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Abstract. Coherent production of p -  mesons in 
charged current antineutrino interactions on neon nu- 
clei is studied in the BEBC bubble chamber exposed 
to the CERN SPS wide band beam. The cross section 
is measured to be (95 + 25). 10 -40 em 2 per neon nucle- 
us, averaged over the beam energy spectrum. The dis- 
tributions of kinematical variables and the absolute 
value of the cross section are in agreement with theo- 
retical predictions based on the CVC hypothesis and 
the vector meson dominance model. 
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1 Introduction 

The observation of coherent charged current interac- 
tions of antineutrinos on neon nuclei has been re- 
ported in a previous publication [1]. In a second pub- 
lication [2], we studied the dominant contribution 
to that signal, the production of a single pion, 

~Tu + Ne---, #+ + n -  +Ne,  (la) 

and compared the data in this channel to theoretical 
predictions based on the PCAC hypothesis and the 
meson dominance model. In the present paper, we 
study another exclusive channel, the coherent produc- 
tion of p 7 mesons: 

9u + N e  ~ #  + + p -  +Ne.  (lb) 

Preliminary results of this analysis have been pre- 
sented elsewhere [3]. 
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Fig. 1. Coherent diffractive production of a p -  meson by ~7~ charged 
current interaction on a neon nucleus 

The data come from an exposure of the bubble 
chamber BEBC to the antineutrino wide band beam 
at the C E R N  SPS. The chamber  was filled with a 
75 mole% Ne/H 2 mixture in which the radiation 
length is 42 cm. A total of 16497 charged current 
antineutrino interactions with positive muons of mo- 
mentum greater than 5 GeV were selected with the 
external muon  identifier (EMI). 

The discussion in this paper  is based on the obser- 
vation of 40 events of the type (~+ ~- r r  ~ with a fully 
reconstructed rc ~ meson and showing no evidence for 
nuclear breakup,  with ]d<0.1 GeV 2, where t is the 
square of the 4-momentum transfer to the nucleus. 
The background is estimated to be (7 • 4) events. We 
interpret this signal as due to coherent diffractive pro- 
duction of p -  mesons on neon nuclei (see Fig. 1). 

Other experiments have searched for vector meson 
production in coherent (anti)neutrino interactions on 
nuclei: three candidates were reported by an experi- 
ment in the C E R N  PS antineutrino beam [4], 17 
events (of which 7 were estimated to be background) 
were observed in an experiment in the C E R N  SPS 
neutrino beam [5], and, recently, 11 candidates were 
reported by an experiment at the F N A L  Quadrupole  
Triplet Beam [6]. A signal for the diffractive produc- 
tion of charged p mesons by (anti)neutrino interac- 
tions on hydrogen or on neon has been reported by 
bubble chamber experiments [7-9]. The diffractive 
production, on hydrogen and on nuclei, of several 
vector mesons, and in particular of pO mesons, has 
been extensively studied in photo-, electro- and muo-  
production [10-16]. 

2 The signal for coherent p-  production 

For  this analysis, the charged current events with two 
charged secondaries were rescanned for the possible 
presence of additional gammas,  in order to obtain 
a clean sample of events in which one n ~ is produced, 
and to reconstruct efficiently n ~ mesons coming from 

p -  decays: 

p - ~ n - + n ~ (2) 

Figure 2a  shows the (7, ?) mass distribution for 
the 246 #+ n - ? ?  events; this distribution peaks at the 
n ~ mass. Figure 3 shows the distribution of the fit 
probabili ty obtained for these events when the gam- 
ma pair is const ra ined to come from the decay of 
a single n o meson and the fit probabili ty P exceeds 
1%; it indicates that the measurement  errors are well 
evaluated, and that the n o reconstruction is reliable. 

Reference 1 presents the method used for extract- 
ing the coherent signal. It  is based on the fact that 
in coherent interactions the nucleus recoils as a whole, 
without breakup, giving events without stub (a stub 
is defined as a visible nuclear fragment or a proton 
of momen tum less than 300 MeV). Fig. 4 shows the 
experimental distributions of It[ for the events with 
a #+, a negatively charged hadron and a fitted n~ 
It] is computed as 

Itl-- [ Z ( E , -  p;')] = + I]5 P~'I =, (3) 
i i 

where Ei, P'i' and PiT are the energy, the longitudinal 
momentum and the transverse momentum of particle 
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Fig. 2a, b. Distribution of the (1, j mass a for all (~+~ 77) events 
(246 events); b for the ( # + n - n  ~ events with Itl<0.1 GeV 2 (44 
events; the 4 events with stubs are shown hatched) 
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Fig. 3. 0 Distribution of n fit probability P for the (#+ n 77) events, 
where the 7 pair is constrained to come from the decay of a single 
n ~ meson with a probability P > 1% 
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Fig. 4. Distribution of the square of the 4 -momentum transfer Itl 
for 123 (#+n no) events without stub (full histogram) and for 53 
events with stubs (dashed histogram), the latter normalised to the 
former in the region Itl >0.1 GeV 2 

i with respect to the neutrino direction, the sum ex- 
tending over the observed final-state particles. In the 
case of coherent interactions, t is the square of the 
4-momentum transfer to the nucleus; the peak of 40 
events without stub observed at It[<0.1 GeV 2 thus 
indicates coherent interactions. The background 
under this peak coming from incoherent interactions 
is obtained from the [tl-distribution of events with 
stubs, normalised to that of events without stub in 
the region [t[>0.1 GeV 2 (dashed histogram). The 
background thus estimated amounts to ( 7_  4) events, 
and the coherent signal is (33 _+ 7) events. 

The (7,~) mass plot for all events with It[ 
<0.1 GeV 2 is presented in Fig. 2b, the events con- 
taining stubs being shown hatched. The (re-, rc ~ mass 
distribution for the events with It1<0.1 GeV 2 shows 
a clear p signal (Fig. 5)*, which appears to be free 
of non-resonant background�9 

We therefore interpret the peak in Fig. 4 at It[ 
<0.1 GeV 2 as due to coherent diffractive scattering 
on the neon nucleus of a p meson, coupled to the 

* The diffractive production o fp  ~ mesons by real or virtual photons 
[10-16] shows a skewing of the p mass  shape. This is attributed 
to an interference of the p amplitude with the non-resonant  dipion 
production [17] and is often parametrized in the form (mJrn~)" 
[18]. The solid curve in Fig. 5 represents the Breit-Wigner distribu- 
tion and the kinematic t,n~, effect (n=0);  the dashed curve corre- 
sponds to an additional skewing factor with n =  3 [14]. The total 
and differential distributions discussed hereafter are insensitive to 
this choice; they are given for n = 0 
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Fig. 5. Distribution of the (n- ,  n ~ mass  for the (#+n n ~ events 
with Itl<0.1 GeV 2 (44 events; the 4 events with stubs are shown 
hatched). The solid curve is the prediction of the model (4) to (12), 
including the effects of experimental resolution; the dashed curve 
includes in addition a mass  skewing factor (mJm,~,j", with n = 3 

W boson, as indicated in Fig. 1. In coherent interac- 
tions, the virtual particle exchanged with the nucleus 
must neither carry charge (which would single out 
a nucleon) nor isospin (leading to effects of opposite 
sign on neutrons and protons); in addition, the ex- 
change of og-like objects is suppressed in the forward, 
low It[ region�9 Coherent processes are thus essentially 
diffractive [19]. 

3 Theore t i ca l  predict ions  

The coherent diffractive p -  production cross section, 
based on the vector meson dominance (VMD) model 
as represented in Fig. 1, is [20] : 

daa _ G 2  1 {  m 2 ]2Q2 v 1 

dQ~dvd t  2~ 2 V 2 \Q2+m~]  E 2 1--e 

daT(p - Ne ~ p -  Ne) 
�9 (1 + eR) dt (4) 

where G=1.166 10 -5 GeV -2 is the weak coupling 

constant; ]/2mz/Tp is the coupling constant of the 
p -  meson to the intermediate vector boson, with 
72/4 rc _~ 2.4 [26] ; mp = 0.770 GeV is the p meson mass; 
Q2 is the square of the 4-momentum transfer from 
the leptons to the hadrons, v = Ev--Eu+ ; 

4Ev(Ev--v) - -Q 2 

4Ev(Ev--v)+Q2 + 2v 2 

is the polarisation parameter of the virtual intermedi- a.L/d 
ate boson; R is the ratio dt / dt  ' where a L and 

a T are respectively the longitudinal and transverse 
p cross sections. Under  the CVC hypothesis, R van- 
ishes at Q2=0;  this is observed in photoproduct ion 
[10, 15]�9 In electro- and muoproduction,  the Q2 de- 
pendence of diffractive pO production up to Q2 
--~ 10 GeV 2 is well described by the VMD model with 
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R = 0  [13, 16]; the value of R extracted from the e 
dependence of the cross section is also compatible 
with 0 for Q2 between 0.5 and 2 GeV 2 [16]. However, 
studies of the angular distributions of the p0 decay 
products show that a large fraction of the p's are 
longitudinally polarized. Assuming s-channel helicity 
conservation (SCHC), and parametrizing R in the 
form ~2Q2/rn2, one finds ~2~0 .4  at low Q2 [27] and 
R ~  1 at higher Q2 [12]. Therefore, we compare our 
data to the model predictions for 

(i) R = 0, 

(ii) R =0.4Q2/m 2 , R =< 1. 

The p -  Ne elastic cross section is given by 

d a ( p -  Ne--* p -  Ne)  A 2 
d t  - 16r~ at2~ N) e -bltl Fabs, 

where A = 2 0  is the neon atomic number and 
O'tot( p -  N) is the total p- -nucleon cross section at Ep 
= v in the laboratory system. We take 

tr (p-  N) = a (Tz- N), 

which is supported by the experimental results on 
pO photoproduct ion on nuclei [28]. The slope param- 
eter b is proportional  to the transverse dimensions 
of the nucleus: 

b=o~A2/3. 

The value of a, as extracted from data on coherent 
p0 production on nuclei [29], is 

= (10.8 + 0.4) G e V -  2 ; 

this value agrees with the one proposed by Rein and 
Sehgal [30] for the case of coherent single pion pro- 
duction, and used in [2]: 

b =  1/3RZu, RN= 1.12A 1/3 fm, 

where R N is the radius of the nucleus. 
The factor F a b  s in (7) accounts for the reinteraction 

of the p meson or of its decay products inside the 
nucleus. Experimental data on coherent pO produc- 
tion [31] give 

F a b  s ~-  0.47 _ 0.03. 

The value of Fabs, when evaluated by simply treating 
the nucleus as a homogeneous sphere as proposed 
by Rein and Sehgal and used in [2], is 0.45, averaged 
over the SPS energy spectrum. 

4 Comparison with the data 

In order to evaluate the total cross section for p -  
coherent production, several corrections have to be 
applied to the observed signal: 

1. The coherent production of p mesons with Itl- 
values above 0.1 GeV 2 is evaluated to be (15+3)% 
using a Monte Carlo simulation based on (4) to (12), 
taking into account the experimental resolution. The 
error accounts for uncertainties on the simulation of 
measurement errors. It should be noted that the co- 

(5) herent signal increases from (33+7) events for Itl 
(6) <0"1 GeV2 t~ (38 • 11) events f~ It[ <0.2 GeV2, while 

the Monte Carlo predicts 4 events for Itl between 0.1 
and 0.2 GeV 2. 

2. Another major correction has to account for 
the coherent events in which one or two gammas from 

(7) the rc ~ decay escape detection in the bubble chamber. 
The gamma detection efficiency is evaluated from the 
gamma multiplicity distribution to be (77+4)% for 
2-prong events, corresponding to arc ~ detection effi- 
ciency of (59 + 6)%; in this rescanned sample, no evi- 
dence was found for a dependence of the detection 

(8) efficiency with the no momentum. The loss of V's is 
incorporated in the Monte Carlo simulation accord- 
ing to the experimental conditions, the Itl-distribu- 
tions for events with 1 or 2 detected gammas being 
different. The expected number of coherent events 
with only 1 detected gamma is (13+5) for It[ 
<0.2 GeV 2. This is to be compared to an observed 

(9) coherent signal of (16+ 10) events, including (3___ 3) 
events attributed to single pion coherent production 
with emission of muon inner bremsstrahlung [2]. 

3. A third important  correction evaluated by the 
Monte Carlo simulation is the effect of the p,+ cut. 

(10) The loss of events with muon momentum <5  GeV 
is estimated to be (15+3)% of the total number of 
coherent p -  events. 

4. As in the case of coherent single pion produc- 
tion [2] the events with undefined charge due to an 
interaction of the ~z- close to the vertex are discarded, 

(11) and the remaining events are weighted according to 
the pion energy; the average weight is 1.085. 

5. In addition, two minor corrections have to be 
made: 
(i) after two different double scans for 2-prong events, 
the combined scanning efficiency for 2-prong events 
with gammas is (97 _+ 3)% ; (ii) (1 _+ 1) apparent coher- 
ent/~+ re- r~ ~ event is attributed to A1 production with 

(12) one of the rc ~ mesons from the AI decay escaping 
detection in the bubble chamber. 

The corrected number of events is thus (86 _+23). 
The cross section for coherent p -  production in anti- 
neutrino charged current interactions is found to be 
(95--I-25). 10 -4o cm 2 per neon nucleus, averaged over 
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Fig. 7a, h. Distributions for a the square of the 4-momentum 
transfer t; b t '=lt[- tmi . for the /~+~ n ~ coherent events with Itl 
<0.1 GeV 2, weighted for the loss of events with undefined charge; 
the incoherent background, estimated from the events with stubs, 
is shown hatched. The curves, normalised to the coherent signal, 
are the predictions of the model (4) to (12), including the effects 
of experimental resolution 

the SPS wide band beam energy spectrum. This 
number is determined using the total number of 
charged current 9~ interactions in the present experi- 
ment (taking into account the 4% due to interactions 
on the H 2 in the liquid), and the known charged cur- 
rent antineutrino-nucleon cross section: a/E~ 
=(0.35___0.02)-10 -38 cm2/GeV 1-32]. All the errors 
have been added in quadrature, including a 4% error 
due to the uncertainties in the flux shape. 

The absolute value for the cross section of coher- 
ent p -  production in two energy bins (E~ <30  GeV 
and E~ > 30 GeV) is shown in Fig. 6, and is compared 
with the Monte Carlo predictions based on (4) to 
(12). The data are in good agreement with the predic- 

tions of the VMD model, for both parametrizations 
of R. In our experimental conditions, (26___4) events 
are predicted for Itl <0.1 GeV 2 in the case of (5) and 
(36_  6) of (6), whereas (33 + 7) events are observed. 

Differential distributions for the coherent signal 
are shown in Figs. 7 and 8 for the variables Itl, t', 
Ev, v, Q2, W, x and y, where t'=ltl--tmin, tmi n 

- - \  2V ] is the lower kinematic limit of Itl, W 

=(2Mpv_Q2 2 1 / 2  +Mp) , x=QZ/2Mpv and y=v/E~ 
(Mp is the proton mass). 

The 40 events with no stub at Itl <0.10 GeV 2 are 
displayed, and compared with the predictions of the 
Monte Carlo simulation. Among those events, 
(83_+9)% are estimated to be coherent; the back- 
ground estimated by appropriately weighting the 4 
incoherent events with stubs is subtracted from the 
distributions (the subtracted events are shown 
hatched). The mean values for the experimental distri- 
butions and for the Monte Carlo predictions are pre- 
sented in Table 1. Agreement is observed between the 
data and the predictions of the model for all variables 
presented. This is true in particular for ( Q 2 ) , .  

Figure 9 compares the v, Q2, x and y distributions 
for the coherent :~- and p -  events. Significant differ- 

* Alternative forms for the Q2-dependence, as suggested in [23], 
have also been tested. However, the agreement with the data is 
worse than in the case of the standard VMD model. The modified 
forms (ii) and (iii) in [23] predict significantly lower cross sections: 
for R = 0 ,  (10_+2) and (14+2) events respectively are expected in 
our experimental conditions for Itl <0.1 GeV z, whereas (33 • 7) are 
observed (the predicted numbers of events should be multiplied by 
a factor ~ 1.4 for the case of the parametrization (6) of R). In the 
case of the modified form (i), which has a power 1/Q z less than 
the VMD form, the predicted numbers of events are (19+ 3) and 
(25 _+ 4) respectively for the two parametrizations of R, but the mean 
v and Q2-values are significantly higher than the observed ones 
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ences arise in the d is t r ibut ions  of v, Q2 and  y. In  
part icular ,  the sharp peaking of the Q2-dis t r ibut ion 
at low QZ-values for the n -  events disappears in the 
case of the p -  events;  this is because the conserva t ion  
of the vector current  (CVC) requires the Q2 distr ibu-  
t ion  to vanish at Q2 = 0 in the case of diffractive vector 
meson  product ion ,  whereas the non-conse rva t ion  of 
the axial-vector current  (PCAC) allows a b u n d a n t  n -  
p roduc t ion  at zero Q2 via the coupl ing of the n -  
meson  to the longi tud ina l  A1. On  the other  hand,  

Table 1. Mean values of kinematical variables for the coherent 
(/*+n-n ~ events with p,+ >5 GeV and Itl<0.1 GeV 2, after back- 
ground subtraction, compared to the predictions of the model (4) 
to (12), including the effects of experimental resolution; errors of 
the order of a few % arise on the model predictions for several 
variables because of the uncertainty in the flux shape. Two different 
contributions of longitudinal p production (R) are tested 

the x-d is t r ibut ions  of the n -  and  p -  events are simi- 
lar, and  essentially restricted to x-values <0.2.  This 
is k inemat ical ly  l inked to the small  Itl-values of the 
coherent  events;  more  generally, it is a necessary con-  
sequence of the fact that  long distance hadron ic  fluc- 
tua t ions  have to develop from the vir tual  W boson  
in order  for it to interact  coherent ly  with the nucleus. 

The total  and  differential cross sections presented 
so far tell little abou t  the value of R. In  principle, 
the p decay angu la r  d is t r ibut ions  allow one to deter- 
mine  completely the p spin density matr ix  [24, 33]. 
In  our  experiment,  the variable  0 can reliably be mea-  
sured, 0 being the angle between the directions of 
the nucleus and  the n -  in the p rest frame. The cos 0 
d is t r ibut ion  allows a measu remen t  of one matr ix  ele- 
ment :  

W(cos 0 ) ~  [1 04 04 0]. too + ( 3 r o o -  1) cos 2 (13) 
Data Model 

R=0 R=O.4Q2/m 2 
R_<I 

E~ (GeV) 30.6 + 3.9 37.9 39.5 
Pu (GeV) 19.7 4- 3.6 23.2 24.5 
v (GeV) 10.9 + 1.9 14.6 14.9 
p~ (GeV) 6.0 + 1.4 7.5 7.7 
p~o (GeV) 5.0 _ 1.0 7.2 7.3 
Q2 (GeV z) 1.26 + 0.24 1.27 1.40 
W (GeV) 4.21 +0.34 4.82 4.88 
x 0.071 +0.014 0.052 0.057 
y 0.3334- 0.038 0.402 0.394 
e 0.8914- 0.025 0.827 0.837 

Assuming  SCHC,  - which is expected to hold for 
diffractive scattering, and  in par t icular  for coherent  
processes [19], - too~ is related to the helicity-zero 
p p roduc t ion  and  hence to the value of R: 

O -L 1 04  
r 0 o  

R = (14)  t7 r -  e 1 04" - -  r 0 0  

Purely transverse p p roduc t ion  04 (roo=0)  would thus 
be characterized by a s in20  dis t r ibut ion,  and  purely 
long i tud ina l  p p roduc t ion  (r~ 4 = 1) by a cos 2 0 distri- 
but ion.  The value of roo~ extracted from the cos 0 dis- 
t r ibu t ion  presented in Fig. 10 is (0.41 4-0.19); the para-  
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fined charge; the incoherent background, estimated from the events 
with stubs, is shown hatched 

of the exclusive channels contributing to the coherent 
charged current antineutrino-neon interactions by the 
analysis of the coherent production of p mesons. 
The corresponding cross section is measured to be 
(95 + 2 5 ) .  10 - 4 ~  c m  2 per neon nucleus, averaged over 
the beam energy spectrum. The distributions of kine- 
matical variables and the absolute value of the cross 
section are in agreement with theoretical predictions 
based on the CVC hypothesis and the VMD model; 
the decay angular distribution suggests a sizeable pro- 
duction of longitudinal p mesons. 
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metrization of R according to (6) predicts <r~ 
=0.32. Our measured value agrees well with values 
obtained from exclusive p0 meson electroproduction 
for similar Q2-values E11, 12, 27], although [-14] gives 
smaller values in muoproduction. Our result thus sug- 
gests a sizeable production of longitudinal p mesons. 

5 Conclusions 

In conclusion, using BEBC exposed to the CERN 
SPS 9, wide band beam, we have pursued the study 
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