g82mN* pF(r0)/p2# for small transverse fre-
quencies and transverse momenta;pF(r0). HerepF(r0) is
the Fermi momentum of a nucleon at the normal nucl
density. Evaluating this expression with the spin-isos
Landau-Migdal parameter of the short-rangeNN interaction
g8'0.7mp

22, we find a suppression factor for the reactio
rate of aboutgN

2 (g8).0.1– 0.3. For the reactionn̄ l1N
˜ l 11D(1232), effects due to theNN andND correlations
are less important, and we expected the resulting suppres
factor to be in the range 0.5–0.7.

To compare the rates of strange and nonstrange chan
of antineutrino nucleus scattering, we take the results fr
Ref. @20#, the thin dashed curve in Fig. 3, which is close
our calculation including a similar baryon mass reducti
due to mean field interactions. With the suppression fac
above, we estimate that the strange and nonstrange cha
give contributions of the same order to the angular-integra
cross section. The cross sections taken at the fixedn̄- l 1 scat-
tering angle correspond to the different kinematics and co
be distinguished thereby.

VII. CONCLUSION

We calculated the differential cross section for t
antineutrino-induced production of positive leptons on
nucleus associated with production of strangenessS521.

The most important contribution is found to be given
the reactionn̄1p˜L1 l 1. In calculations we include renor
malization of weak interactions in nuclear matter due to
short-rangeLp correlations taken within Landau-Migdal pa
rametrization. The in-medium effects alter essentially
differential cross section at smalln̄- l 1 scattering angles both
in the absolute value and in the shape. The total cross sec
changes, thereby, in;10%.

We also considered a contribution from the in-mediu
0-12
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kaon production processn̄ l˜ l 11K2. For that we evaluated
the K2 spectral density in nuclear matter and included
weak-coupling vertex renormalization. The latter increa
the rate of positron production in this channel by a factor
;105 compared to that estimated with the free weak c
pling. In spite of that the contribution of the reaction chann
n̄ l˜ l 11K2 to the full S521 strange particle rate is;103

times smaller than that of the reactionn̄ l1p˜ l 11L. Thus
only a peculiar experimental analysis could allow one to d
criminate the contribution from this in-mediumK2 channel.

We demonstrated explicitly that the rate of both reactio
n̄ l˜ l 11K2 and n̄ l1p˜ l 11L is not given by the direct
sum of the squared matrix elements of the correspond
Feynman diagrams. Otherwise, some processes would
counted twice. We show that this double-counting problem
easily avoided in the framework of the optical theorem f
malism @10,11#. The closed diagram method, we demo
strated, is quite general and can be applied for any o
reaction channels, e.g., for the nonstrange reaction chan
which also requires consistent inclusion of in-medium
fects.

Both strange and nonstrange contributions to the angu
integrated cross sections are found to be of the same ord
. C
d

or
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magnitude. However, they are related to the distinct ki
matic regions at fixed neutrino-lepton scattering angle. Th
also can be distinguished with the help of a simultane
identification of strange particles in the final state.

The formalism developed can be utilized in investigatio
of other weak processese2

˜K21ne , e21n˜S21ne ,
andn1n˜L1n, important for neutron star physics, givin
rise to hyperonization@3# and K2 condensation@1,2#. The
corresponding neutrino radiation can result in some obs
able consequences, as a jump in neutrino radiation and
heating. The rates of these processes are sensitive to
medium renormalization of weak-interaction vertice
L-nucleon correlation effects, and theK2 spectral density as
well.
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