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Detection of atmospheric neutrinos and relativistic nuclear structure effects
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Neutrino-nucleus cross sections for the detection of atmospheric neutrinos are calculated in relativistic
impulse and random phase approximations. Pion production is estimated via indubile nuclear excita-
tions. The number of pion events can confuse the identification of the neutrino flavor. As a further source of
pions we calculate coherent pion productiarhere the nucleus remains in the ground gtate examine how
these nuclear structure effects influence atmospheric neutrino experiments and study possible improvements in
the present detector simulatioi§0556-28136)05306-X

PACS numbgs): 13.15:+g, 21.60.Jz, 25.30.Pt, 95.85.Ry

[. INTRODUCTION an outgoing lepton which is detected through itsréhkov
radiation. Electrons and muons are distinguished by the char-
Aside from the puzzling solar neutrino data there existacteristics of their tracks. Electrons produce a showering
extensive measurements of atmospheric neutrinos, which aféuzzy” track, whereas muons are identified by their non-
produced in cosmic ray interactions with the earth’s atmo-showering track.

sphere. Cosmic rays, mostly protons @rparticles, hitting Pions constitute a major background in this way of deter-

the atmosphere produce pions, which undergo the followingnining the neutrino flavors. In the experimental analysis,

decays: two- and more-ring events, which signal the production of
. . . .. . several charged particles, are rejected. However, a charged
Toop (), wT e Fe(ve) (). pion can be confused with a muon event if the lepton energy

is below the @renkov radiation threshold, and a neutral

pion, with one decay photon missing, can be counted as an

electron event. Therefore, a reasonable determination of the
(1) flavor ratio can only be achieved when the pion events are
Vet Ve properly taken into account.

One major source of pions is the decay & @roduced in

to be about 2. However, two existing experiments, IMB  the neutrino scattering. The delta can subsequently decay
and Kamiokandé¢?2], consistently measured a ratio of aboutinto a pion and a nucleon. An estimate of the number of pion
1 by studying charged-current neutrino-nucleus reactiongvents is only possible when the delta-halelf) response is
[(ve, €) and (v, n)]in large underground water detectors. properly calculated. Indeed, Monte Carlo simulation of the
This could mean either there is a depletion of muon-typeKamiokande experimert5] estimated the number of pion
neutrinos or an enhancement of electron-type neutrinoevents based on a rather complicated nonrelativistic model
While the separate, andv, neutrino fluxes differ in various [6]. However, atmospheric neutrinos have a broad energy
calculations, their ratio, however, seems to be largely modedpectrum ranging from a few hundred MeV to several GeV.
independeni3], and the theoretical results are in clear con-It is therefore crucial to have a relativistic formalism that
tradiction with the data. This discrepancy is known as theallows the calculation of the cross section for arbitrary kine-
“*atmospheric neutrino anomaly.” matics.

One explanation of this result could be the existence of As another source of pions, we consider coherent pion
neutrino oscillations of the muon neutrino into some otherproduction and its role in the detection of atmospheric neu-
neutrino specie$4] which would reduce the, flux. How-  trinos. Coherent pions are produced in both charged- and
ever, before drawing this conclusion, one should also invesaeutral-current neutrino-nucleus interactions which leave the
tigate more conventional sources for uncertainties in thewucleus in its ground state. Traditionally, the coherefis
measured flux ratio, which originate from nuclear physicsare distinguished from the resonantly produced pions due to
and detector specifics. One crucial point is the experimentaheir strongly forward peaked angular distribution. However,
separation of electron and muon events. Most data are mea atmospheric neutrino experiments, due to a lack of direc-
sured using water detectors. In a charged-current weak intetional information of the incoming neutrinos, it is not pos-
action with a®0 nucleus, the incoming neutrino generatessible to distinguish the coheremt’ events from incoherent

From this, one expects the neutrino flavor ratio

v,+tv,
p= Kk

pions.
In the case of coherent charged pions the forward angle
*Electronic address: hung@phya.yonsei.ac.kr dominance of the cross section leads to a small opening
"Electronic address: schramm@tpri6e.gsi.de angle between two charged particles 6r e and charged
*Electronic address: charlie@proteus.iucf.indiana.edu pion) in the final state, and these two particles could be de-
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tected as one isolated electromagnetic shower. In contrast to In an approximation where the nucleus is in a mean-field
incoherent charged pions whoser€nkov tracks are usually ground state of the Walecka model, the nucleon propagator
identified as muon events, the special characteristics of cds(p) is given by[8]

herent pions could lead to an increase of identifigévents

and thus to underestimating theg, to v, ratio. . s .
This paper is organized as follows. In Sec. |l we present G*(p)=(p* +M*) P I—M*%ie
the formalism for neutrino-nucleus cross section including
particle-hole (p-h) and A-h nuclear excitations within the i R
framework of a relativistic mean field model of the nucleus. + 55(90 —E5)0(ke=[pD)|, ™

Section Il contains the formalism for coherent charged and

neutral pion production. The resulting cross sections and prognere the effective madd* and energE* are shifted from
. . . . p

d_uctlon(;atesl arlf _shgwn '\'; Sec. IV. We close with a discusg,ejr free-space value by the scal&) @nd timelike compo-

sion and outlook In Sec. V. nent (V) of the mean fields,

IIl. INCLUSIVE CROSS SECTION M*=M+S, E}f=\ptM*2, p*s=(p-V,p).

We outline the formalism for inclusive neutrino-nucleus ®

scattering cross section including pucleon particle-hole In the Fermi gas approximation of noninteracting particles,

andA-h (delta-holé nuclear excitations. We consider a NeU-\, 21dS are set to zero. Analytic expressions for the imagi-

trino with four-momentunk=(E, ,k) which scatters from a o )
nucleus viaW™* boson exchange producing a charged Ieptor{%ry part of the polarizatiofEq. (5)] can be found in Ref.

with four-momentumk’ = (E,,,k’). Using the impulse ap-
proximation, the double differential scattering cross sectior}a
from a target nucleus with mass numbris given by (we
assume a symmetrid=Z nucleusg

The impulse approximation can be improved by including
ndom phase approximatigRPA) effects. A RPA calcula-

tion uses the same expression for the cross section as in Eq.
(2) with the replacement

d%o AGZcogh JK'|
kordEkr B 32773PEV

Im[L,,IR"]. () %"= Tgpa=T1#"+ Allgpa- ©)

ATI£E, represents many-body correlations mediated by the
isovector particlesr and p incorporated with the Landau-
Migdal parameteg’.

The cross section involving-h excitations is calculated
similarly in the Hartree approximatid®] using theA-h po-
larization IT4"},. The weak interaction contains vector cur-
rent (v) and axial-vector curreni) contributions; therefore,
we splitIT{%, into

Herep=2kf:‘/’3nr2 is the baryon density with Fermi momen-
tumkg, 6. the Cabbibo angle (c68,=0.95), andGg is the
Fermi constant. The leptonic tensoy,, is defined as
L.,=8(k.k,+kk,—k-kK'g,,+i €apuk?K'P), (3
with the minus(plus) sign denoting neutringantineutring
scattering. I14" is the polarization tensor of the target
nucleus for the charged weak current. Here we consider p-h,

Iy, andA-h, 115, contributions to the polarization:

IR = (TI )7 + (T332 ) #7 + (T2 ) #7+ (TIE ) .
(10)
MV TT MV y7a%
"= Mpht K. @ Here @133)*” and (1%,)*” are interference terms of the
vector and axial-vector currents. These polarization tensors

In the impulse approximation, the p-h polarization takes aare written in terms of the spin-3/2 delta propagator and ap-

simple form propriate weak vertices as
- | e ) dp
P ) (2m)* ’ (X p) =i f WTr[FgM(—q,—p)Sﬁ“(p)
with the weak-interaction vertex given in terms of single- T .
nucleon form factors parametrized from on-shell data, Fala.pGp=a)]
+(4,——a,), (.,)=(av). (11

14

. q
T4(0?)=F1(q2) ¥ +iF o(0%) 0 5~ GA(G?) 15

The trace is taken for the Dirac matrices as well as the isos-
pin matrices. Fo5*"(t) we take the Rarita-Schwinger form

+Fo(9)a*y®  (9°=d5— 7). (6)  of the free spin-3/2 propagator with momentam
The form factorsF,, F,, Ga, andF, are given in the f+M, 1 2 tHtY
Appendix of Ref.[7]. The pseudoscalar form factér, is SH(t)=— M2 tie grr— §y“y”— vz
constructed from partially conserved axial-vector current aTle A
(PCACQ) arguments, and its contribution is suppressed by the Y

small lepton mass. (12

3M,
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The vector part of the nucleon-delta vertex has been studied
in the case of theyNA transition[10],

IV (a.p)=V2F(Q)T[(— 0¥, + 7, My 7s
+(d,P,—a-PYu) Vsl
=\2FAT*V,,,, (13

with the isospin raising or lowering operatdr [9]. The
vertex for the axiaNA transition is given by11-13

r
A _ NA + Yu?v
F,uv__ \/EGAT (g,uv_ 4 )1 (14)

with rys="f,na/fnn~2. The form factors2 andG, are
defined in the Appendix of Ref9].

ln. mean field approximation, the propagatlon .Oﬁ.als FIG. 1. Feynmam diagram for coherent pion production through
modified by background Scalar and vector fields similarly 8S\-h excitations. In the charged-current reactidn, is the four-
the. nucleon propagator. This can be understood_ f“?m a chir omentum of the muon or electron, agds the momentum of the
soliton model where the delta is a rotational excitation of they+ poson. In the neutral-current reactidd. is the momentum of
nucleon. That is, in the medium, the delta is expected t0 bge scattered neutrino amgthe momentum of the exchangé.
influenced by the same magnitude of the vector and scalar

potentials as the nucleon’s becauseand w are isoscalar. . . hell houah th ter in th
The calculation of the cross section proceeds in the sam@lon IS on shell even though the momentum transter in the

way as in the case of the freke. initial scattering is space like. The missing momentum is
To include the delta decay width in our calculation, we provided by the ".ECO'I of thg nu_cleus. -
average the nuclear response over the delta mass with a In a local density approximation, the finite-nucleus polar-

Breit-Wigner distribution[10]. The averaged cross section ization H,FN(q'q’;“’.) with _incoming gnd outgoing momenta
follows as g and q’, respectively, is approximated in terms of the

nuclear matter polarizatiol yw(9,q’; ®),
(e
A dBe ME(@.9'50) = VA a0 DTTy(a.'i0), (17
2 do 2 20,2
~ | v gqgE, (W (k) duf(u?, (19 . _

krH =k where F(|g—q’|) is the elastic form factor of the target

nucleus. We obtaiF(|q—q’|) by Fourier transforming the
2 Mal's nuclear ground state density obtained from a self-consistent

f(n%)= (M3 —u?)2+MiTS’ (16) relativistic mean field calculation for finite nuclgl4]. The
volume for a target nucleus with mass numBeis given by

integrating from threshold to infinity. However, the decay

width of a delta in the nuclear medium is not well deter- )

mined both theoretically and experimentally. Thél decay _ 3m°A

channel of the delta is partially blocked by Pauli blocking 2k,‘°§ '

but there is an additional spreading width. Thus, determining

the in-medium decay width is a nontrivial problem. Here, we

assume the in-medium width to be the same as the free width As shown in Fig. 1, the incoming neutrino interacts

I'y=115 MeV. More theoretical and experimental work hasweakly with the nucleus exciting an intermediateh state.

to be done regarding this question, however. The vertex of the weak interaction contains vector and axial-

vector parts while therNA vertex, on the other hand, in-

volves only the axial-vector part contracted with a pion four-

momentumq’. Since the coherent-pion production cross
Coherent pions are produced as decay products of virtuaection is dominated by pion momentg parallel to the

p-h or A-h excitations of a finite nucleus. More specifically, momentum transfeq, there is negligible contribution from

the momentum transfer from the incoming neutrino virtuallythe part of the polarization that mixes the axial-vector and

excites the nucleus through p-h Arh and the nucleus de- vector current. We ignore this small contribution throughout

cays back to its ground state by emitting a pion. Here wehis paper. Consequently, the cross section for coherent pion

derive the formalism for thé -h excitation as it dominates production is identical for neutrinos and antineutrinos.

the p-h excitations of the nucleus. The corresponding scat- The double differential cross section for coherent pion

tering diagram is shown in Fig. 1. Note that the coherentproduction is

IIl. COHERENT PION PRODUCTION
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d’c  [K'||lg’|GRV?
dE_dQ,  2567°E,

1
J’ dcosdy F2(cody) 3.0 — ' '
-1

X{L ool TT| 2+ 2L o RE TT R (Tjp) * ]
+|—11|Hh|v||2}v (19

where 6, is the angle betweeq andq’. Here we observed
that the integral in Eq(18) is dominated by small angles,
which implies that contributions from transverse components
of the polarization]12,, andII3,,, are suppressed. Energy
conservation requires the pion energy to be equal to the
energy transfer to the nuclegg. The pion three-momentum
g’ is obtained from the mass-shell condition

|q'|= Jog—mZ. (19
FIG. 2. Differential cross sectiodo/dE,, as a function of
The antisymmetric part of the leptonic tenslo;gy does not muon energyE,,. The thick solid and dashed curves are for the
contribute to Eq.(18), as it is contracted with the vector free A-h calculations, without and with decay width, respectively.
axial-vector mixing term of the polarization. The nuclear The thick dot-dashed curve is the free p-h calculation. The corre-

matter polarizationII¥,, can be evaluated for coherent sponding thin curves are for the MFA. The short dashed curve is the

charged or neutral pion production by taking appropriate verRPA P-h calculation.

tices. The calculation of the real and imaginary parts of the
polarizationd1Q,, andIly,, is summarized in the Appendix. and the vector self-energy =239 MeV.

In a relativistic mean field approximation, the properties In atmospheric neutrino experiments such as Kamiokande
of the nucleon ana are modified by strong scalar and vec- and IMB [1,2], the cross section of interest to/dE,;,
tor fields in the nuclear medium. These effects can be incowhich is obtained from Eq2) by another numerical integra-
porated by modifying the nucleon and delta propagators aton over the scattering angle of the outgoing lepton. Figure 2
we described in the inclusive calculation. Since the axialshows the cross sectiatv/dE,: for E,=1 GeV. Note that
vector vertex does not contain the energy of theor the cross sections from the p-h excitation are peaked at a
nucleon, the contribution from the constant vector mearlarge lepton energy, which corresponds to a small nuclear
fields is eliminated in the calculation of the polarization by aexcitation energy. This is the region where nucleon correla-
simple change of integration variable. As theis unstable, tions are important. The nucleon correlations are modeled

do/dE,. [10"*fm*/MeV]

we include a widthl", by using a complex magd§ , using the RPA which includes @ 7+g") residual isovec-
tor interaction. The RPA calculatibnin the mean field
My—M{=M,—iT /2, (200  ground state is also shown in Fig. 2. The cross section for

stable deltas vanishes aroug = 0.7 MeV, which gives the
in the denominator of the delta propagafdd]. This pre- minimum energy transfer for delta production. The curves
scription yields similar results as the usual Breit-Wignerincluding the delta width, however, spread over to higher
folding. Note that we have not included pion distortions inlepton energies because of the averaging process.
Eqg. (18). These may somewhat reduce the cross section. The The mean fields reduce the p-h and thé responses by
effect of distortions and a possible-h spreading potential 30% at the peaks. However, RPA effects reduce the peak by

remain to be investigated. 50% at high muon energies. The reduction of thé re-
sponse by mean fields is interesting in the Monte Carlo simu-
IV. RESULTS lation of atmospheric neutrino experiments. The strength of

the A-h cross section provides the number of pions produced

In this section, we present numerical results of our calcufrom the A decays. These pions may cause an uncertainty in
lation. We start with the inclusive cross sections and theilgetermining the lepton flavor in the experiment. Indeed, the
role in atmospheric neutrinos followed by a discussion of thevionte Carlo simulation of the Kamiokande detec{i
coherent pions. In the case of the inclusive cross section, W@kes into account the number of pion events based on a
discuss the case of muon neutrinos, but the general featurg@gnrelativistic model by Fogli and Nardull6]. Their non-
of the results hold for electron neutrinos as well. In additionre|ativistic results are qualitatively reproduced in our free-
to the relativistic Fermi gas description of the nucleus, thegelta calculations. Thus mean field effects are not included in
effects of mesonic mean fields are also considered in thﬁhe existing simulations and could pro\/ide Signiﬁcant sys-
mean field approximatiofMFA). The target nucleus is as- tematic errors.
sumed to be'®0 with a Fermi momenturke= 225 MeV. In To get a rough estimate of the reduction in the number of
MFA, we use the same scalar and vector couplings foevents, we foldda/dE,, with a simple model of the atmo-
nucleon and delta(*universal coupling”). For kp=225
MeV, the effective masses are

N N INote that our RPA calculations do not includeh or mixtures of
A:931 MeV, MN=638 MeV, (21) p-h andA-h.
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FIG. 3. (a) shows events per kton yr versus muon energy. The bold solid line represents theHrealculation with decay width 115
MeV, and the bold dashed line is far-h in the MFA. The thin lines are the corresponding p-h results. Events calculated in the RPA are
given by the dot-dashed curve. (h), the solid curve is the ratio of mean field to free Fermi gas calculations for p-h excitations and the
dashed curve is the similar ratio Afh events. The dotted curve gives the ratio of the RPA to free p-h and the dot-dashed curve is the ratio
of free A-h over a RPA calculation of p-h yields.

spheric neutrino flux. We approximately fit the atmosphericof Pauli blocking[15]. However, theA in the medium has

muon neutrino flux with the formulg2] additional channels of pionless decay. The coincidence ex-
periments of p,n) reactions at thé& resonanc¢l6] showed

é, (E,)=220E 25 1 (22) that a large portion of deltas in the medium decay without

Yt v mPsr GeV sec emitting pions. Furthermore, in theoretical calculations, a
value of about 70 MeV has been used as the 2p-2h partial

and assume width [17,18. Thus, experimental and theoretical results in-
Y 29) dicate a substantial amount of pionless delta decay in the
Yuo T Ve Ve’ medium. This 2p-2h decay mode of the delta has not been

. . o . directly included in present detector simulations. At best, its
Usmkg this flux,fvz/je calculate the ylel‘ddln units of events effects have been partially incorporated using a very crude

Eienr ton year of detector exposure and per 100 MeV eneT9¥odel of pion absorption without any explicit reference to

’ A production.
do The pionless decay of the delta and the reduction due to
Y=1.1938x 104°f ¢, (E, )—dE, , (24)  the mean fields suggest that the simulations may substan-
M I dEkr I . . .
tially overcount the total number of pions. At this moment,
and plot the result in Fig. & with respect to the muon W€ do not know how these effects change the result for the

energy for the p-h and-h excitations. Note that thd-h atmospheric neutr_ino ar?oma_ly. But the results in_dicate t_hat
calculations include the decay width of the delta of 115the Monte Carlo simulations in current atmospheric neutrino
MeV. However, in the case of the inclusive process the quan€XPeriments can be improved to treat pion events more ac-
titative results are insensitive to the decay width. At lowcurately.
muon energies, the mean fields in the impulse approximation Now we present results for coherent pion production in
reduce the total p-h events from 33 to 28 while includingneutrino scattering. Coherent pions may be important in at-
RPA yields 22 event$in a 100 MeV bin after 1 kton yr of mospheric neutrino experiments because they could increase
exposure assuming 100% efficiencyhus, nuclear structure the electronlike events and therefore reduce the ratibEq.
effects reduce the quasielastic charged-current events suld). A coherent neutral pion produced in neutral-current scat-
stantially. Since the electron events are also reduced by tering (v, v') immediately decays into two photons and may
similar amount by RPA correlations, this reduction does nobe counted as an electronlike event. Likewise, a coherent
directly affect the ratio of Eq. (1). However, it can change charged pion can also be confused with an electronlike event
the energy dependenad the cross section. when the two charged particles in the final state, m(mm
Also, as one can see from Fig(b3, the A-h contribution  electron and charged pion, move with small opening angle
is about 40% of the RPA calculation at its minimum and, asand make an isolated electromagnetic shower. Indeed small-
the muon energy increases, theh response becomes more angle scattering dominates the coherent cross section.
important. TheA-h response is even larger than the RPA The single differential cross sectiahr/dE,, is obtained
response at high muon energiglse ratio is 1.06 aE, =2 by numerically integrating Eq18) over the scattering solid
GeV). Note that theA-h response is reduced by 10% — 25% angle. Again, we use the free widih, =115 MeV in our
due to mean fields. Incoherent pion events should be desalculation. Pauli blocking and additional decay channels for
creased correspondingly. Therefore, the reduction due to thtae A in the medium will change this valugnd generate a
A mean fields combined with the event reduction from RPAnontrivial momentum dependencéiowever, as theoretical
should be properly taken into account in the simulation.  in-medium values are still very uncertain, we will not ex-
Not all deltas decay tarN in the nuclear medium. In fact, plore modifications of the width at this point. More work in
in the medium therN decay is partially suppressed becausethis direction has to be done in the future.
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shows the similar curves for coherent charged
pions. In this case, the events are plotted versus
visible energy as discussed in the text.
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In the atmospheric neutrino experiments, bgthande  events including mean fields adddecay width(thin dashed
neutrinos participate in producing coherent pions. Furtherline) are only 10% of the electron events calculated in the
more, in contrast to the inclusive scattering process whergpA.
the cross sections of antineutrinos are strongly suppressed, Next, we consider the coherent charged pion events. In
neutrino and antineutrino contributions to coherent pion prothis case, the &enkov light detector records the total energy
duction are of the same size. Combining the events frondf pion and muon(or electron assuming they are moving

u-type antineutrinos as well as-type neutrinos and an- with small opening angle and make an isolated single track.
tineutrinos could enhance coherent pion production substamyyerall energy conservation implies

tially, and it is of interest to quantitatively compare the co-
herent pion events directly with the inclusive charged-current
events through p-h nuclear excitation for a realistic spectrum
of neutrinos.

Using thee neutrino flux (¢Ve= ¢V—e), we calculate the

coherent pion events and compare them with electron pros

duction in v, scattering. The neutral pion events per kton yrdependlng on the incoming neutrino type.
are The coherent charged pion events are calculated from

E, =E,+E, or E, =E,+E,, (27)
m e

Y0 =6x1.104¢10° [ B(E, )2 (. VdE, . (25 E -me do
: v dE, Ve e Y(ﬂ'i)=2><1.194><104°¢(EVe)f JE UE.+4
m, T

The factor of 6 includes the contribution from antineutrinos o E,~m,
as well as a factor of 2 froqw neutrinos. Note that for the X1.194x 10* ¢(Eve)f
purposes of illustration, let us assume all coherent pion Mr
events result in electron like tracks. The actual identification

of these events depends on the details of a detector. Figu ) . .
4(a) shows the coherent® events with and without mean [[ehe first term results frone neutrinos(the factor of 2 in-

fields andA decay width. The electron events are ob'[ainedcIUdes a contribution from a”“”e“”'.r’os‘.“d the second
from term originates from muon-type neutringsith a total flux

factor of 4.
Figure 4b) shows the coherent charged pion events and
Y(e)=1.194x 1040f S(E )d_U(E )dE, . (26) the electron events calculated in the RPA. As in the case of
e dE T e e ms neglecting the mean field and decay width of the
results in cross sections for the coherent pions comparable or
The differential cross sectiodo/dE,, is calculated in the even larger than the quasielastic ones. However, again mean
relativistic impulse and in random phase approximatiafjs fields and the decay width substantially reduce the pion
Note that the horizontal axis in Fig.@ shows either the events: AtE=1 GeV, the full calculation amounts to only
coherent pion or the electron energy. 23% of the quasielastic electron events, buEat2 GeV, it
Figure 4a) also shows that at roughlg=300 MeV the increases to 30%. Since the pion events become important as
coherent pion events, neglecting decay width and meak increases, our findings provide an important systematic
fields, are comparable in size to electron events calculated ierror to the interpretation of the recent Kamiokande experi-
the RPA. This is certainly interesting because the electronment in the multi-GeV energy randé9].
like events can be increased by these pions and therefore The effect of neutral and charged coherent pions can be
might help to explain the small ratio of atmospheric neu- substantial, the actual numbers are very sensitive to the delta
trinos atE=300 MeV. However, inclusion of mean fields decay width, though. Coherent’ production could be large
reduces the pion events by a factor of 2. Furthermore, that E=300 MeV while coherent charged pions may become
A decay width exacerbates the situation: The number ofmportant for high visible energies. To solidify our results,

dO-dE 28
= dE,. (29

d

T
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however, a more elaborate study of theproperties in the i
nucleus has to be performed. GO(P)I(IZ5+M)E—5(po—Ep)9(kF—|p|)- (A2)
p

V. SUMMARY The poIarizationHL,,(q) involves only axial-vector vertex

In this work, we have calculated neutrino-nucleus crossand is given by
sections using a relativistic formalism to investigate possible
improvements for the Monte Carlo simulation of Kamio- , . d*p
kande experiment. We have found that RPA corrections re- 11},,(q)= —ICJ(qz)f WTF[T,LBSM(D')FWGO(D)]
duce the charged-current neutrino events by up to 37% for
particle-hole excitations. Because of this reduction, Ahk +(9,——0y), (A3)
response could be important and is found to give significant
corrections to quasielastic nucleon knockout processes. WghereI' ,,=d,,— ¥.7./4. The off-shell term §,v,/4) en-
have found that the relativistic mean fields reduce Asle  sures that the axial-vector vertex satisfies the relation
responses by 10%-24%, which correspondingly reduce the“T" ,,=0. The coefficient function€/(g?) are given as
pion events in atmospheric neutrino experiments. Combined
with the additional channel of the nonpionic decay of the
delta in the medium, our findings suggest possible uncertain- 4f na
ties in the present Monte Carlo simulations of detectors and 3y2m,,
the interpretation of the measured data.

We have also discussed coherent pion production in
neutrino-nucleus scattering. We have shown that coherent
pions can produce a sizable background in the atmospheric
neutrino measurements. As neutral pions and collinearly out-
going charged leptons and pions may mimic electron-typgiere ¢ ; is the Cabhbibo angle an@(q?) is the axial-vector
events in the detector, this effect can produce uncertainties igyym factor for the p-h excitation. The value of the axial-
determining the flavor ratio of the incoming neutrinos. Co-yectorNA transition strengtin,, is somewhat model depen-

herent pions may provide important systematic errors for thyent and we choose an intermediate value of 2 in our calcu-
recent Kamiokande experiment in the multi-GeV energy reqation.

gion [19]. In order to get a clearer quantitative estimate of  After some algebra, Eq31) becomes

the influence of coherent pions, improved calculations

should be done and these should be included in detector

simulations of atmospheric neutrino experiments. I, (q)= —CJ(qz)f dEpJ d
M -1

cosea(G?)ryy for j=m*

(A4)
2f.n
3m

A .
Ga(d?)rns for j=°.

w

BT,
X872 (p+q)2—M2+ie
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Here we evaluate the nuclear matter polarization

(IInm) , for coherent pion production. The polarization is and E; is the Fermi energyEF=\/E;2:+—M2, and the

defined as ) .
x=cos is the angle between and p. As long asA is
stable, the angular integration can be done analytically while

i o d*p i BTl (g GO the remaining integration ovét, is performed numerically.
() = —1 f (ZTler[FuB (P)I'e(a")G"(p)] A similar calculation in a mean-field approximation can be
done by replacing and M, by the effective masses. The
(A= —0a) contribution from vector mean field is eliminated by a
- v s+ 0 change of variable in the energy integration. We include the
=H'W(q)q » J=(m ), (A1) A decay width by replacing thA mass in the denominator

o L of Eq. (A5) as
wherep’ =p+q. The superscript indicates the polarization

for the charged or neutral pion production. The axial-vector

(,,) and pion (}) vertices can be found from Refsl1— My—Mi=M,—iT/2, (AT)
13]. The noninteracting nucleon propagator in Hartree ap-

proximation reads and the double integrations are done numerically.
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