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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 channeﬁ(ﬂ)ae’“(,uﬂ +K™ andve(,y+ p—A+e’(n™) 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 K™ spectrum, associated with correlatéeparticle 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[S0556-281®9)01007-9

PACS numbeis): 25.30.Pt, 21.65:f, 14.40.Aq

I. MOTIVATION second branch related to the correlated 116 particle and
proton-hole states with the quantum number&of mesons.
Knowledge of strange particle properties in nuclear matteThe typical energy of this mode isw~my—my
is of importance for the many interesting phenomena. For=200 MeV, wherem,, is the mass of aA particle
example, hyperonization ari /K° condensation in neutron (Nucleon. This low-lying branch is expected to manifest it-
stars[1—3], enhancement df ~ yield in heavy-ion collisions self in neutron stars through a condensation of negative ka-

[4,5], scattering of strange particles on nudlé], and level ons with finite mome_nt.unQp—wave condensatiori2] and in .
shifts in kaonic atom§7] have been discussed recently in thenucleus—nucleus collisions through an enhanced population

literature. To gain new information it is desirable to designOf K~ modes: cf. Ref[5].

experiments which directly probe the in-medium modifica- On the low-lying branch in th& ~ spectrum, the condi-
. . : tion w<Kk is fulfilled at rather moderate kaon momentg (
tion of strange particle pf‘l’eft'es-l” Rﬁﬁ], %awyer SU9- 200 MeV). Therefore, it is reasonable to apply the idea of
gested to study the reactiony,)—e"(x") +K", decay of Sawyer to a new energy-momentum domain nearby this

an anti.neutrino in a nucleus into a positive Igpton and Ahranch. In this low-energy regio~ mesons are strongly
in-medium kaon. This process can occur only if a kaon withcqpled with hyperons. To constrain te spectral density
spacelike momentum can propagate in nuclear matter angy pyclear matter from antineutrino nucleus scattering, it is,
therefore, would demonstrate that the kaon spectrum igherefore, necessary to consider other channels with strange-
modified in medium compared to its vacuum form. In Ref. negg production in the form of a hyperap+N—H+1",

[8], Sawyer described thié~ spectrum in terms of a single whereN stands for a nucleothdenotes a lepton, arid is the
quasiparticle modewy - (k), determined by attractive scalar corresponding hypero or 3. We shall show that these
and vector potentials. Consequently, for momenta exceedingaction channels give in fact a much larger contribution to

a critical valuek., the spectrum is soft withok-(k)<Kk.  thel™ cross section as compared with the reaction channel
Hence, for an antineutrino with enerdy,>k., the above with K~ production.
reaction channel opens. The value of the critical momentum |n dense matter one has to consider in-medium renormal-
is k.~2000 MeV— 33, whereS is the kaon-nucleol  ization of the kaon and nucleon-hyperon weak currents. This
term. Using the range okyy from Ref. [1], 200MeV  renormalization due to short-range hyperon-nucleon correla-
<2kn<400MeV, we estimate the critical momentum astions enhances substantially the coupling of in-medium ka-
1500 MeV< k<1700 MeV. At such large momenta, the de- ons to the lepton weak current and suppresses the nucleon-
scription of the kaon-nucleon interaction in terms of poten-hyperon weak current.
tials becomes questionable. Furthermore, one should include In matter, the picture of asymptotic states is no longer
momentum-dependent terms in the kaon self-energy, whichdequate. In a vacuum, a certain set of quantum numbers is
were not considered in Reff8]. A more realistic modifica- assigned to a single-particle asymptotic state. In a medium,
tion of the self-energy could push the critical momentkyn  these quantum numbers could be carried as by single-particle
to even larger values. Below, we argue that this, indeedstates as by multiparticle states. In our case, the quantum
happens in the framework of a more constrained descriptionumbers of &K~ meson are carried in medium also by the
of the K™ self-energy. A—proton-hole states. The strong interactions mix the single-
As was pointed in Ref[2], the K™ spectrum shows a particle and multiparticle states, which results in a damping
of effective in-medium excitations with tH€~ meson quan-
tum numbers getting damped. Thus, as a result of the many-
*Electronic address: E.Kolomeitsev@gsi.de body nature of in-medium excitations, the standard Feynman
"Electronic address: voskre@tpri6d.gsi.de diagram technique, based entirely on the asymptotic state
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concept, cannot be directly applied to the description of remedium, which in the momentum representation reads
t t be directl lied to the d t f d hich th t p tat d
actions. in medium. Redrawing ngnman diagrams with fU”DK—(w,k)Z[wZ—kz—mﬁ—HKf(w,k,p,X)—l—iO]*l. The
in-medium propagators and vertices leads to double countrequency and momentum of a kaon are denoted tandk,

ing. Below, we shall demonstrate that explicitly by calculat-jogpectively. The notatiomy stands for the free kaon mass,
ing the corresponding processes. andIlk- is theK™ self-energy. The latter contains several

A similar problem with in-medium pions has been dis- . ’ B
cussed and resolved in Ref@,10], with the help of the Pi€ces related to the most important processég, =1ls

optical theorem formalisrfil]. In the present work, we ap- T Hp+Ilies. The first termils is thes-wave part of the< ™

ply this formalism to discriminate various processes withself-energy, generated by teavave kaon-nucleon scattering

strangeness production. Following Rf0,11], we express essential nearby th&N threshold[1,2,12. The difference

the strangeness production rates in terms of closed diagrarbetween various approaches with respect tostheve KN

constructed with nonequilibrium Green'’s functions. interaction is reflected mainly in the description of the
Finally, we calculate cross sections of the neutrino-energy-momentum region nearby the kaon branch of the

induced strangeness production, utilizing the in-mediumspectrum. However, for the parametrizatioii] consid-

kak(?” spectral densityr,] the sho(rjt_— ranyep correlationsi.an(_j ered, at present, as rather realistic, the kaon branch lies above
taking into account the in-medium vertex renormalization.ype ine w—k up to very high kaon momentsk.

Since a neutrino can easily pass through a nucleus and thg2000 MeV. Therefore, we drop a detailed discussion of

path lengths of produce™ mesons and\ particles are inties in thal 4. following Refl11. utilize i
rather small(at typical transverse momenta under considerUncertainties in théls term and, following Reft1], utilize it

ation), finite-size effects can be neglected. We discuss th&? & much more simple form Ms=—dmgp/pg
possibility to observe these processes in experiment, testing; «Mxwp/pg, with parametgr$1~0.18 anda~0.23 taken
thereby, the strange degrees of freedom, in particular thtfom Refs.[2,5]. Further, we intend to focus on another term

kaon spectral density, in nuclear matter. of the kaon self-energy, which is responsible for the spectral
density of theK™ states below linev=k.
Il. KAON SELF-ENERGY Thep-wave part of the ~ polarization operator is mainly

Let us begin with a discussion of kaon properties in coldd€termined by the contributions from th&1116—proton-
nuclear matter, i.e., with the densipy=p,=0.17fm 3 and  hole states and th&(1193-nucleon-hole intermediate states
the proton concentratior=p,/p=1/2. The Green's func- p=IIx+Ilx.In Ref.[2]itis argued that because of small-

tion of the K~ meson,D-, is the solution of the Dyson Ness of the kaon-nucledi-coupling constant compared to
equation the kaon-nucleont coupling constant @y ys /Cyna=0.2),

the contribution of¥, particles to the polarization operator is
small. Therefore, we do not consider small contributions of
3, hyperons, the structure of which is quite analogous to that
of the A hyperon, and drop the terids in the polarization
operator.

where the thin wavy line is the Green’s function of a free The main contributiorll, is depicted by the loop dia-
kaon. The thick wavy line is the full kaon propagator in gram

M~:W\¢+W\-HK—“~, (1)

A

dp = S 4 s A
T, :-©-= —1Crna /(_27r—p)4'CKNATr{k75GA(p+k)k/YSGNQ?)} ; 2

p

where R=yﬂk”, ys and y, are the Dirac matrices, corresponds to the fuKNA vertexCyn,a » Which takes into
and G, (p)=(p+ m*)G,(p)=(p+ mj;){[pz—m’;eriO]*l account baryon-baryon correlations. It is depicted by the fol-

+2in,(p) 8(p?—mt?)} is the Green’s function of a given 10Wing diagrams:

baryon,a=p,A; m} is the in-medium mass of the baryan

taken according to Ref.3], and n, stands for the Fermi A A A
occupation factor of protons. The bare coupling constant is A
Ckna=—1/m_, with m, being the pion mass. Here and
below, evaluating integrals with the Green’s functions, we
drop the divergent medium-independent part, which is as- p

sumed to be contained in the physical values of particle P P p

masses and coupling constants. The fat blob in the diagram ©)

Cxna = = +
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The shaded square represents the short-rAngeoton inter-  nucleon interaction, i.emg=m,, being the mass of the
action, which can be written in the nonrelativistic Landau-meson. Utilizing the coupling coupling constant Kf NA
Migdal parametrization as interactions, taken from the lich model of hyperon-nucleon
interaction via the meson exchang@«na=1.74m_, we
A A estimatef, ~1.1. The calculations below will be done for
two values of this parametdf, =0 andf}=1.1.
= }\‘;)C = C?{NA [fA + f,'\ (5/\ a"p)] , _ The_ last term of t_he self-energ¥] e, inqludes the re- _
sidual interaction, which cannot be constrained from experi-
p p ments with on-shell kaons. Therefore, its value and structure
(4)  are rather ambiguous. In Refsl4,2] the residual off-shell
interaction is suggested to be reconstructed with the help of
o . : low-energy theorems. These constraints, following from the
are the_ Pauli spin matrlf:es of & particle and_ a proton, ¢\ rrent algebra and the partial conservation of axial-vector
respectively, and, andf) are the corresponding Landau- ¢rrent (PCAC) hypothesis, can be safely applied in our
Migdal parameters of tha -p interaction. This interaction is present consideration, since the neutrino-induced reaction
irreducible with respect to the hyperon—nucleon-hole interprobes directly the axial current correlator, for which the
mediate states. The formal solution of E8) with the inter-  Jow-energy theorems have actually been formulated. Follow-

whereCyy, is used as a dimensional parameteg,and o,

action(4) is given by ing Ref. [2], we cast the terml g as IT,.e=\ (M2 — w?
- ) o . +k?)plpy, with the parameteh =2d. As we have men-
Ckna= Y(FA) Crna=:[1—FACinaPApa(@,K) ] "Cxna tioned above, we takd=0.18. Without regard to the low-

(5)  energy theorems, one would pilt.=0.

: . o %2 Note that the particular details of the kaon-nucleon inter-
with . the loop integral ApA*(“”kl:__'SmN I/ ction nearby the mass shélvhich can be found elsewhere
(2m)"1GA(P+K)Cn(p). Here my=my is the effective 7 512) do not affect qualitatively the description of kaon
nucleon mass. We see that only the spin paranfetenters  pehavior at somewhat lower energies, which we are con-
expression(5). The empirical value of y is not known. It cerned with. The crucial point for us is that a kaon couples to
could be, in principle, extracted from the data on multi- A—particle-hole states and propagates, thereby, in a
strange hypernuclei. For our purpose in this paper we arequency-momentum region not accessible for vacuum ka-
content with a rough estimation of this parameter. Followingons. This coupling enforcdé™ and A degrees of freedom to
Ref.[13], we suggest that the hyperon-nucleon interaction ise treated consistently. We are rather going to discuss ex-
determined mainly by kaon arid* exchanges corrected by perimental consequences of a kaon modification, using the
the short-range baryon-baryon correlations: above formulated kaon self-energy for illustration and the
) ) ) short-rangeA p interaction(4).

, 1 mg 2 CK* NA mg
W=3mrm 32, metmd ©) ll. K~ SPECTRAL DENSITY

Heremys denotes the mass of the heavy strange vector me- The spectral density of kaon excitations is defined as
son andmj is related to the inverse core radius of nucleon-Ag-(w,k)=—21Im DE,(w,k), where Dﬁf is the retarded
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FIG. 1. Spectral density dk~ excitations in isospin-symmetrical nuclear mattempatp, (left pane} and the occupation factors of
in-medium kaongright pane). In the left panel, the upper curve shows the position of the quasiparticle kaon branch. The dashed curves
border the region of the particle-hole excitatiofzero spectral density Thin lines between them depict the levels of spectral densities
ascending with fixed step>310’3m;2. In the right panel, the lin€' corresponds to the upper kaon branch. The Tineis related to the
integral over the region of thA—proton-hole continuum between dashed lines in the left panel.
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Green’s function of th&K™ meson. The left panel in Fig. 1 does not cross this border for momemita k., where the
shows the contour plot oAy-(w,k) calculated forp=p,  critical momentunk,=my(1—d-+\)/a~2570 MeV (for A
and x=1/2. The upper solid line corresponds to the quasi-=2d, which corresponds to the more constrained descrip-
particle kaon branch. In the framework of our simplified tion) and k.~1570 MeV (for A=0, i.e., when one ignores
treatment of thes-waveK ™ N interaction, the spectral density constraints of the low-energy theorems
is a &function, Ay (w,K)=27[T« (K)/2wk-(k)]8(w Below the kaon branch in Fig. 1 are shown the contour
—wy-(K)), for frequencies w nearby wy-(k), where lines of the kaon spectral density in the-proton-hole con-
wk-(K) is the solution of the dispersion equation tinuum. The latter is bordered by the dashed lines. Within the
Re[DEil(w,k)]‘lzo, which determines the kaon branch of continuum the imagihnarr]y part of the cIj(f;\on prorp])agator is non-
zero, ImIl,#0, which corresponds to the processes

the spectrum. The factor K —A+p ! (p~! means the proton holeThe relative

T (K)=2wy - (K)[IReDR (wy-(K) k) dw] * strength of this region in the spectral density is characterized

k-(K) wk-(K)[ K (wg-(K),K)/ o] by the quantity

measures how strongly the kaon branch is populated by the v
in-r.nediumK'* mesons: cf. Ref[2]. It indicates the relative TA(k):ijA(k)—waAK-(w,k), 7
weight of this branch in the full spectral density. The dot- pa(K) 2m
dashed line in the left panel in Fig. 1 is the upper border of
the regionw<k, where the processes under considerationwherew,, (k) is the upper+) and lower(—) borders of the
may occur. We see that the upper quasiparticle kaon branchp~?! continuum:

. (g —mi2+ K2, K< Ppe(m — i)/,

k =
@pa(K) Vi (Kt pp )= M4 p2 o, k> Ppe(mi —mi)/my,

wpp(K) =M+ (k—pp )2 = VM +po e

Pp.r Stands for the Fermi momentum of the protons. Thelies above the pion branch, whereas thandA branches of
values of the occupation factoy-(k) and T',(k) are the K™ spectrum lie below the kaon branch. The difference

in the description of the-wave interactions in the pion and

shown in the right panel of Fig. 1. We observe that the mairL N e mainlv due to the distinct val £ th
weight is carried by the kaon branch, whereas the lowe aon cases arises mainly due lo the aistinct vaiues ot the
corresponding®, terms. The pion-nucleo term is much

71 . . —
Ap- = continuum is populated bit~ only on a percentage smaller than the kaon-nucleon one. Because of this, pion

level. . N . condensation may occur at a sufficiently high dengity
Note that in the quasiparticle limit 1dd—0, our kaon —o. d . . ) has b

spectrum has only one kaon branch and the dispersion equa- po due o attractive-wave Interactions, as has been sug-

tion REDR (wk)1-1=0 h | lution. Onlv | 8ested by Migdal, Sawyer, and Scalapino: cf. R&6]. On

ion REDy—(wK)] =0 has no low-energy solution. Only in tha contrary, kaon condensation may occur as due to the

the resonance approximation for the real part of the particleg yave attractior[1] as well as due to the-wave one[2]

hole loop does such a solution exist: [&]. In this case one  (the |atter possibility is analogous to that in the pion gase

could approximately treat the low-energy region as a quasiThe choice between these possibilities depends on the inter-

particle branch. Additionally, an account of the c:ompllcatedpkle between strengths of not-well-knownand p-wave in-

threshold dynamics it~ N scattering, leading to the broad teractions in dense nuclear matter.

dynamical resonanca* (1405), induces the finite width of  The neutrino reactions discussed in this paper might give

the upper kaon branch. Hence, in reality, we will discuss thexira important information on strange particle interactions

experimental manifestation of the regions on the frequencym nyclear matter. It could yield additional constraints on the
momentum plane with nonvanishing the spectral functiong —_A -nucleon interaction.

rather than the manifestation of quasiparticle branches. For
brevity's sake we continue to speak about the “branches,”
bearing in mind the regions of particle-hole continua popu- IV. WEAK INTERACTION IN A MEDIUM

lated by mesonic excitations. ) )
The description of the kaon-nucleon interaction formu- 1he kaon decay processes in vacuum are determined by

lated above(cf. Ref.[2]) is quite analogous to that well the currentli=iv2f,k*, wheref, ~113 MeV stands for the
known from pion-nucleon physics; dfL5]. Except for a spin kaon decay constant. In the nuclear medium this current is
and an isospin, hyperons play the same role in kaon physigwodified due to strong interaction#f;=iv2f,I'*(k), where
asA isobars do in pion physics. The crucial difference, how-the vertex functiod” (k) is mainly determined by the follow-
ever, is that the correspondidgbranch in the pion spectrum ing diagrams:
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' p A , Taking into account thatR,-k)=1II, [cf. Eqg. (2)], we ob-
| 4 y Y 4 tain
A AU > A ®

Al 0
A=K+ 1— —| - B,

k2] K2
Here the small diamond symbolizes the bare coupling of
kaonic and leptonic currents, the small box represents the
matrix element of the weak hadronic current betwéeand A(w,K)=Ad wP(w,K)—IT 5 (w,K)],

proton-hole statesV4= — y*(g5+g3ys), the vector cou-
pling constant ii‘g\s,: \/§ and the axial coupling constant is

g,SﬁO.GZ\/g. The Ap interaction in the intermediate states
given by Eq.(4) is absorbed into the dressed vertex<di A
interactions depicted by the fat circle. The dashed lines symwyhere 6% is the Kronecker symbol and Ag

B(w,k)=— wA(w,k) +k*AsPS(w,k), (10)

bolize an attached leptonic weak current. From EB).we =03/ (V2Cnafk) is the discrepancy of the Goldberger-
get Treiman relation, which is about 67%.
gi We will also consider reactions with the leptonic current

VIfi D= 2f kt = C PAs directly attached to the nucleon-hyperon weak current. In
this case we have to take into account the modification of the
e ~ p A o latter due to the short-range correlation of nucleons and hy-
PA_'CKNACKNAJ (27)4Tr{kY5GA(p+k)7 ¥sGn(P)} perons. We determine the in-mediuknp weak currentiv

9 by the following diagram equation:

KNA

d4

A A A A
_ 7 P4 4
Wk = = +
W W W (11)
AN N p N
p p p

This currentVV’S‘ is irreducible with respect to one-kaon exchange. The solution of( Eky.with the interaction(4) reads
W= — " yo(fA)ay+ vA(f1)92¥s], where the functiony, is given by Eq.(5).

Provided with both weak interactior{8) and (11) and with the kaon propagator in the medium, we are able to consider
neutrino-induced reactions with associafed —1 strangeness production.

V. ANTINEUTRINO SCATTERING WITH STRANGENESS PRODUCTION

The negative strangeness in a nucleus can be produced by neutrino via the following reaétjottee neutrino decay
7—I1"+K™ and(ii) the A production on a nucleon,+ p—|*+ A. Other processes with more particles in the initial and final
states give smaller contributions since their phase-space volume is suppressed. As in a vacuum, one may depict the processe
(i) and(ii) by the following diagrams:

Taking into account in-medium effects, however, one uses the thick wavy line for the in-mé&diumeson and the fat
vertices to indicate in-medium renormalization given by EGs. (8), and(11).
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Proceeding naively, one would sum up these diagrams accordingly to the standard technique for vacuum diagrams. Then
diagrams with the same initial and final states would be summed coherently, whereas for diagrams with different initial and
final states, the squared matrix elements would be summed up. Thereby, one would calculate the amplitude of strangeness
production as the sum of the squared matrix elements of readiipand (ii), summing two contributions iKii) coherently.

We will show that this approach will immediately lead to double counting. To illustrate that we consider, e.g., the squared
matrix elements of reactior(§) and(iib) summed over phase volumes of all particles except leptons. According to the optical
theorem, the latter ones can be expressed through the imaginary parts of the following diagrams:

’ l+ 2 l+ l7l
7’ Ve
S MEPE=Y ] <-0"\'¢\- =2Im \M, , 12
() K-y | 7 K- A 0}
vy it
_ I+ _
7 It Y
. -t @ =- 2 \ A /
{Z MEPPE= 3 z =2Im W’ , (3
7A s
p, A} {p, A} P A i /l P ‘
1% l+

Comparing Egs(12) and(13), we observe that Eq13) contains the kaonic self-energy part, which has been already included
implicitly in the fat kaon line according to Eq$l) and (2). This additional self-energy insertion breaks the perturbation
scheme. To illustrate it we write the following two series:

. Ly | A
Z ’M(II()_P:QIHI &\A.¥—|- W\O\f\! -+ W +...], (14)
) by v oA v
A v A Y
> MV =21Im rnom« Pt (15)
{p, A} Y

Ellipses symbolize all remaining diagrams, including vertexsummation of the squared matrix element over the lepton
corrections. The doubled contributions are seen already ispin and averaging over the neutrino spin, we obtain

the first diagrams of the perturbation expansion and remain

in all orders. This repetition of the perturbative graphs,

surely, is not to be the case in the proper perturbation Vy-(E,, o, K== E | M-|?

scheme. Below, we shall explicitly show how these doubled 2 Spin

contributions appear in the calculation of the rate of pro- 1

cessedi) and (ii). =§G2f§ sir? 0T ()T TA(K). X 1,1}
spin

Let us consider, first, the reactidn, proposed by Sawyer
to test the kaon spectrum in a medium. Utilizing the modified
kaon weak current, we present the matrix element of thédereE, denotes the energy of the antineutrino The sum-

processy,—K ™ +1" as mation over spins gives
My-=iGTsindc[T'(k)-I].
«-=iGfysin6c[T'(K)-1] LB e
spin

HereG~10"5/mZ stands for the Fermi constant of the weak — 8[prpP+ pPpl—gB(p p,) —i8E 70 1
interaction, 6c=13° denotes the Cabbibo angle, ahg PPy TR, =GP Py e TR Pyl
=u,v,(1—vys)u, is the leptonic current. Carrying out a (16
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FIG. 2. Differential cross sectiofper particle as a function of the lepton energy for positrdeft pane) and positive muorright pane)
production in reaction,—|*+K~ by antineutrinos scattering on a nucleus with beam energy 1 GeV. Solid lines are calculated for three
values of the scattering anghe between an antineutrino and a lepton, labeled by the values 0bs6g,. Dashed lines show the cross section

integrated over the lepton angte.

where £*#7? is the standard Levi-Civitpseudotensor, and e* (left pane) andu™ (right panel production by a neutrino
we find with energyE,=1 GeV. We observe that the cross sections
. . are strongly peaked as a function of lepton energy for small
Vi-(E,,,k)=—4G?f2 sir? [ m*F1(w,K) lepton scattering angleg>0.95. At larger angles 0s8x,
. <0.95, the cross sections decrease rapidly by a factor of 5
—2F3(w,KE,)], (17)  fore* and 3 foru™, and are shifted to smaller lepton ener-
) gies. At angles corresponding 1¢<0.8, the positron pro-
wherem, is the lepton mass and duction cross section gecreasetsqfurther andpbecomez almost
2 2 negligible, whereas for positive muons the cross section de-
wA+B creases moderately. As a result of this, the angular-integrated
’ cross section of muons is larger than that of positrons, espe-
cially at smaller lepton energies. Having integrated over the
1 )2 1 *2} lepton energy, we obtain, for the total cross sections of the
i

K21

Fl(w,|2)={ w—

e"(u*) production,

|BI?
Fao(w,KE)=
k4
A lo(ve—K +e")=1x10"% cn?,
The differential production rate renders, then,

) JEm?

A" to(v,—»K +ut)~4x10 %2 cni.

dEdxdt - 167°E, We note that thex™ production cross section is larger than
A o that for positrons by a factor ¢f4, only. This is in contrast
X[=2ImDy (k) ]Vk-(E,, 0 ,K). to expectations based upon the vacuum branching rations of

(18) a kaon decay, I'(K"—e +v)/'(K —u +v,)~2.5
X 107°. For the bare weak interaction, the squared matrix
Herew,=E,—E, is the kaon frequency for the process with eIement of the reaction;—K™+I" would be |M|?
a given lepton in the final states=e" u* E cm [mI —(k-K)1/2, which explains the strong enhancement
B \/ PP . . of muon processes in a vacuum compared Wlth the po.5|tron
= VE,+Ef—m{—2xE,VE[—m{ is the corresponding ones. In a medium the weak kaon current is dramatically
kaon momentumy, =cosé, and 4, is the angle between an modified due to the mixture of kaons with theparticle—
incoming antineutrino and an outgoing lepton. Consideringproton-hole states carrying the same quantum numbers; see
the nucleus with a nucleon numb&rto be a uniform sphere the second diagram in E(B). As a result, the squared matrix
of the radiusR=r,AY® (wherer,=1.2fm), we write the element of the reactiofl7) does not possess a strong depen-
differential cross section of the positive lepton production aslence on the lepton mass. Therefore, in a medium the
_ _ squared matrix elements for positrons and muons turn out to
dof’ Coryd dn” g  be of the same order of magnitude.
dEdx, TrrOAdEldxldt' (19 Please notice that the process considered here, following
the arguments of Sawyer, probes the kaon spectral density in
In Fig. 2 we show the differential cross sections pasf the  the whole frequency-momentum region rather than nearby
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the kaon branch as it was considered in R&f. Indeed, the According to the diagramgi) above, the matrix element
K™ spectral density in Eq18) can be split as follows: of the reactiony,+ p—A+1" can be written as
—21mDg - (w,k)=2 ImII,(w,k)|Dg-(w,k)|? M= M) 4 Aq(i0)

+28Im k- (w,k)|Dy-(w,k)|2.

1 ~ ~ -
(20) :5G Sin 0CIMUA(Wg+‘/ijCKNAFMk’)/SDK’)up'
The first term in the decompositig20) corresponds to low-
energy kaonic states in thé\—proton-hole continuum,
whereas the second one is related to the contribution of other. 1
kaon dissipation processes. In our approximation for the = > |MA|2= E | M2 4 Z 2 R M) A1y
swave KN interaction, the residual part of the spectral den- < spin
sity is & function-like:

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

+= E | MY, (22)

spln
28Im T (w,k)|DR-(,k)|?
2 12 2 + with
=2m78(w”—Kk*—mg—Rellx-(w,k))0(w— pr(k)),

@Y %E IMX“"I ;stmz Oc T{WE(PA+m})
whered(- - ) is the Heaviside’s step function. In R¢&] only sein
the second term in Eq20) was considered, in which thé X WL (Py+ M) L
function was smoothed by a constant width. In our case this
term starts to contribute only when the kaon momentum ex-

ceeds the critical valuke, , which is the solution of the equa- 1 2 ) RE{M(”” M“"a}

tion mZ + Rell-(w=k.,|k|=k)=0. For our polarization op- 2 &n
erator, constrained by the low-energy theorems, the value
k.=2570MeV is substantially larger than th#&t-1600
MeV) obtained in Ref[8]. (We recover the latter value put-
ting A\=0.) Therefore, it seems that the region of the kaon Lo *\ RV A *
spectral density considered in RdB] is unlikely to be XTrkys(Pa+my)Ws(Pptm}L,,, (29
probed by antineutrinos with energies less than the threshold
value E™=2570 MeV. (i) . ,

On the other hand, we have seen that the first term in tth | M |2= Vi~ (E, 0.k)[Cn] |DK |
kaon spectral density contributes at much smaller neutrino
energies. However, in this case we deal with the kaonic ex- PPN N *
citation which, being produced, decays into theparticle X Trikys(PatmOKys(Pptmu)l. - (29
and the proton hole: i.e., this process occurs exactly in the
same neutrino energy region, where the proagssp— A Herep, andp, are momenta of thé particle and the pro-
+1" does. This invites us to investigate the probability of theton, respecnvely Utilizing kinematics of the reaction, the
latter in more detail. first term in EQ.(22) is rendered as

(23

uvo

=G?sir? Ocf2 RECLy, DT T

=

5 2 M P=VA(Py P00 K)

=G2sir? Oc(4[ (k- k) — AT (k- k) —mZIL(g5)2 ya(Fa) 12— grgy RE ya (o) YA (FO T+ (g3 va(FL)]?]
+16(g9) 2 7 (F ) 12+ (9D va(FDIPH{2(pp- p.) 2+ (P PIL(K-K)—A—m?]}

— 16939V Re ya(fA) vA(FO1(Pp- P.) (k- K) +8L(G9)* v (F )12 (gR)% va(F D) [PIMymALm? = (k-K) D),

(26)
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where &-K)=w?—k? (p,-p,)=E,E,—Ppp,, and A oS T T
=m%?—m¥2. In Egs.(24) and(25), we recognize the traces
appearing in Eqs(9) and (2), which allow us to calculate
them with ease.

After integrating over the phase-space volume, we obtain
the differential rate of the reaction+p—A+1" as

04} x=1 N !
+
)

03 x=.95

dWI(ii) dW'(iia) dW'(iiab) dWI(iib)
dEdxdi dEdxdi ~ dEdxdt " dEdxdt’ 27

02

Three terms here are the contributions from diagi@an),
interference term between diagraffig) and (iib), and dia-
gram(iib), respectively. The first term yields

0.1

A’do/dE dx [10™° cm/MeV]

0.0 L +
. 100 200 300 400 500 600 700 800 900
awi@ ‘/Ef—mfm _ f d*p c E, [MeV]
dEdxdt~ 1672E, M D | GmaCnP)

FIG. 3. Differential cross sectiofper particle of positrons pro-
duced in reaction,+p—e” + A by antineutrinos of beam energy
) (28) 1 GeV. Thin solid lines correspond to calculations with in-medium
vertex renormalization. Thin dashed lines show the result without

_ — ) inclusion of short-range\N correlations. Thick solid and dashed
where the frequency, and the momenturk, are defined as . : , i
lines depict the cross sections integrated over the lepton ahgle

in Eq. (18). In the §gcond term we us_xleslm Pa=—ImT* with and without account for vertex renormalization.
and separate explicitly the real and imaginary parts of the
kaon propagator. Then the second term reads

XGA(p+K)VA((p,-p), o) k)

muon reactions is very small; therefore, in Fig. 3 we show

gy iab) R t_he result for positron produ_ction qnly. The solid and dashed
L L 12 ReDR_(w; k)VI(E, @ k) lines are related to calculations without and with an account

dEdxdt  167°E, KT e T of the in-medium renormalization of the weak interaction in

procesdiia), i.e., in the first term in Eq31). To be specific,

in our calculation we puf,,=f} . In Fig. 3 we see that the

—21Im Dsf(al !E()VE(Z)(EV!E !E)}’ (29)

where short-rangeAN correlations[factors y, in Eq. (26)] sup-
press the cross section of the reactiaa) and change the
VO(E,, 0,k)=2G2?sir? 6F2(ReT* ImTT7L ), shape of the lepton spectrum.
K (Ep k) cfil wr) The contribution from the interference terms between pro-
(2) C0r2ai 2 P ty cessegiia) and (iib) is found to be very small and is not
Vi, k) =2G i fcfi(ImT#ImTTL ). distinguishable on the scale of Fig. 3.
The last term in Eq(27) is rendered as In Fig. 3 we observe that the positron production cross
section decreases monotonically with increasing positron
dw(ib) EZ_ m2 o o scattering angle. The angular-integrated cross section re-
L > ! [—2ImII, (o ,k|)|DE,(5| k)2 mains almost constant in a wide interval of the positron en-
dEdxdt 167°E, ergy. The total cross section of th& production on a
XVi-(E,,,K). (30) Nucleusis
Comparing this expression with Eqd.8) and (20), we ob- A lo(vetp—oe" +A)~A"to(v,+pout+A)
serve that exactly the same term has been already taken into _
: : , ~2x107%° cn?
account in Eq(18) with the first term of the kaon spectral '

density (20). This demonstrates the mentioned problem of ) )
double counting, which appears if one blindly includes me-The account for correlations results in a decrease of the total

dium effects in Feynman diagrams. cross section of-10%. . .
The differential cross section of thé production in the As we can see, reactlon|+p—>l++A gives the main
reactiony;+p—A+1" can be calculated using E€L9): contribution to the strangeness production by antineutrino on
a nucleus. Besides, this process occurs in the same kine-
do|" . dw(@ dwy|iiaD matic region as thel reactioﬁ.—>ll++K*. Therefore, one
dEdx 27 A dE|dx|dt+ dEdxdt|” (31 needs a more peculiar analysis in order to separate the con-

tributions of theK™ channel.

Here we dropped the terif80) included in our analysis of
processi).

Figure 3 shows the results for the antineutrino energy of 1 1The cross sections in Fig. 2 and those of R&f.are of the same
GeV. We find that the difference between the positron andrder of magnitude despite the different energies used.
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In principle, one can suggest to observe direétly me-  where we write explicitly the phase-space volume of initial
sons produced by an antineutrino on a nucleus. However, th@,) and final (") states. The overbar denotes statistical
kaons produced in reactidi) are too far off mass shell to averaging. The summation goes over complete sets of all
lap from an in-medium state to a vacuum one. They have t@ossible intermediate stat¢X} constrained by the energy-
gather energy in the sequence of the proceeding rescatterimjomentum conservation law.
processes. Additionally, free kaons can be produced in the Making use of the smallness of the Fermi weak-
two-step processes with A decay, e.g.,v;+p—I"+A interaction constan®, we can take into account processes in
—|"+p+K~. This is a surface reaction, since tdé has first order inG. Then we expand the evolution opera®as
rather short mean free path in nuclear matter. Thereby, the

yield of this reaction is suppressed. The similar process with [t

a direct pion production has been considered in REf]. S=1-i| TiVw(Xo)SnucelXo)}dXo, (33

VI. OPTICAL THEOREM FORMALISM FOR NEUTRINO where V,y is the Hamiltonian of the weak interactiol,
SCATTERING =f(G/1/2)IM(W§+J’KL)d3x, taken in the interaction repre-

The example, considered above, demonstrates clearly thaentation, ancb,, is the part of theS matrix corresponding
a naive account of in-medium effects could lead to doubldo the nuclear interaction. NotatioK...} stands for the op-
counting. In the particular simplified case, it was rather easgrator of chronological ordering. After substitution of t8e
to resolve the problem. In the general case, with account foiatrix (33) into Eq. (32) and averaging over the arbitrary
more in-medium degrees of freedom coupled to the neutrinoronequilibrium state of a nuclear system, there appear chro-
lepton weak current, the double-counting problem becomegologically, antichronologically ordered exact Green'’s func-
very serious. Therefore, one needs an approach which eithéens, denoted a6~ and G" ", respectively, and disor-
does not lead to such a problem or allows easily to resolve itdered Green’s functiond*~ andG ™ * [18]. The latter ones
In Refs.[10,17 it was shown that the formalism of the op- are related to Wigner’s densities.
tical theorem formulated in terms of nonequilibrium Green’s  In graphical form the general expression for the probabil-
functions allows one to avoid the double-counting problemity of positive lepton production by an antineutrino is deter-
Here we consider diagrams with external legs correspondingiined by the diagram
only to the initial and final lepton asymptotic states. All other

initial and final states, the phase volumes of which are usu- It 7y
ally integrated out in calculations of a cross section, are de- \ - ‘
picted by internal lines. The resulting cross section is given : 2% i

by the imaginary part of the sum of all diagrams. In such a _; % S \ ’
closed diagram, the “virtuality” of internal lines, i.e., a non- / = ’

trivial spectral density, is consistently incorporated. Con- U I+

structing the closed diagram, the double inclusion of the self-
energy parts can be avoided.

Applying this approach to antineutrino-nucleus scatteringwhich represents the sum of all closed diagrams containing
we can express the transition probability between the initiakt |east one(+—) line. The contributions of specific pro-
state with an antineutrine; and the final state with a posi- cesses contained in a closed diagram can be made visible by
tive leptonl * in terms of an evolution operat&as follows: cutting the diagram over theé+—) and (—+) lines, corre-

sponding to exacG "~ andG~* Green'’s functions.
— = The various contributions fro can be classified ac-
dt  (2m)%4E,E, % (mISTI 30+ XISm), cording to global characteristics,r{:(jch as strangeness, parity,
(32 etc. Then, we can write, e.g.,

W2 dp?

v—l T

d l?iﬂJr _ d VETS T d Vi=|jr|-
dt  dt dt
It , Dy s , 17}
- T——— - - PP .
(27)34 E, E, ) \ ) \
7y it I+

The first term represents all processes with the total strangeness 0 in the intermediate states. The second term contains the
processes with the total strangenesk Ellipses symbolize all other processes. In R&d] it was shown that each blob in Eq.
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(34) can be considered as a propagation of some quanta of the in-medium interaction with certain quantum numbers. We
illustrate it with the example of strangeness production, considered explicitly in the previous section.

A. Strange channel

Restricting our consideration to processis) and (iib), we decompose the second blob in E84) as

I+ gt oot 7

= }»oo}}?".\i + +: :— (35

_ _ 7 _/
g It b o I+

Ellipses symbolize other, more complicated, processes with the larger number-9fand (—+) lines in the intermediate

states, which within the Feynman diagram formalism would be depicted by diagrams with the larger number of particles in
initial and final states. The contributions of such processes are suppressed due to the smaller phase-space volume. For this
reason, we drop them.

The decomposition(35) is done according to the following principles: We separate two channels with strangeness
exchange via a kaofthe first diagram and aA—proton-hole statéthe second diagramThe kaon exchange in the first
diagram has to be irreducible with respect to theproton-hole states. Therefore, the dotted line symbolizes an in-medium
kaon dressed by thewave and residual parts of the kaon polarization operator only. In diagrams it can be shown as follows:

8600000 == A + AN HS 00000 |+ AN Hres 00000

(36)

The shaded vertex in the second diagram in(B8). is irreducible with respect to the- —) and(—+) kaon lines and thé+—)
and(—+) A—proton-hole lines. This means it contains only the lines of a given sigty-at)) or (++). Thereupon, we drop
this sign notation for the sake of brevity. Separating explicitly Mxparticle—proton-hole states, we have

A I+
o X
, = ’ + )
y Y /
/ pl / Dl 7

l+

where
It It I+
N\ A Y
v \ >
p = »oooo —+ , . (38)
A b4
/ / /
17 7] by

The shaded block in Eq37) is the full A p interaction amplitude in cold nuclear matter, which is obtained via dressing a bare
Ap interaction byA-particle—proton-hole loops
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WO

where the bare\—proton-hole interaction is presented as

The dotted line is determined by E@6), and the shaded +N—I*+A(1232) channel, no correlations were considered.
box represents the short-range-proton-hole interaction, We expect that a more consistent account for correlations
given in Eq.(4). will lead to somewhat larger suppression. Indeed, a rough

Calculation of diagramg¢35) according to standard dia- estimation beyond RPA gives for the reactioptp—1™*
grammatic rules results in the sum of Eqs9) and (31).  +n the correlation factor, e.g., in the axial current vertex
Thus making use of the optical theorem allows one to natu'yN(g’)z1/[1+g’2m’,§pp(po)/772] for small transverse fre-

rally avoid the double-counting problem. quencies and transverse momentag(po). Herepe(po) is
the Fermi momentum of a nucleon at the normal nuclear
density. Evaluating this expression with the spin-isospin
Landau-Migdal parameter of the short-rarigd interaction
There are other processes with the positron or positivgy’~0.7m_2, we find a suppression factor for the reaction
muon production in neutrino nucleus scattering, supplerate of about ¥4(g')=0.1-0.3. For the reaction;+N
mented by the production of nonstrange particles. These give, |+ 1 A(1232), effects due to thiN andNA correlations
the background to the above-considered processes. Thige |ess important, and we expected the resulting suppression
background could be in principle subtracted by simultaneougsctor to be in the range 0.5-0.7.
registration of strange particles in the final state. However, To compare the rates of strange and nonstrange channels
even without this experimentally complicated approach, ongt antineutrino nucleus scattering, we take the results from
can hope to _detect contributions of processes with strangezef, [20], the thin dashed curve in Fig. 3, which is close to
ness production. _ our calculation including a similar baryon mass reduction
Let us consider the nonstrange processes in more detajiye to mean field interactions. With the suppression factors
Some of them are easily distinguishable from those withahove, we estimate that the strange and nonstrange channels
strangeness production having different kinematics. Howgjive contributions of the same order to the angular-integrated
ever, the process|—|"+m~ considered in Ref[19] an+d cross section. The cross sections taken at the fixetl scat-

the related processesj+p—I"+n and +N—l tering angle correspond to the different kinematics and could
+A(1232), considered in Ref$20,21], occur in the same pe distinguished thereby.

energy-momentum region. Their probability is rather large.

B. Nonstrange channel

Within the optical theorgm _formalism, the;e processes can VII. CONCLUSION
be interpreted as an excitation of in-medium particle-hole
and A-hole quanta of interactions. As well knownof. Ref. We calculated the differential cross section for the

[15]), these quanta are strongly mixed with each other anéntineutrino-induced production of positive leptons on a
with pionic excitations. Thus, in a medium, these processesucleus associated with production of strangergss- 1.
should be considered within the optical theorem formalism The most important contribution is found to be given by
to prevent possible double counting. Calculating the rates afhe reactiorv+p— A +17". In calculations we include renor-
the nonstrange processes above one has to take into acconmalization of weak interactions in nuclear matter due to the
the weak-interaction renormalization due to the short-rangshort-range\ p correlations taken within Landau-Migdal pa-
NN andNA correlations. rametrization. The in-medium effects alter essentially the
In Refs.[20,2]] the effects mentioned were partially in- differential cross section at smaltl * scattering angles both
cluded in theéy, + p—1*+n channel in the framework of the in the absolute value and in the shape. The total cross section
random phase approximatigRPA). The net effect from the changes, thereby, ir10%.
correlations is a suppression by the facted.5. In they, We also considered a contribution from the in-medium
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kaon production proce3g—|* +K . For that we evaluated magnitude. However, they are related to the distinct kine-

the K~ spectral density in nuclear matter and included thematic regions at fixed neutrino-lepton scattering angle. They

weak-coupling vertex renormalization. The latter increaseslso can be distinguished with the help of a simultaneous

the rate of positron production in this channel by a factor ofidentification of strange particles in the final state.

~10> compared to that estimated with the free weak cou- The formalism developed can be utilized in investigations

pling. In spite of that the contribution of the reaction channelof other weak processes —K ™ +v,, € +n—3"+v,,

v—|"+K" to the full S= —1 strange particle rate is10°  andn+n— A +n, important for neutron star physics, giving

times smaller than that of the reactiopt- p—1*+A. Thus  rise to hyperonizatioi3d] and K~ condensatiori1,2]. The

only a peculiar experimental analysis could allow one to distorresponding neutrino radiation can result in some observ-

criminate the contribution from this in-mediuki™ channel.  aple consequences, as a jump in neutrino radiation and re-
We demonstrated explicitly that the rate of both reactionsheating. The rates of these processes are sensitive to in-

»—I"+K” andy+p—I"+A is not given by the direct medium renormalization of weak-interaction vertices,

sum of the squared matrix elements of the corresponding-nucleon correlation effects, and the spectral density as

Feynman diagrams. Otherwise, some processes would Rge||.

counted twice. We show that this double-counting problem is

easily avoided in the framework of the optical theorem for-

malism [10,11]. The closed diagram method, we demon- ACKNOWLEDGMENTS
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