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It is shown that the experimentally observed production of single photons in neutrino interactions involving 
neutral currents without visible accompaniment of other particles can be explained by the scattering of the 
neutrino by a virtual со meson with small momentum transfer to a nucleon and subsequent coherent 
enhancement of the process in the nucleus. 

PACS numbers: 13.15. + g, 14.80.Kx 

1. INTRODUCTION 
In neutrino experiments performed at CERN using the 

chamber Gargamelle, more than ten events were de­
tected in which it was observed that single photons with 
energy 1-10 GeV were produced without visible tracks 
of any other particles.1 It can be assumed that the ob­
served events correspond to the weak-electromagnetic 
process of single-photon production in the reaction 

■vN^vfN, (1) 

which is induced by neutral currents and is accompan­
ied by small momentum transfer to the recoil nucleon 
(so that the latter leaves no t racks in the bubble cham­

b e r ) . 0 

The investigation of the reaction (1) is of definite in­
t e res t for the study of two-current processes . In prin­
ciple, it makes it possible to extract both the P-even 
and P-odd amplitudes (N\T(JEM(x),JjP)\N) oft the mass 
shell, which determine the strength of the P-odd nuclear 
forces and the electromagnetic mass differences. Mea­
surement of these amplitudes also makes it possible to 
ca r ry out a direct test of dispersion relations. 

V. D. Khovanskii noted that the description of the r e ­
action (1) in the vector-dominance model2 (see Fig. 1) 
gives a value of order 10"41 cm2 (under the assumption 
of a purely imaginary amplitude). This value is insuffi­
cient to explain the number of observed events (particu­
larly in the region of production of comparatively soft 
photons, whose production c ross section is of order 
10"40 cm2). 

In the present paper, we estimate the cross section for 
the reaction (1) on the basis of the mechanism of photon 
production in the reaction of scattering of neutrinos by 
virtual mesons (M) (see Fig. 2). Such a mechanism was 
used previously by the present authors3 to explain the 
production of fast single pions in neutrino interactions 
with charged cur ren ts . The matrix element correspond­
ing to the diagram of Fig. 2 has the form 

T = ̂ kHinA„ (2) 
V2 

where ^=м2у(1(1+у5)м1 is the lepton current, Av is the 
polarization vector of the photon, and the tensor Ям„ is 
represented in the form of a sum of te rms correspond­
ing to scattering of the neutrino by various virtual me­
sons (M): 

//„, = V Г ( Л , ,Р< М ,У1 . ," ) , (з) 
и 

in which Tw is the vertex for emission of a virtual me­
son (M) by the target nucleon, P (w) is the meson propa­
gator, and J %} = /(01 T(J »(x), JE

v
M(y))\М)еш*"Wxtfy 

is the weak-electromagnetic Z°My vertex. The notation 
for the particle momenta is given in Fig. 2. 

In accordance with the est imates of Ref. 3, we shall 
take into account the contributions to the diagram of Fig. 
2 from only the ff°, w°, p°, a n d / 0 mesons. According to 
the C-parity selection rules, the transitions я 0 - у and/0 

- у are due to the weak vector current , while the transi­
tions u>°- у and p°-y are due to the axial current. As 
will be shown below, the main contribution to the pro­
cess (1) comes from the axial current as the resul t of 
scattering by the ш meson. 

2. CROSS SECTION FOR THE REACTION ON VIRTUAL 
MESONS 

The differential c ross section for the process (1), ex­
pressed in te rms of the invariants s = (kl+plf, sx 

= (q+Pi?, s2=(k2+pf, tx = &y and t2=q2, has the form 

dhdhds«d(? ~ {2n)K\2(s— Mly{s« — ti) ' (4) 

where <p is the Treiman-Yang aximuthal angle, MN is 
the nucleon mass , and T is a sum of the contributions of 
the individual mesons: 

7W„>+7>+:r„.+7> = -^z^tf^+tf/v+tf,"+//„,) л,. 
V2 

We note that in scattering by an unpolarized nucleon the 
pion amplitude does not interfere with the other ampli­
tudes. We first estimate the contribution of the pion 
pole. The tensor ЯД corresponding to pion exchange 
has the form 

tf.iv = ; /.n ( £ \ Ч) e.v-.p^./'p, № I 
ti—mr 

FIG. 1. 
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FIG. 2. 

where gnff is the 11N coupling constant (£*д,/4тг«15) and 
fvfi&i <?2) is the form factor of the weak-electromagnetic 
transition 7r°-y. We shall assume that the lat ter var ies 
weakly off the mass shell of the pion: fn)(k2,q2) 
^ ( ^ l y ) * / ^ , ? ' ) . With the CVC hypothesis, the 
value of Лг/О) can be related to the я 0 - 2y decay con­
stant: 

/■•■(C)- М № - ^ ' ^ . (6) 

Since s i n 2 ^ is close to i , the vector Z°ny vertex is 
strongly suppressed in the Weinberg-Salam model. In 
the integration over the phase space, we must take into 
account the fact that for small momentum transfers to 
the nucleon (we shall assume that \^\тх=х2

тМ^ and xm 
« 1 ) ($а)тМ«(s/MitWny, while s t is practically indepen­
dent of the angle cp: s t « 12+М%- st2/s2, The invariants 
Sj, s2, and t2 are very simply related to the usual va r i ­
ables x and v of deep inelastic scattering3: 

x&s2/s; y^-t2/s2^sjs. (7) 

We must also take into account the fact that for large in­
variant masses s t of the yN system the virtual mesons 
in the diagram of Fig. 2mustbe"Reggeized". Thus, in 
the region st < sM we are dealing with scattering by a 
virtual meson, and in the region St> sH with scattering 
by the corresponding Reggeon (sM and sR are the parame­
ters which determine the transition to the Regge asymp­
totic behavior). In our est imates, we shall assume that 
s w ~ s * ~ 1 5 - 2 0 GeV2 (Refs. 3 and 4) [the contribution 
from the Regge region to the cross section for the r e ­
action (1) will be considered in the next section]. 

In the plane of the variables (x, y), scattering by a v i r ­
tual meson corresponds to a band 0 < x < x„ and 0 « у ^ym 

= sM/s, and scattering by a Reggeon corresponds to a 
band 0**x^xm and sR/s=yR^y**l. Assuming that the 
form factor X7(92) has a q2 dependence of the form 

мм- %a; (8) 
' ™ 1-?7A* ' 

with A 2 ^ l GeV2, we obtain the following expression for 
the total c ro s s section of the reaction (1) on a virtual 
pion in the limit У =xmsu/A2 » 1 : 

„ G*g„a*(V*-sint8w),r„.-»T/ »Aii АхтА'-Ф (a\-i), 

where a2 = m\/x2
mM2

N and the function Ф(а2, у) has the 
form 

in which 

(9) 

(9a) 

FW-J ln(l+z) 
dz 

is the Spence function. 

For xm={ and su=lb GeV2, we have а ^ г х Ю " 4 3 

x ({ - sin2ewf cm2. The contribution to Я„„ from the ten­
s o r / 0 meson has the form 

BL- £/я(ц»Т»Ц|)(Р|+,Р»К 
ti-m*. PZtntf). (10) 

where gfN is the fN coupling constant Lg/y/4^-27/8M^ 
(Ref. 3)] and P^ is the polarization operator of t h e / me­
son. According to the CVC hypothesis, the value of the 
form factor ffy(q2) of the weak-electromagnetic t ransi­
t i o n / ~yZ° at q2=0 is related to the width Tf^2y by the 
equation 

/,,(0) = 
8/П/Г, 

•(1-2 sin2 Gw)2. (ID 

A measurement of the / - 2y decay probability5 gives 
;2.3 keV. The double differential c ross section / - 2 У 

d2af/dxdy has the form 

dx dy (2л); №)rt(rt(i-f)cH». яг) 
Assuming that the form factor//y(<72) has a q2 dependence 
of the form (8), we obtain the following expression for 
the total c ross section in the limit y » l : 

£_£*1/вт\* SiMWl-^rin 'Bw)' g » A , l n ( 1 + )f ( 1 3 ) 
(2л)3 \ m) I a 

from which, with xm={, Л 2 ^ 1 GeV2, and s „ « 1 5 GeV2, 
we have afol ^6X10" 4 3 cm2. Let us now estimate the ef­
fects of the axial weak current in the reaction (1). The 
tensor Я„(у'р) can be represented in the form 

(14) / С " ' = , g ' T («2f,»,)/c,p,,(g') «HVXPPP. 

We note that the vert ices for the interaction of the u> and 
p with the nucleon can be decomposed into non-spin-flip-
and spin-flip par t s : 

ua«f*»ie(Pi+P»))i+- 2M, (15) 

from which we see that йяухи1*(р1+ря)\ for small Ikl; 
therefore we shall neglect the spin-flip part of the amp-
plitude in the calculations. 

It follows from the PCAC hypothesis that 
/rf«u»»i (1 6) 

/ ( . . P ) T ( 0 ) = -
Y2 

The constant g^ of the decay w - ту is related to the 
width of this decay by the equation 

This relation also holds for the p meson. The contribu­
tion of the p-meson pole is suppressed in comparison 
with the corresponding ш contribution by almost two or­
ders of magnetude because gpN~iguN and gm«igwiiy. 
We shall therefore consider only the contribution of the 
ш pole. The corresponding differential c ross section is 

d2o„ GlMl (хт-хг) r gallfa1 (0) 12 s-xy (2-2y+y ) 
dx dy (2л)38 L тг J {i+sxy/A*)' 

(18) 
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In the asymptotic regime with y » l , the total c ross sec­
tion has the form 

where 

G41K г £„.v/.T(0) 
(2л)14 

[ g°SJ ]2.r>[f(T)-ln(H-f)], (19) 

where F(y) is the Spence function, and its value is a?0t 
* a . 5 x i ( T 4 1 cm2 (for xm={, s w ~ 1 5 GeV2 and A2=*l 
GeV2). This value of the total c ross section is sensitive 
to variation of the parameter sw. For example, when sM 
var ies from 15 to 10 GeV2 the c ross section at

w
ot is re­

duced by a factor 2. Thus, the contribution of the axial 
current to the reaction (1) due to scattering by the со me­
son is much greater than the contribution of the vector 
current (scattering by n° a n d / 0 mesons). As a result, 
the contribution of the interference t e rms involving the 
/ ° meson is suppressed. 

3. CROSS SECTION OF THE REACTION (1) IN THE 
REGGE REGION 

A. Estimate of the contribution of the weak vector 
current 

The CVC relation makes it possible to express the am­
plitude for the reaction (1) in the Regge region2 ' in te rms 
of the amplitude for VN— VN scattering of vector 
mesons V by the nucleon2 (see Fig. 1). The amplitude 
for VN— VN scattering in the high-energy limit, when 
it is determined by only Pomeron exchange, has the 
form 

T=Vp,\ V»2eBvip (utf л ) p„lm Kvx, (20) 

where p={k1 + k2)/2, k^ and k2 (Vr
)n and VV2) are the mo­

menta (wave functions) of the vector mesons, and a™ 
=ImKVff. According to the CVC relation, the constants 
of the vvV transition have the form2 

Since gp«gU),gv,, we h a v e / , , ^ » / , ^ , / ^ , and the am­
plitude for the reaction (1) is determined mainly by the 
amplitude for pN- pN scattering. The differential c ross 
section for the reaction (1) due to the vector-current 
contribution in the Regge region has the form 

<Pov _GlMl{xl-x%) г g|giM Г 8**у(2-2у+у2) 
dxdy~ (2л)38 L gz J (l + Cey/A*))* ' 

(21) 

where £p = l - 2 sin20„, and ^ / ^ 2 . 5 6 . 

The x and v dependence in the expression (21) is the 
same as the corresponding dependence in Eq. (18) in 
the meson region. For xm=z, Л 2 ^ 1 GeV2, and s f i - 1 5 
GeV2, we obtain from Eq. (21) the est imate a " * 2 x l 0 " 4 3 

xln(xms/A2) cm2 for the total c ross section. The small 
value of ст кт comparison with the estimates of Ref. 2 
is due to the fact that we have considered only the re ­
gion of small momentum transfers Ikl < 250 MeV/c. 

B. Estimate of the contribution of the weak axial 
current 

The contribution of the axial current is determined by 
the Reggeized amplitude (14), which has the form 

ФяС, U. 4) = (<!>").('., U, •») n-(»i/*.)e-w~*. (23) 

The PCAC relations enable us to relate the amplitude 
(23) to the amplitude for the reaction iiN- pN; 

( Ф ^ . = -^- (Ф я р)о , 
V2g„ 

(24) 

where 

101 mb 
(see Refs. 3 and 6). 

16л 256 (GeV/c)4 

From Eqs. (22)-(24) we obtain the following expres­
sion for the differential cross section in the Regge re­
gion: 

d2o° G ! * 5 ( I J - I ! ) / / „ e x - j / ц \ \- 2s,s.r(2-2y+y1) 

dxdy (2л)38 V2? p {i+sxy/.Vy 

(25) 
The axial-current contribution о to the total cross 

section for the reaction (1) in the Regge region (st>Sj{) 
has the form 

G'MK I f„e \* ._ . „4s. 
o ' = -

(2л)'8 V V2ff.' s,.\ s I V A- I 

H» = Фл (tu <j,Sj)eM,ifl4v(HJ"fvttI)pp, (22) 

(26) 

For s»sR^15 GeV2, we have сИ^Ю" 4 2 cm2. Compari­
son of our est imates of aKand a4 with the estimates of 
the preceding section shows that the c ross section for 
the reaction (1) is the Regge region {sl >sR) is small and 
that the main contribution to the total c ross section for 
the reaction (1) comes from scattering of the neutrino by 
a virtual со meson: 

o,„, ~ o" - 10-11 cm2. 

This value of the total c ross section for the reaction 
(1) on a free nucleon is insufficient to account for the 
total number of events in the experiments of Ref. 1. 
However, in the case of scattering of neutrinos by nu­
clei with small momentum transfer to the nucleon in 
processes involving production of single photons, there 
is a coherent enhancement, which will be considered in 
in the next section. 

4. COHERENT PRODUCTION OF PHOTONS ON 
NUCLEI 

The region of momentum transfers to the nucleon 
which we have considered corresponds to the character­
istic momenta of the nucleons in nuclei. Since the iso-
topic spin of the со meson is 0 and the cross section 
for the reaction (1) is determined by the non-spin-flip 
amplitude of co-meson exchange, as follows from (15), 
all the nucleons of the nucleus give a coherent contribu­
tion to the reaction (1) on a nucleus. The calculations 
of the preceding section can be applied directly to the 
estimation of the coherent production of photons on nu­
clei . It is obvious that the coherent c ross section for 
photon production on nuclei with no change in the state 
of the nucleus is 

о„,,«Л2о,:„ (27) 

where < t is taken from Eq. (19). For the conditions of 
the experiment of Ref. 1 in a propane-freon chamber 
(90.5% propane C3H8 and 9.5% freon CF3Br), the total 
c ross section for production of single photons, calcu-
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lated per nucleon according to (27), is V * 20a&,, which 
geems to be sufficient to account for the total number of 
neutrino events involving single photons. 

A characterist ic feature of the mechanism under con­
sideration is the rather broad angular distribution of 
single photons with respect to the direction of the inci­
dent neutrino (particularly for soft photons). The angu­
lar and energy distribution of the photons obtained from 
(18) has the form 

d:a G*M* Г g„.v/„T(0) у 1 
L /re2 J d£,dcosOVT (2я)38 Li-CflVA*)]1 

, • /i£v
2£T

s(l-cos6»I) / , ШЫ? . ,0VI / , 4fi.fi, . . 0\T \ 
(28) 

Here Ev is the energy of the incident neutrino, and Ev> 
is the energy of the scattered neutrino. (Clearly, for 
small momentum transfers to the nucleon this expres­
sion is also valid for the coherent production of photons on 
nuclei.) It follows from (28) that the limiting production 
angles of the photons a re determined by the value 0 mi4 
= (2\k\Ev'/EvEy)l/z, where \k\=x„MN is the momentum 
of the recoil nucleon. Since the c ross section (28) van­
ishes at 9vy=0, the most probable emission angle of a 
single photon is 

-ПУ I lk|fi\ 

At E„ = 25 GeV and £y=10 GeV, we have 0ma.4"O.17 and 
0O^ O.80max- 0.14. This angular dependence of the pro­
duction of single photons is qualitatively consistent with 
the observed data.1 Thus, for £ y - 1 0 GeV five events 
have been observed in the angular interval 40-130 mrad, 
whereas for 20<i i r <40 GeV three events have been ob­
served in the angular interval 20 < 6lfJ< 30 mrad.3 ' 

Our estimates show that the contribution of ^-channel 
exchange of the ш meson is dominant in the amplitude 
for the reaction (1). This corresponds to an enhance­
ment of the real part of the amplitude for the reaction 
(1) in comparison with the value obtained from disper­
sion relations. The contribution of a> exchange is due to 
the axial current, so that the P-odd two-current nucleon 
amplitude is enhanced. It is possible that this enhance­
ment of the real part of the two-current amplitudes pro­
duces an enhancement of the P-odd nuclear forces or , 
for example, of the P-odd effects in the reaction np~dy. 
This enhancement may be associated with the appear­
ance of additional te rms in the dispersion relations be­
sides the s~channel pole t e rms . Therefore the study of 
the reaction (1) makes it possible to ca r ry out a direct 
test of the dispersion relations. 

Our estimates of the total c ross sections are very 
sensitive to the values of su and sR, which determine 
the transition to the Regge asymptotic regime. Thus, 
i f su is varied from 15 to 10 GeV2, the value of ош i s 
reduced by a factor 2 (Sec. 2). At the same t ime, a de­
crease of sR increases the contribution of the Regge r e ­
gion to the total c ross section [see (26)]. An analysis of 
the differential c ross sections (18), (21), and (25) shows 
that the maximum of the differential c r o s s section 

a\Ey)/dEydelff l ies precisely in the energy interval Ey 
from ~{sJ2MN) to {sR/2M„) corresponding to the region 

of transition to the Regge description. A similar dis tr i ­
bution can also be expected3 in exclusive neutrino pro­
cesses involving production of single pions at the per i ­
phery of a nucleon. Although the statistics of single 
photons in the experiment of Ref.^1 are too poor to draw 
definite conclusions, the data presented in Fig. 4 of Ref. 
1 (if we consider only the region Ey>3 GeV) indicate an 
increase of dNy/dEy at energy £ y ~10 GeV and an abrupt 
decrease at higher energies. The maximum in the dis­
tribution oidNy/dEy at £.,= 10 GeV corresponds to su 
^ 2 0 GeV2. We note that it was precisely this value that 
was used in Ref. 4 as the upper limit of applicability of 
the concepts of scattering by virtual mesons. In Ref. 3 
a space-t ime picture was proposed for the development 
of quark correlations in the confinement region. Accord­
ing to these ideas,3 the value of sM characterizes the 
time ru-=2MN/su of formation of a virtual meson at the 
periphery of a nucleon, which is determined by quark in­
teraction processes at large distances. Thus, the study 
of the reaction (1) makes it possible to obtain additional 
information about the physics of the processes in the 
confinement region. Since according to the proposed 
mechanism the production of single photons takes place 
coherently on nuclei, experiments in chambers filled 
with different substances may serve as a test of this 
mechanism of the reaction (1). 

In conclusion, we thank P. A. Gorichev, K. A. Ter-
Martirosyan, A. N. Shelkovenko, and especially V. D. 
Khovanskii for stimulating and valuable discussions. 

''This may correspond to momentum transfers less than 250 
MeV/c, i .e . , energies of the recoil nucleons less than 
30 MeV. 

2'According to Ref. 3, this relation may break down in the 
region of meson exchanges in the reaction (1), owing to the 
fact that the transition to the Regge description in lepton-
hadron processes may occur at higher energies than in ha-
dronic reactions. 

3>We note that, in addition to the high-energy photons, a rather 
large number of "soft" photons with energy Ey ~ 1 GeV is ob­
served experimentally. The production mechanism of such 
"soft" photons might be the production of the Д isobar by the 
neutral current on the nucleons of the nucleus, vN — vA, fol­
lowed by radiative decay of the isobar, A-~Ny. Owing to the 
suppression of large momentum transfers by the form factor 
of the transition N —-Д, most of the isobars are produced with 
energy less than 1 GeV. Therefore a rough estimate of the 
cross section for this process can be obtained in the form 
crc=!a(rm^vek ~10"40 cm2 (where the factor a = 1/137 determines 
in order of magnitude the fraction of radiative decays of the 
isobar). 
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