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ABSTRACT.

-

Coherent production of Ai mesons in charged current antineu-
trino interactions on neon nuclei is studied in the bubble chamber BERC
exposed to the CERN S5PS wide band beam. The absolute value of the cross
section and the distributions of kinematical variables are in reasonable
agreement with theoretical predictions based on the vector meson dominan-

ce model.



1. INTRODUCTION.

In this paper, we complete the study of channels contributing
to antineutrino coherent scattering on neon nuclei in the Big European
Bubble Chamber BEBC [1]. We study the process

v Ne - ut B] Ne, (1)

where the axial-vector part of the weak current, -dominated by the JPC =

1+ Al resonance~, coherently scatters off the neon nucleus, as illus-
trated in Fig. 1. The Al meson subsequently decays in a (p, 7) system,

giving -with equal branching ratios-

A - p TO o w-.ﬁ° 70 (la)

By »po s ot e (1b)

In previous papers [£2,3], we have studied the coherent pro-

duction of m and p mesons

v Ne = ut 17 ne (2)

VNe »ut o7 Ne p =T T° (3)

These processes are due, respectively, to the coherent scattering off the
nucleus of the scalar component of the axial-vector current (2) and of the

vector current, dominated by the p meson (3).

The Al meson has been studied for a long time; its parameters
and its very existence have long been controversial, at variance with its
vector counﬁer—part, the p meson. Indeed, p mesons are abundantly produced
in diffractive scattering of photons, both real and virtual, in photo-,
electro- and muoproduction :

YP*p°p. _ (4)

This process can be described in the framework of vector meson dominance
models (VMD), where the electromagnetic current directly couples to vector
particles. A similar production mode for the A1 meson can only exist in
neutrino scattering, since only the weak current contains an axial-vector



component

vp U AI pou & p. (5)
However, the observation of this production mode not only suffers from low
statistics, but it is also obscured, in the case of diffractive scattering
off protons, by the abundant production of (p° A++) systems

vp-ou peatT o at 7t 2 b (6)

Four A1 candidate events over an estimated background of 9 events were
reported by experiment [41, and experiment [51 only quoted an upper limit
for Al production. Coherent production of Al mesons by process {1) does
not have reaction (6) as background, but the only previously reported

result is of low statistical significance : (13 * 9) events [&1.

Al meson production has mostly been studied in hadron expe-
riments, by scattering of n mesons L[7]1. However, the Al production is
obscured in this case by the "Deck mechanism"” [81, which enhances the
non-resonant 3 7 background, and distorts the Al resonance shape through
interference with the background, making the analysis model dependent. The
preferred values for the parameters of the Al resonance as determined by

those hadron experiments are L[9]

ma (1275 2 28B) MeV,

T (316 * 45) MeV . (7)

A

H

In recent years, Al mesons have been observed with good
statistics in the decay of 1 leptons produced in e+e“ experiments [C101. In
this channel, the Deck mechanism is not expected to play an important
role, and the resonance is produced in a much cleaner way; the parameters
obtained for the Al resonance in the experiment with the highest
statistics E£10al are

m, = (1050 % 11) MeV, FA = (521 % 27) MeV ; (8)

C10b3 gives very similar results, whereas the use of a different



parametrization for the decay matrix of the Tt lepton [10cl gives a higher

mass value.

In the present analysis, we will use the parameters (8) in
the expressions describing reaction (1); this will provide a test of the
vector meson dominance model in the case of the axial-vector current, and
a measure of the coupling constant between the Al meson and the weak

axial-vector current.

2. EXPFRIMENTAL DATA.

The data come from 16497 charged current antineutrino
interactions collected from BEBC,.filled with a 75 mole % Ne~H2 mixture
and exposed to the CERN SPS wide-band beam; muons are identified in the
external muon identifier (EMI), and their momentum is required to exceed 5

GeV. This data sample was fully measured.

The final states which will be considered in the following

and contribute to reaction (1) are

ut 17 me 40 Ne (9a)
+ —_

w m 7° v Ne (Sb)
TR PSS | PR (9¢)

the final state (Sb) corresponds to channel (la) with one gamma lost; it
is included in order to increase the statistics in that channel.

To achieve an efficient and reliable gamma detection, the
events with 2 and 4 charged secondaries (2 and 4 prongs) were carefully
rescanned; newly found gammas were measured and added to the events;
bremsstrahlung gammas were discarded according to our usual procedure
L[113. The overall detection efficiency deduced from the gamma
multiplicity distribution‘among Z2-prong events is (0.77 * 0.04).

As in the case of the 2-prong events with 2 y’s [33, the
(v¥,v) mass distribution for events with 3 and 4 gammas shows a clear 7°
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peak (Fig. 2a). The 7° fit probability distribution is filat above 1 %
(Fig. 2b), and hereafter only combinations with probability higher than
1 % will be considered as #°. It has been checked that the number of
reconstructed #°’'s among the 2-prong events with 3 or 4 vy's is in
agreement with the quoted vy detection efficiency and with the estimated
numbers of events with 2, 3 or 4 g°'g produced,

The procedure to extract the coherent signal has been
described in [C13. Coherent events have an even number of prongs, since the
recoil nucleus is not detected in the bubble chamber; Ehere are no boil-
off protons or nuclear fragments, due to the fact that the nucleus recoits
as a whole, without breakup; those events have an exponentially falling
t-distribution, t being the square of the 4-momentum transfer to the
nucleus (see Fig. 1). For diffractive events, It| can be approximated as

1t] = £z (E; - pH3? + |z T2 (10)

i i

where Ei' P
mentum and the transverse momentum of particle i with respect to the

and B? are, respectively, the energy, the longitudinal mo-
neutrino beam direction, the sum extending over all final state particles.

In this experiment, it is possible to identify protons stop-
Ping in the bubble chamber, with momentum up to ~ 1 GeV. All events were
rescanned for the presence of protons or nuclear fragments at the vertex,
indicating that the interaction was not coherent. In previous papers
L1-31, the sample of non-coherent events used for background studies
consisted of events with an even number of prongs, -i.e. interactions on
neutrons-, containing nuclear fragments or protons with momentum below 300
MeV, called “"stubs"; the stubs are not taken into account to compute the
kinematical quantities of the event. In the case of channels (9a-c),
however, the number of such events is small (respectively 10, 22 and 57).
In order to increase the statistical significance of the background
studies, we follow thus here the procedure used in our study of coherent
at production by neutrinos ri23 : interactions on protons of type u+ m we
T p, ut 17 ge vypand ut 77 xt 5 p (with or without stubs with
momentum below 300 MeV) are included in the sample of non-coherent events,
the proton being discarded to compute the kinematical variables; those
events are widely called "events with stubs",
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Extending the definition (10) of It| to non-coherent events,
the |t}|-distributions of events with and without stubs can be compared. Ac
noted in £13, the |(t|{-distributions at low It]-values are similar for
those two classes in the case of 3- and S5-prong events, -which are all
necessarily non-coherent; it has been checked that this remains true with
the extended definition of "stubs" used here. This indicates that the
events with stubs provide a good description of the shape of the fti-
distribution of all the incoherent events.

For a given |t|-upper limit, the coherentrsignal is obtained
from the excess of events without stub at lower |t{-values, above an in-
coherent background; this background is given by the number of events with
stubs below the |(t|-cut, weighted by a normalisation factor which is the
ratio of the number of events without stub to the number of events with
stubs, above the |t|-cut.

The |tfj-distributions for the events corresponding to the
final states (9a-c¢) are shown on Fig. 3; the signal is also given in Table
1 for several |t| upper limits. It is interesting to note that the requi-
rement of #° fits in the events with 3 and 4 Y's does not change the size
of the signal : at |t} < 0.15 Gevz, it is (16 * &) events both for the
(wt o ay) + (¥ 17 3y) events, and for the (u¥ 7~ 7° 5o) + (ut orT qo )

events.



A TR A .
. ev. without stub 2 9 12 16 19 . 30 .
. ev. with stubs . 1 2 3 5 8 . 25
. signal . 0.8 7.2 9.6 12.5 13.8 .
. errvror on signal . 1.9 3.3 *3.8 4.5 5.1 .
SEEETRA Sy LY
ev. without stub . 4 8 12 17 18 . 41
ev. with stubs . 1 4 9 11 15 . 56 .
. signal . 3.3 5.5 6.5 11.1 9.6 . .
- error on signal 2.1 3.2 4.1 4.7 5.3 . .
R S M . ) .
. ev. without stub . 9 21 29 37 44 . 125
. ev. with stubs . 3 8 22 27 40 . 211
signal 7.3 16.9 17.8 24.1 25.0 . .
error on signal . 3.2 4.8 6.0 6.8 *7.7

Table 1 : Number of events with and without stubs, and excess of
events with no stub at low |[t|-values above the incoherent back-
ground obtained from the scaling of the number of events with
stubs, for several |t| upper limits and for the final states (9)
relevant for the Al coherent production.



3. THEOQORETICAL PREDICTIONS.

The cross section for coherent diffractive production of A

(*) 1

mesons by the diagram of Fig. 1 is 1371 :
ade 6% 2 (1 292 v 1
ag? av at  ar® B Jp%n? g? 1°¢
A"
T - -
do (Al Ne - Al Ne)
. (1+eR) at ’ (11)
-5 -2 2

where G = 1.166 10 GeV is the weak coupling constant, fA = CA m,

is the coupling constant of the Al meson to the intermediate W boson; my

is the Al meson mass (8); Q2 is the sguare of the 4-momentum transfer

from the leptons to the hadrons, v = E_ - E
v H

+F

4 E (E - v) - 0°

e = v N > (12)
4 E (E_ - Vv) + 0% + 2v

() The axial-vector component of the weak current contains also,
according to the PCAC hypothesis, a term proportional to the gradient of
the pion field; Al
scattering of virtual pions coupling directly to the scalar component of
the weak axial current. However, this contribution to the cross section is

mesons can thus also be produced by diffractive

negligible, being proportional to the final state lepton mass squared. On
the other hand, a g meson could couple to the vector part of the W field,
and produce an Al via pion exchange; however, such a process would
transfer isospin to the nucleus, and would thus be inhibited in the case
of coherent interactions with an isoscalar nucleus. We will thus not

consider these contributions here {see similar discussion in L[21}.
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is the polarisation parameter of the virtual intermediate boson, and R is

L T
. do do
the ratio F/ EE—“

and the transverse (Al Ne) cross sections. As in the case of coherent p

, where cL and oT are, respectively, the longitudinal
production, we will compare our data to the model predictions for

(i) R =0 (13)

2

2 » R (=1 . (14)

-

(ii) R = 0.4 0% / m

1}

The axial-vector coupling constant fA is not known experi-
mentally; two possibilities have been proposed. In [15], the assumption is
made that the decay width Al 2+ u v 1s the same as that for the p meson,

leading to
2 _ L2
CA = Cp mp/ Ty s (15}
where cg = 27 yg ,  with yi / am = 2.4,
. 2.2 _ 2,.2
i.e. £,/£7 = 2.5 for m, = 1.050 GeV and £, /f° = 4.5 for m, = 1.275 GeV.
A Tp A A 7p A
2 2
In £161, one takes f, = £~ :
A P
2 _ 2 4
CA = Cp (mp / mA) , (16)

As in the case of coherent production of p meson , the Al Ne

elastic cross section is given by

[ Wit S IS P Ty (17)
at 167 “tot ‘P abs’

where A = 20 is the neon atomic number and O ot (Ai N) is the total Al
nucleon cross section at EA = v; in the absence of data, we take
1
U(Ai N) = o(p N) =0 (n N), (18)

as suggested by the additive quark model.
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The slope parameter b is proportional to the transverse

dimensions of the nucleus :
bzaA F3 (19)

and we take for o the value measured in coherent po rhotoproduction, as in
CL3]

2 2

® = (10.8 * 0.4) GeV “, b = (B0 t 3) GeV (20)

The factor F
abs

and its decay products inside the nucleus; again we use, as in [31, expe-

accounts for reinteractions of the Al meson
rimental data obtained from coherent po photoproduction :
F = 0,47 * 0.03. (21)

abs

4. TOTAL CROSS SECTION.

Table 2 presents the raw signal for reaction (1) for |t| <

0.15 Gev?

determine the total cross section.

and the corrections to be applied on the data in order to

+ - o0 o + - 0 + - 4+ -
. R TR S WoT Ty . W T T T
raw signal (no. of ev.). 9.6 +* 3.8 . 6.5 % 4.1 . 17.8 * 6.0
correction factors for:. . .
. undefined charge . 1.08 . 1.08 . 1.25
. scanning losses . (1.03 + 0.02) . (1.03%0.02)
. cut in |t| . (1.1etx0.06) . (1.30%20.10) . (1.02%0.0L)
. v detection eff. . (1.31  0.11) . - .
. pp cut . 1.23 . 1.23 . 1.23
. corrected no. of events. 35.1 * 12.6 . 28.8 * 9.7 .

Table 2 : Raw and corrected numbers of coherent events
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For this analysis, one has discarded the events in which a
charged pion has interacted in the liquid so close to the vertex that itc
charge could not be reliably defined. The remaining events have been
weighted accordingly, the weight depending on the charged prong
multiplicity. and on the total hadronic energy of the event; the average
weilights for the classes of events under study are presented in Table 2.

The scanning efficiencies for 2- -prong events with gammas ang

[-3

for 4-prong events without gammas are both evaluated to be (97 * 2} %.
A Monte-Carlo simulation based on (11)-(21) has been
performed, taking into account the experimental resolution. This
simulation has been used to evaluate the effects of the cuts in |t
separately for the different final states (9). One observes that the 1]~
distributions of the events containing 7°’s are predicted to be broader
than for the p* 7~ %% 77 events. This is due to the large measurement
errors on the gamma’'s forming the 7°’s, and to the occasional wrong gamma
pairing in the #° reconstruction; in addition, the loss of a v affects the
second term in (10)r and contributes to broaden still more the |t|-distri-

bution of the p* 7~ 7° vy events.

One has also to apply a weighting factor (1.31 *+ 0.11) to the
sum of the 2-prong final states (9a) and {9b), to take into account the

gamma detection efficiency.

Finally, a common correction factor has to be applied to all
final states (9) to account for the effect of the p cut at 5 GeV; this
factor is evaluated by the Monte-Carloc simulation to be 1.23.

The corrected number of events attributed to reaction (1) is
thus (63.9.* 15.9). The cross section for coherent Al meson production in
antineutrino charged current interactions is found to be (91 * 23).

10_40 cm2 Per neon nucleus, averaged over the SPS wide-band beam energy
spectrum (above 15 GeV). This number is determined using the total number
of charged current v interactions in the present experiment (taking into

account a 4 % correction due to interactions on the H2 in the liquid), and

the known charged current antineutrino-nucleon cross section : o/E_ =
v

(0.3%5 £ 0.02) . 10-38 cmzlGeV [183. All the errors have been ddded in

quadrature.



The absolute value for the Cross section of coherent Al pro

duction in two energy bins (15 ¢ E_ < 35 GeV and E_ > 35 GeV) is shown
v Y
in Fig. 4, and is compared to the Monte-Carlo predictions based on {(11) t

(21).

A fair agreement is observed with the solid curve, which
presents the prediction for the choice (15) of the Al—W coupling, with

m, = 1.050 GeV (8) and R = 0 (12). Taking into account the errors on the

slope b (20), the absorption factor F abs {21) and the fiux shape, the
model predicts, for this Choice of the parameters my and R, the observa-
tion of (30 * 3) events in our experimental conditions and cuts, whereas

Q

(34 * B) events are seen. The predicted number is increased by some 35 %

Q.

if one takes the value (14) for R, and decreased by about 5 % if

Mp = 1.275 GeV (7) and R = 0, Cﬁ being modified according to (15).

On the other hand, only (12 * 1) events are predicted if

fi /fg = 1 (16) (dashed curve on Fig. 4); this number falls to
(6 * 1) events if my = 1.275 GeV (for R = 0.
Using the predictions of the model (11)-(21), one finds thus,
for R = 0,

/£- = 2.9 + 0.7 (22)

-l N
DN

(0.25 * 0.03) Gey2 (23)

Fh
]

for m, = 1.050 GeV, and

= 5.4 % 1.3 (24)
£ = (0.34 * 0.04) Gey2 (25)

for mA = 1.275 GeV.
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5. KINEMATICAT, VARIABLES.

Fig. 5 a-i present the distributions of the coherent signal

at f{t| ¢ 0.15 GeV for the antineutrino energy E_, the energy transfer
v
to the hadrons v, the 4-momentum transfer to the hadrons Q the Bjorken

variables x = Q [2 M v (Mp being the nucleon mass) and y = v/E_, the

v
hadronic invariant mass W= (2 M v - Q2 + M;)lfz, the 3-pion invariant
mass m(37), the square of the 4-momentum transfer for the nucleus |tj,
and the variable t’ = |t] - t . , where t . ~ E(Q2 + m27/2 v]z; the

min min A

events with stubs are given a negative weight corresponding to the back-

. ground contribution to the different channels as obtained from Table 1
(respectively -0.82, -0.62 and -0.51); all events are weighted to correct
for the loss of events with undefined charge. The average values for these

variables are given in Table 3.

. Data . Model
. . 20N {GeV) 1.050 1.275

E, (GeV) . 36.4 5.3 . 43.5  46.4

P, (GeV) . 21.2 t 4.4, 24.1  24.3

v (GeV) . 15.1 ¢ 3.2 . 19.4  22.1
. 0% (Gev%) . 2.06 * 0.59 . 1.81 1.9 .

x . 0.076% 0.011 . 0.054  0.051

v . 0.419% 0.052 . 0.458  0.488

W (GeV) . 4.83 £ 0.47 . 5.55  5.96 .
. 1t} (Gev%) . 0.064* 0.008 . 0.038  0.040
.t (GeV®) . 0.040% 0.008 . 0.028 0.029 .
. m(37) (GeV) . 1.098% 0.077 . 0.977 1.147 .

Table 3 : Mean values of kinematical variables for the coherent
events, after background subtraction; they are compared to the
predictions of the model (11) to (21}, including the effects of
experimental resolution, for two values of the mass -



The Monte-Carlo predictions based on (11)-(21), with Ry =
1.050 GeV, TA = 0.520 GeV (8) and R = 0 (13) are shown superimposed on the
distributions in Fig. 5, and are also given in Table 3.

The general features of the data are reasonably well descri-
bed by the model, especially if one compares the wv-, y- and Qz—distribu~
tions with those for coherent pion production, where they are rapidly
falling [21; as expected, they have also higher average values than in the
case of p production L[31.

However, in detail there are discrepancies. The {t|-, t’-

and x-distributions are flatter than expected, and the E -, v-, y-, and
v

H-distributions are softer, whereas Q2 is in good agreement with the ex-

pectation; all these features are kinematically related.

The strongest disagreement is in the |t]-distribution
(Fig. 5h}). The simulation fails to reproduce the maximum around 0.5 Gevz,
as seen in the data. Fig. 5h shows also the Itl—distributibn above
0.15 GeV2 : one observes an excess larger than expected of events without
stub above the background up to jt|-values ~ 0.2 Gevz.

Experimental effects explaining an apparent softening of the
v-distribution have been searched for. In fact, the average 7° momentum in
the u+ T 7° 7° events [(3.3 2 1.0) GeV] is lower than the corresponding
* momentum in the p* w7 77 events [(4.9 %+ 1.7) GeVl; an underestima-
tion of the v and 7° momenta, or the loss of high energy gammas could thus
partly explain the effect in v. However, there is no direct evidence of
such experimental effects and, in addition, the effect in v is also obser-
ved among the 4-prong events L[<{v)> = (15.9 + 4.5) GeV instead of 21.5 GeV
predictedl. It might be remembered that, in our study of the p coherent
production in BEBC £31, the average v-value was also (marginally) lower
than predicted, and that a lack of high energy events was reported from a
study of p coherent production in the 15‘ bubble chamber at FNAL £C191.

The effect of varying some of the parameters in the model was
also studied. Changing the Al mass from 1.050 GeV to 1.275 GeV has no si-
gnificant effect on the |t}-, t'- and x-distributions; however,



l6.

2
Q2 + mi
tmin T T 15 increased, and accordingly higher Eg-, M-, Y-
and W-values are predicted (see Table 3); the disagreement in these va-

riables is thus stronger than with a lower mass value.

Choosing for R the values (14) instead of R = 0 has only a
& minor effect on the differential distributions only the Q2 and x-valuc

are slightly increased.

One could also suggest that the model does not really work at
92 values above a few GeV2 C17]1; however, cutting out the events with Q2 »
7 GeV2 or even Q2 > 3 GeV2 does not improve the agreement with the

(modified) predictions.

6. CONCLUSIONS.

In conclusion, we have completed the study of the channels
contributing to the signal of antineutrino coherent scattering on neon
nuclei in BEBC, by the analysis of Al production in the channels

+ - o o
Ne = p 7 7% 7 Ne

<

Ne » pt 57 1© v Ne

<

Ne » p* 77 27 17 Ne.

< |

The cross section for Al production, averaged over the SPS Gu wide band
beam energy spectrum above 15 GeV is (91 +- 23). 10*40 cm2 per neon
nucleus. For a ratio of longitudinal to transverse cross sections R = 0,
and for my = 1.050 GeV, this corresponds to an Al- W coupling constant fA
= (0.25 £ 0.03) Gevz, and to a ratio sz/fzp = 2.9 £ 0.7. The kinematical
distributions are in reasonable agreement with the vector meson model
predictions, although the |t|- and X~distributions are flatter and the

v-distribution softer than expected,
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FIGURE CAPTIONS.

Fig. 1. Coherent diffractive production of an Al meson by Gp char-

ged current interaction on a necon nucleus.

Fig. 2. Distributions of a. the (yy) mass; b. the 7° probability P
(with P > 1 %), for the 2-prong events with 3 or 4 gammas (146 events).

Fig. 3a,b,c,d. Distribution of the square of the 4-momeritum transfer |[t|

for the events without stub (full histogram) and the events with stubs

(dashed histogram), for a. the (ut 7~ 7° 2°) events; b. the ETREE S L AW
events; c. the (p* 77 77 77) events; d. the 3 combined classes. The dis-
tribution for the events with stubs is normalised to that for the events

without stub for |t] ) 0.15 GeVZ.

Fig. 4. Cross section for coherent A, production by GU charged

1
current interactions on neon nuclei, as a function of the v energy E_;
the curves are the predictions of the model (11) to (21) for m, = v
1.050 GeV (B), R = 0 (13) and the Al—W coupling constant being taken as in

(15) (so0lid curve) and as in (16) (dashed curve).

Fig. S5a-i. Distributions for a. E _; b. v; c. QZ; d. W; e. x; f. yv; qg.

m(37}); h. jti; i. £’ for the combindd channels (9a~c), with |t < 0.15%
Gevz, weighted for the loss of events with undefined charge; the incohe-

rent‘background, estimated from the events with stubs, is shown hatched.
The curves, normalised to the coherent signal, are the predictions of the
model {(11) to (21), including the effects of experimental resolution, with

= 1.050 GeV, T, = 0.520 GeV (B}, and R = 0 (13).
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