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The consequences of the PCAC hypothesis for high energy physics are considered. It is shown 
that, in contrast to the generally accepted point of view, the space-time pictures of nuclear 
screening are different in the cases of the neutrino and the photon. The main reason for the 
screening is not the virtual emission of long-lived hadron fluctuations by the high-energy 
neutrino, but the real process of diffractive neutrino production of pions on nuclear nucleons. 
This results in saturation of nuclear screening already at low energies. 

1. HADRONIC PROPERTIES OF LEPTONS AND PHOTONS 

A remarkable event has recently occurred and has, re- 
grettably, remained unnoticed: the WA59 collaboration has, 
by combining the statistics obtained in the Y and 7 beams in 
the BEBC chamber, confirmed for the first timels2 the 
screening of the neutrino interaction with nuclei at low val- 
ues of Q 2. What is first ofall extraordinary about this result is 
that the phenomenon of nuclear screening of the interaction 
involving the weak axial current was predicted by Bell3 25 
years ago. It was precisely these ideas that initiated the de- 
velopment of the vector-dominance model and the study of 
photo-nuclear  reaction^.^^^ Thereafter nuclear screening of 
the vector current was reliably confirmed in experiments 
with real, as well as virtual, photons (see, e.g., the review 
Ref. 6).  However, the problem of experimental observation 
of the screening of the axial current turned out to be so com- 
plicated that its solution required a quarter of a century. 

The reasons that prevent particles with small interac- 
tion cross sections (photon, leptons) from penetrating the 
nucleus deeply, are quite interesting. The following space- 
time picture is usually associated with the process: the lepton 
(Fig. 1) or photon (Fig. 2)  may virtually emit a hadronic 
fluctuation for a time interval related by the uncertainty re- 
lation and Lorentz transformations to the energy v of the 
fluctuation, its mass M and the square of its 4-momentum 

Although the hadronic fluctuation is present in the lepton 
(photon) wave function with a small weight, it may live a 
long time and interact with a group of nucleons. Since the 
interaction cross section of such a rare hadronic fluctuation 
is large, the nucleons should screen each other. It is widely 
asserted that the nuclear screening of leptons (photons) is 
saturated at energies for which the lifetime ( 1 ) of the fluctu- 
ation substantially exceeds the dimensions of the nucleus. In 
fact the saturation condition is different: t%A, where 
A = 2/up is the length of the hadron mean free path in the 
nucleus, o is the total hadron-nucleon interaction cross sec- 
tion, andp is the nuclear density. Indeed, the given nucleon 
is completely screened by a layer of nuclear matter of thick- 
ness of order A, so that even if the lifetime of the fluctuation 
is less than the nuclear radius, but t)A holds, an increase in 
the energy Y will not strengthen the screening. 

2. PCAC AND THE NONTRIVIAL PICTURE OF AXIAL 
CURRENTSCREENING 

In this section we show that the space-time picture of 
the interaction described above is not applicable to the de- 
scription of nuclear screening of the weak axial current.' 
This assertion appears paradoxical since it is based precisely 
on the nuclear screening of the axial current predicted by 
Bell. However, a more detailed study of this question also 
results in paradoxes. 

Bell started in his work from the Adler relation,' which 
connects the cross section for the process YT--t IF at Q = 0 
with the cross section for the process ITT- F, where Tand F 
are the target and the final hadronic state, and - Q 2  is rhe 
square of the 4-momentum transferred from the neutrino Y 

to the lepton I: 

Here E is the neutrino energy, the difference between the 
energies of the neutrino and the lepton is denoted as usual by 
the letter Y,  Gis the Fermi constant of weak interactions, and 
f,, is the decay constant for I T - + ~ v .  Here we omit terms 
-o(m:), where m, is the mass of the lepton. 

This relation is a direct consequence of the PCAC hy- 
pothesis, according to which the divergence of the hadronic 
axial current is proportional to the pion field: 

It is precisely the smallness of the pion mass which permits 
one to speak of approximate conservation of the current. In 
those cases where it does not matter we shall pass to the 
chiral limit m, = 0, i.e., view the axial current as exactly 
conserved (of course to within the axial anomaly), in order 
to simplify the exposition. 

FIG. 1 .  Virtual quark-antiquark pair production by a neutrino. 
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FIG. 2. Virtual transition of a photon into a quark-antiquark pair. 

A natural, but incorrect, association with the Adler re- 
lation (2)  is the dominance of the one-pion exchange dia- 
gram shown in Fig. 3. That this interpretation is wrong can 
be seen by writing the contribution of this diagram to the 
amplitude for the process in the form 

Here L, = fy, ( 1 + y,)v is the lepton current, which is 
transverse to within the lepton mass: L,q, = 0. It follows 
that the contribution (3) is absent, i.e., the neutrino cannot 
emit a virtual pion in v a c u ~ m . ~ . ' ~  

Thus the process v-IF is determined by heavier ha- 
dronic fluctuations, for example, a ,  mesons. It should then 
be expected that the saturation of nuclear screening would 
occur at energies v>Rm:/2~20 GeV. At such energies the 
total cross section should depend on A like A 2'3. On the 
other hand, if the lifetime of the fluctuation is less than the 
mean inter-nucleon distance in the nucleus, d z 2  fm, i.e., 
Y <dm: /2 - 6 GeV, the screening disappears and 
o,,, (vA) a A.  Let us forget this result and look at the prob- 
lem from a different point of view. 

If we substitute in the Adler relation (2)  the nucleus for 
the target T then we obtain o,,, (vA) -a,,, (TA), i.e., the 
nuclear screening of the neutrino interaction follows directly 
from the Adler relatioil. Moreover, there are no restrictions 
on the energy. The question arises: what is Ihe accuracy of 
the Adler relation? 

Let us write the amplitude A(vT- IF) in the form 

Above we confined ourselves for convenience to the 
chiral limit; in what follows this limitation will be removed. 
Nevertheless we run into a direct contradiction with the pre- 
ceding result. Indeed, the conclusion that nuclear screening 
appears only at quite high energies, determined by the a ,  
meson mass, is practically independent of the pion mass 
since in the chiral limit'' we have m, = 2+h,, i.e., of the 
same order as is found experimentally. At the same time it 
follows from the above derivation that the Adler relation is 
exact in the chiral limit, i.e., that nuclear screening should 
exist at any energy. 

We thus arrive at a paradox: the neutrino may virtually 
emit in vacuum only heavy hadronic fluctuations, whose life 
times are comparable with nuclear dimensions only at quite 
high energies. On the other hand, it follows from the Adler 
relation (for rn, = 0)  that nuclear screening takes place at 
any energy. Before resolving this contradiction let us see 
what is changed if we take m, +O. Obviously, if the process 
is due to distant singularities in the dispersion relation in Q 
then shifting the pion pole by m: would lead to small 
changes in observed quantities on the order of m$/mt. A 
dispersion relation may also be written in the square of the 4- 
momentum transferred to the nucleus. In the case of a nu- 
cleon target the correction is even smaller, since the quantity 
(m: + Q ')/2v should be equated with the inverse radius of 
the nucleon. The precision with which the Adler relation is 
satisfied experimentally2 in the total cross section for the vN 
interaction is illustrated in Fig. 4. The contribution of the 
axial current dominates only at small Q 'GO. 1 (GeV/c)', 
where, unfortunately, the accuracy of the data is poor. 

The situation is different in the case of a nuclear target. 
Here, as is well known,I2 the dispersion relation in the square 
of 4-momentum transfer has a contribution from anomalous 
thresholds lying close to zero, at a distance of the order of 
1/R f , ,  where R, is the root-mean-square radius of the nu- 
cleus. Therefore m: ceases to be a small parameter. The cor- 
rections are small only under the condition 
( m i  + Q2)/2v<l/RA (as was already mentioned, in the 

and separate explicitly in the hadron current M, the pion 
pole contribution: 

M~ contains the singularities present in the dispersion rela- 
tion at higher values of Q ' (the a ,  pole, the p~ cut, etc). It 1-0 - 
follows from Eq. (5) that demanding conservation of the 
axial current q,M, = 0 results in the chiral limit m, -0 in 
the relation 0 I I I - 

q,i@,,=f.A (nT+F) . 
Using this relation in evaluating the cross section at a,6 1 

Q = 0 with the help of Eq. (4) leads to the Adler relati 
..... ............ - .. 

ff " o,'r 6.2 d.3 d.4 'Q,2GeV2 

FIG. 3. One-pion exchange diagram for the reaction vT-IF. 
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FIG. 4. The Q'-dependence of the total v and ?interaction cross section. 
The experimental points are from Ref. 2. The dotted lines are: 1--calcula- 
tion with the help of the Adler relation; 2--calculation under the assump- 
tion ofp- and a,-meson dominance. The solid line is their sum. 
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case of absorption R, should be replaced by the mean free 
path A ) .  The impression is created that the lifetime of the 
fluctuation is determined by the pion mass, although we 
know that the free neutrino cannot virtually emit a pion in 
vacuum. Thus the contradiction is there for m, #O as well. 

The resolution of the paradox consists in the observa- 
tion that although the neutrino cannot emit a pion in vacu- 
um, it can do so in the nuclear medium as a result of interac- 
tion with nucleons. It is precisely the diffractive transitions 
vN--r I rN that effectively lead to an increase in the lifetime of 
the hadronic component of the neutrino in nuclear matter. 
This is the explanation for the early appearance of nuclear 
screening at low energies v> (m2, + Q 2)A /2. 

3. INELASTIC CORRECTIONS TOTHE TOTAL SCATTERING 
CROSS SECTION OF NEUTRINOS ON NUCLEI 

The above discussion corresponds to the calculation of 
the cross section for neutrino diffractive scattering on nuclei 
by the eigenstate method.13 The neutrino wave function is 
expanded in the basis of interaction eigenstates: 

ca 

The highest weight belongs to the interacting component 
1 v,), which describes the "bare" neutrino containing no ha- 
dronic fluctuations. For sufficiently high energies mixing 
may be ignored,I4 i.e., the different components may be 
viewed as "frozen" for the duration of the interaction. For 
the calculation of the interaction cross section with the nu- 
cleus of an individual component I v, ) the eikonal approach 
is valid. Upon averaging the result with weight (C, I 2  we 
obtain 

ca 

Here b is the impact parameter, 
m 

is a function of the nuclear profile, p(b,z) is the nuclear den- 
sity, and fa = iaa/2 are the eigenvalues of the scattering 
amplitude operator. The expression(7) takes into account 
all inelastic correctionsI6 and therefore the method of eigen- 
states is effectively utilized in the calculation of the cross 
section for hadron-nucleus interaction. For this, however, 
one must pay, as a rule, by the appearance of significant 
model dependence in the quantities u, and C, . 

A remarkable peculiarity of the neutrino interactions 
has to do with the fact that the Adler relation allows one to 
connect (7)  with the cross section for the rA interaction, 
without knowing a, and C,. If the rA interaction is also 
expressed in the eigenstate method and compared with (7) 
then we arrive at the following interesting conclusion: the 
spectra of the pion eigenstates and of the hadronic compo- 
nent of the neutrino in the axial current, as well as their 
weights, coincide to within a constant factor. 

In the intermediate energy region, where k,r>,l/A 
holds, the Adler relation for a nuclear target may be strongly 

FIG. 5. The diagram corresponding to elastic scattering of the axial cur- 
rent off a nucleon in the nucleus. 

violated. The eigenstates method also becomes ineffective 
due to strong mixing, which is difficult to take properly into 
account. In this energy region the approach of Glauber15 
and GrivobI6 works best. We consider the contribution to 
the total cross section of the diagrams in Figs. 5 and 6 (in 
accordance with the optical theorem we calculate instead of 
the total cross section the elastic forward scattering ampli- 
tude). The first diagram corresponds to the interaction of 
the neutrino with one of the nucleons in the nucleus. This 
contribution has the form 

The contribution of the second diagram (Fig. 6) is the in- 
elastic correction to the first, corresponding to the pion pro- 
duction in the intermediate state. It is calculated from a for- 
mula analogous to the Karmanov-Kondratyuk formula:" 

Here f,, and f,, are the imaginary parts of the amplitudes 
for elastic r N  scattering and for the process of diffractive 
neutrino-production of pions on nucleons, normalized so 
that f,, = utOt/2 holds; z is the longitudinal coordinate, 
p(b,z) is the nuclear density of nucleons, and 
k 1 = (m: + Q2)/2v is the longitudinal momentum trans- 
fer in the process of neutrino-production of the pion, which 
determines the phase shift k,r(z,  - z,). The exponential 
factor in Eq. (9)  takes into account the requirement that the 
pion passes through the nucleus without interacting. 

It is interesting to trace the cancellation of the volume 
terms in Eqs. (8)  and (9)  at asymptotic energies, when 
k , r <  1 holds. Under that condition Eq. (9)  may be rewrit- 
ten as 

where 

is the total cross section for the pion-nucleus interaction, 
calculated in the eikonal approximation. 

It is seen from a comparison of Eqs. (8)  and ( 10) that in 
their sum the volume terms, proportional to A, cancel pro- 
vided that 

FIG. 6. The diagram describing pion production in the intermediate state. 
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FIG. 7. The A, , /A ratio for neutrino interactions with Ne nuclei as a. 
function of the neutrino energy at various values of Q'. (Curve 1 is for 
Q' = 0 GeV', curve 2 for 0.2 GeV', curve 3 for 0.5 GeV2, and curve 4 for 
1.0 GeV'). The solid and dashed lines show the results of calculations 
respectively with and without diffraction excitation of the pion in the 
intermediate state (the Glauber-Gribov model). The dotted lines corre- 
spond to Bell's optical model. 

But that is a direct consequence of the Adler relation (2),  
where it is necessary to sum over all final states F. 

Thus a violation of the Adler relation would manifest 
itself in the present case in the appearance of the volume 
term. The experimental study of the A-dependence of the 
cross section a,,, (YA) provides yet another interesting test 
of the Adler relation, and therefore a test of PCAC. 

We note that the condition ( 12) does not depend on the 
size of the factor standing in front of u(n-T- F) on the right 
side of Eq. (2 ) .  It is only necessary that it be independent of 
the final state F. In contrast to this the comparison with the 
data shown in Fig. 4, and the processes of coherent neutrino- 
production of hadrons on nuclei test the size of the coeffi- 
cient in Eq. (2). 

In the intermediate energy region the quantity k can- 
not be neglected and the volume terms in Eqs. (8)  and (9)  
do not cancel. We were not able to evaluate (9)  analytically 
and the results of numerical calculations of the ratio 
l/Au,,, (vA)/utOt (YN) for the Ne nucleus are shown in Fig. 
7. For the nuclear density p ( r )  we used the Woods-Saxon 
parametrization: 

with the parameters R and a from Ref. 18. It is seen from Fig. 

7 that at Q ' = 0 the nuclear screening is practically saturated 
even at energies of a few hundred MeV. With increasing Q ' 
the passage to the asymptotic regime, shown in Fig. 7 by 
broken traces, naturally tightens. 

It is of interest to compare our calculations with the 
results obtained in Bell's optical model,339 since this model is 
usedls2 in the interpretation of the experimental data. The 
optical model equation, which describes the dependence on 
the longitudinal coordinate z of the probability amplitude to 
detect the hadronic fluctuation of the neutrino in nuclear 
matter, has the form3j9 

After solving this equation and averaging Y over the 
volume of the nucleus we obtain the following expression for 
u,,, (YA): 

This expression, evidently, does not coincide with Eqs. 
(8)  and (9).  A comparison between our results and the re- 
sults ofnumerical computations, carried out at Q ' = 0.2 and 
0.5 (GeV/c)', is shown in Fig. 7. It is seen that the difference 
is large. The optical model noticeably underestimates the 
size of nuclear screening in the intermediate region of ener- 
gies. The asymptotic behavior is the same in both ap- 
proaches, a result which is trivial as it is dictated by the 
Adler relation. 

We consider now more complicated inelastic correc- 
tions connected with the possibility of diffraction dissocia- 
tion of the pion. The corresponding diagrams are shown in 
Fig. 8. The first (Fig. 8a) corresponds to the summary con- 
tribution of processes of diffractive neutrino-production of 
all possible states other than the pion: a,,pn-, 377, ..., denoted 
in the figure by X. The diagrams in Fig. 8b and 8c, take into 
account the possibility of diffractive transitions of the pion 
into these states. 

It is not hard to see that the contribution of each of the 
three diagrams in Fig. 8 contains the volume term. With the 
Adler relation taken into account the volume terms cancel at 
asymptotic energies. Moreover, independently of the size of 
Y the contributions of the diagrams in Fig. 8a and 8b are 
completely cancelled by analogous terms contained in the 
expression for the contribution of the diagram in Fig. 8c. 
Leaving out some simple steps we write the expression for 
the summary contribution of the diagrams in Fig. 8 as: 

---:- -----+ revised --oo=-=-~--- 
jA X Ja jA n X JA 

FIG. 8. Diagrams that take into account processes of dif- 
J, f l  x fl' .jA fraction excitation of the axial current and the pion in 

a b interaction with nucleons in the nucleus. 
C 
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We make here the simplifying assumption that for all the 
states that are diffractive excitations of the pion one has 
u,,, (XN) = u,,, ( r N ) .  Further, since we have 
k ", (m: + Q ')/2v $ k 2, we assume that k Z may be set 
equal to zero because the correction ( 15 ) becomes notice- 
able at quite high energies only. 

Equation ( 15), accurate to within a factor ( f,,/f,, ) ,2  

coincides with the Karmanov-Kondratyuk formula,'' and 
therefore the addition of a: (vA) is equivalent to taking 
into account in the surface term a:,:) (vA) of the inelastic 
correction tout,, (vA ). At asymptotic energies this is trivial, 
being a consequence of the Adler relation. Nevertheless it 
turns out to be true also at intermediate energies. By using a 
general technique, developed by Bertocchi and TreleaniI9 
for the vector current, we can show that this conclusion is 
preserved also after taking into account higher order inelas- 
tic corrections. 

To arrive at a numerical estimate of the correction ( 15) 
we take into account the fact that the mass spectrum in the 
process of diffraction dissociation is mostly centered in the 
region of the a,-meson mass. Therefore in the expression for 
k ",e set M, = m, . The total cross section for the forward 
diffraction dissociation of the pion may be estimated by tak- 
ing 2/3 of the cross section for the process pp--pX, which 
yields about 10 mbn/GeV.2 After taking into account the 
contribution of a::: (vA ) the quantity A,, for the Ne nucleus 
is lowered in the asymptotic region by approximately 10%. 
The corresponding v-dependence for various values of Q is 
shown in Fig. 7 by the solid lines. 

Finally, a comparison can be carried out with experi- 
mental data.'12 To this end it is necessary to average 
a,,, (vA) over theinternalO~Q '(0.2 ( G e v / ~ ) ~ .  Thedepen- 
dence on Q is contained, besides the momentum transfer 
k,, in the form factor 

This dependence does not necessarily presume a,-domi- 
nance of the axial current. As was shown in Ref. 20, the Q 2- 

dependence corresponding to t hep r  cut imitates the a ,  pole 
to high accuracy. 

It is also necessary to take into account the contribution 
of the vector current, which on the assumption of p-domi- 
nance is given by the sum of Eqs. (8 )  and ( 9 ) ,  where one 
should replacef,, by f,, f,, by f,, k Z by k,p, i.e., m, by 
m, . Further, we havel0 

where y = v/E, f p  = 2+m:/yp, where yp is the universal 
hadron coupling constant (yf,/4~=:2.4) Due to the conser- 
vation of the vector current its contribution, as can be seen 

from Eq. ( 16), vanishes for Q = 0. Therelation between the 
contributions of the vector and axial currents to the neu- 
trino-nucleon interaction cross section was already shown 
in Fig. 4. In the case of a nuclear target these contributions 
are calculated with the help of the procedure described 
above. As a result of averaging the cross section over Q ' in 
the interval 0<Q2(0.2 (GeV/c)' we obtain a v-dependent 
screening factor A,,/A, as is shown for the Ne nucleus in 
Fig. 9. The calculation agrees well with experimental 
data.'.2 

Such a comparison provides, in principle, a test of 
PCAC, since the coefficient of the volume term vanishes 
only if the Adler relation is satisfied (for sufficiently high 
energies). Although the PCAC-violating contribution is rel- 
atively strengthened by a factorA 2", the present accuracy of 
the data of Ref. 1 and 2 allow for significant violation of the 
Adler relation. 

4. CONCLUSION 

The partial conservation of the axial current phenome- 
non is a reflection of the presence in the theory of an initial 
symmetry of the strong interactions with respect to chiral 
transformations and the presence in nature of a small param- 
eter-the square of the pion mass. While the transversality 
of the axial currents of massless quarks is a trivial property, 
the reasons for the conservation of the axial current in the 
sector of hadrons, which have acquired large masses as a 
result of spontaneous breaking of chiral symmetry, are as yet 
not understood. The PCAC conditions allows us in a re- 
markable fashion to relate quantities which, at first glance, 
have nothing in common. For example, it relates the pion- 
nucleon coupling constant and the IT-+pv decay constant 
(the Goldberger-Treiman relation). It should be empha- 
sized that each new manifestation of PCAC permits an inde- 
pendent experimental test of this phenomenon, since the 
structure of the hadronic currents differs in different pro- 
cesses and the conservation of the current in one case pro- 
vides no guarantees against a strong violation in another 
case. 

Up till now the most careful test of PCAC consequences 
were carried out in low-energy pion physics. Recently new 
possibilities have arisen in high-energy physics. For exam- 
ple, the lepton decays T-- 3 r  + v, give direct information on 

v, GeV 

FIG. 9. The A,,/A ratio for the Ne nucleus for x <0.2 and Q 2 < 0 . 2  
(GeV/c)'. The curve shows results of a calculation that includes the con- 
tributions of the axial and vector currents. 
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the spectral function of the axial current. The recently ob- 
tained experimental dataI2 allowed for the first time for a 
direct test of the Weinberg sum rules, and have verified them 
to within experimental errors. The measured distribution in 
the effective 377 mass as yet does not contradict the a,-domi- 
nance hypothesis and the smallness of the longitudinal com- 
ponent of the spectral function (which follows from 
PCAC). It is necessary, however, to carry out a partial-wave 
analysis of the 377 system to verify these assertions. 

In the present work we have considered a special part of 
high-energy physics-the diffractive scattering of the axial 
current. The study of such processes has become possible 
with the appearance of intense high-energy neutrino beams. 
The unique data obtained by the WA59 collaboration have 
proven the existence of nuclear screening for the neutrino 
interaction. Although these data, shown in Fig. 9, agree with 
theoretical calculations it is too soon to speak of a new ex- 
perimental confirmation of PCAC. To this end, as was dem- 
onstrated, data of much higher precision are needed. 

Favorable conditions for the extraction of the contribu- 
tion of the axial current are provided from this point of view 
by the study of coherent neutrino-production of hadrons on 
nuclei. In these reactions nondiffractive mechanisms, con- 
nected with a change in G-parity, are forbidden and, conse- 
quently, the contribution of the vector current is suppressed. 
This explains the heightened interest in experiments on co- 
herent processes. Unfortunately (or fortunately?) the agree- 
ment of the calculations in Ref. 20, based on consequences of 
PCAC, with the data on coherent neutrino-production of 77 

and 377 on Ne nuclei can hardly be called striking. Neverthe- 
less it is too soon to speak of a serious disagreement. It is 
necessary to both improve the precision of the experimental 
data and to carry out model-independent calculations. 
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as stimulus for writing this work, as well as to B. G. Zak- 
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