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Threshold =t electroproduction has been measured at momentum transfers ]k2l of
0.45, 0.58 and:0.88 (GeV/c)z, extending the range of earlier measurements. Using
PCAC and current algebra-based models we have deduced the axial vector form factor
of the nucleon G A(kz), and find that the dipole parametrisation is favoured over the
monopole. The value of M4 in the dipole parametrisation is, in a weak PCAC model,
0.96 + 0.03 GeV, in excellent agreement with neutrino measurements. The threshold
cross section is also in excellent agreement with the predictions of a fixed-r dispersion
relation model.

1. Introduction

Threshold 7t electroproduction has been studied extensively over the past few
years, mainly because of the intimate connection of this process, via PCAC and
current algebra, with the axial vector form factor of the nucleon, G A(kz). (An ex-
tensive list of references may be found in ref. [1]). Although G5 may be measured
more directly in quasi-elastic neutrino scattering, electroproduction results remain
competitive because of their greater statistical precision. Furthermore, the coinci-
dence measurements made at Frascati [2,3], DESY [4] and NINA [1,5] are consis-
tent both amongst themselves and with the neutrino results [6].

We describe in this paper measurements of n* threshold electroproduction cross
sections at momentum transfers 0.45, 0.58 and 0.88 (GeV/c)2. These measurements,
which extend the |k2| range previously explored, were performed with essentially
the same apparatus used in‘an earlier experiment [1], where a detailed account of
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66 A. Del Guerra et al. | n* electropreduction

Fig. 1. Kinematic diagram of the reaction, specifying the ¢ convention.

the kinematics and phenomenology may also be found.
The azimuthal differential cross section for ep = en*n near threshold may be ex-
panded in powers of ¢*, the 7+ momentum in the 7*n c.m.s., as

d3o 1 q* i, ,
T = o Ty T (A + Bg*2 + Gt + hn Ay q* cos 6 + 345072 cos 26%) .
a0t 2n Ky A1 BTG Handgg® cos 6+ 345" co ‘b("))

1

This is an integration over cos 83 of eq. (3) or ref. [1] with an additional term in g*4
which accounts for the d-wave contribution to the total cross section. I, is the virtual
photon flux, Ky is the equivalent photon energy given by (W2 — M2)/2M, with W
the invariant mass of the 7*n system and M the proton mass. ¢¥ is the azimuthal
angle of the n* measured about a polar axis in the direction of the virtual photon

(see fig. 1).
Integration of eq. (1) over ¢ gives the total cross section
d2o q*
=T 1 (4, + Bg*2 + Cq*4) . 2
Graq, T i U v Ba G @

The dependence on electron variables may be factorised out, and the cross sec-
tion for virtual photoproduction, v, p - 7*n, given as

3 *
1 dg _do =_17—17(q—L (A1 +Bg*? + Cq** + §m A4q* cos ¢

Tt dB'dQqdg}  do*

+3459™2 cos 2¢%) . 3)
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Extrapolation of 2Ky /g*) do/d¢7 to q* = 0 gives the value of 4}, the total cross
section slope, which is directly related, through the £+ multipole, to G A(kz).

Sect. 2 of this paper contains a brief description of the experimental apparatus,
sect. 3 the details of data reduction and analysis, sect. 4 a summary of the cross
sections measured; finally in sect. 5 we discuss the results of this and other experi-
ments in relation to G4 .

2. Apparatus and running conditions

The apparatus (fig. 2) has been extensively described in an earlier paper [1],and
so we outline here only its basic characteristics and performance and give details
of the specific modifications needed for this experiment. The extracted electron
beam from the NINA synchrotron was focussed onto a 100 mm long liquid hy-
drogen target; a dummy target cell was used to measure the background coming
from the target walls. The electron beam was measured by a secondary emission
monitor (SEM) which had been calibrated separately against a Faraday cup. The
scattered electrons were analysed in a focussing magnetic spectrometer whose angu-
lar and momentum acceptances were 0.6 msr and 8% respectively. The electron
trigger consisted of five scintillation counters, a threshold CO4 gas Cherenkov coun-
ter and a lead-lucite sandwich shower counter. The electron scattering angles and
momentum were measured in six scintillation counter hodoscopes. The resolutions

VC Veto counters

T Target

HQ Half quadrupole R
W17 Bending magnet

H  Counter hodoscopes NG
C  Scintillation counter
Ch Gas Cherenkov counter M

Sh Shower counter
NC Neutron counter
WAB WAB Counter

Fig. 2. Lay-out of the experimental apparatus.
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Fig. 3. The efticiency Tipn for neutron detection and Tpn for proton-neutron conversion,

achieved were 0.05° in the scattering angle and +0.3% in Ap/p. Since the magne-
tic field of the synchrotron varied sinusoidally, an energy spread of ~1% resulted
for electrons incident at different times during the spill (typical length 1.5 ms).
For each event the time was recorded relative to the peak of the magnet cycle and
the energy calculated.

The experimental determination of the A1, B and C coefficients of eq. (2) is
rather sensitive to the accuracy of the W scale and hence to the absolute value of
the incident energy. Whilst the nominal beam energy was recorded event by event,
it was known only to an absolute accuracy of ~0.3%. This uncertainty was consider-
ably reduced by performing frequent elastic scattering runs which allowed us to
determine the absolute W scale to 1 MeV.

The electroproduced neutron was determined in a large matrix (NC) of 145 plas-
tic scintillator blocks, each 270 mm deep, encased in a lead shield [7]. The neutron
momenta were measured by time of flight (t.0.f.). The efficiency n,, (fig. 3), and
the spatial and t.o.f. resolutions of the NC had been carefully measured in the kine-
tic energy range 100—500 MeV [8].

The single arm (ep > ¢ + anything) trigger clearly allowed several background pro-
cesses to contribute to the NC signal and each of these had to be carefully handled.
Charged and electromagnetic background originating in the target was identified by
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means of a veto counter system [1,7] placed in front of the NC and shielded by 50
mm of lead. The veto t.o.f. was also recorded and in the analysis those NC signals
with chosen correlations in space and time with the veto signal were designated as
“charged” [8.,9], e.g. protons from the concurrent process ep ~ epn¥. Additional
provision was made to handle the background from the process ep - epy (WAB),
the radiative tail of elastic ep scattering. This signal dominates the electron trigger
near threshold and any misidentification can seriously affect the determination of
the n* electroproduction. Since the proton distribution from WAB was strongly
concentrated over a limited region of the NC, a coincidence telescope (WAB coun-
ter) was added, which consisted of two scintillation counters, each 400 X 800 X 10
mm, shielded with 10 mm of iron, the whole assembly bolted to the NC frame (fig.
2). The WAB t.o.f. was also recorded, and was used in the analysis in the same way
as the veto counters described earlier. A charged particle was then characterised by
giving a signal in either or both of the WAB and veto systems. Despite all these pre-
cautions some WAB protons filtered through into the neutral sample viz conversion
in the shielding [8], nyy in fig. 3. A special procedure was developed to handle this
much reduced, but still troublesome background (see sect. 3).

Random background was measured by means of a ‘random trigger’ fanned in
with the electron trigger to form the master trigger for the experiment. The random
trigger was provided by a small scintillation counter placed beneath the target and
properly timed to reproduce the time structure of the beam. The subtraction method
has been described in detail elsewhere [9].

The experiment was performed at three different values of the momentum trans-
fer k2. Table 1 shows the experimental settings together with the other relevant kine-
matical quantities. The beam intensity was kept fairly high (~1012 electrons per
second) because of the low cross section of the process.

Table 1

Kinematic settings

—K? (GeV/c)2 0.45 0.58 0.88
Incident electron energy E (GeV) 3.198 3.198 3,511
Spectrometer momentum setting

E (GeV/c) 2.754 2.685 2.839
Electron scattering angle 0 (deg) 13.0 15.0 17.1
Maximum W used in analysis

Winax (GeV) 1.132 1.144 1.132
Photon polarisation e 0.96 0.95 0.94
Neutron counter angle setting

T, (MeV) 130-330 175400 270540
Neutron t.o.f. range 1 (ns) 1635 15-31 14-25
Neutron counter angle sefting

o (deg) 53.0 50.5 46.5

YYAB proton kinetic energy
Tp (MeV) ~230 ~ 28 B
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3. Data analysis
3.1. Random and dummy subtraction

The data were divided into 45 W bins, each 4 MeV wide, in the range 0.980 < W
<1.160 GeV and 6 ¢7 bins in the range 0° < ¢* < 180° (which also covers the region
180° < ¢* < 360° with the transformation ¢p > 2w — ¢¥). The dummy target and
random background subtraction were performed in each W and ¢¥ bin, plotting the
data as a function of the missing mass squared, m2. To enhance the statistical pre-
cision in the subtracted signal a cut was made, typically at m? = —0.08 GeV2 and
only events above the cut retained. The data at this stage were still contaminated
by converted protons from both WAB and ep epnO.

3.2. WAB subtraction

The contamination of the neutron yield coming from WAB proton conversion is
particularly significant in the ¢ ~ 0° region where the WAB proton cone overlaps
the neutron cone from n* electroproduction. The W spectra of the “neutral sample”
coincidence events at —k2 = 0.88 (GeV/c)? in the first two ¢x bins are shown in fig.
4. The physical background below the #* threshold (W=1.079 GeV), particularly
evident in the first ¢} bin, can arise only from WAB protons misidentified as neu-
trons. A similar although less pronounced background is still present in the second
¢, bin, but in the remaining four bins the signal below threshold was negligible. Un-
fortunately, the spatial resolution for protons which simulated neutrons had a much
longer tail than that for protons detected direct [8]. These two distribution for WAB
are therefore markedly different, as can be seen in fig. 5, where the normalised
o5 (= ¢¥) distributions for protons and for P = n conversions are shown in the W
region below threshold (e.g. the ratio between bin 2 and bin 1 is 0.03 for protons
and 0.36 for p — n). This prevented us from handling the p > n conversion by direct-
ly subtracting an appropriate measured fraction (17pn in fig. 3) of the charged yield
from the neutral yield. To overcome this difficulty a Monte-Carlo program was used
to simulate the WAB proton distribution on the NC. The goodness of this simulation
was checked against the measured WAB proton distribution below threshold using the
known efficiency of the NC for detecting protons (~67% with a cut-off at ~290
MeV [8]. The generated distribution was then multiplied by the p ~n conversion effi-
ciency 1y, and smeared using the measured spatial resolution for p > n detection
[8]. The six W distributions obtained were individually normalised to give the ex-
perimentally observed yield of neutrons in the W range 1.024 < W < 1.064 GeV (im-
mediately below threshold), and were then subtracted from the measured yields. The
Monte Carlo yields for WAB are shown in fig. 4, together with the data. As can be
seen, the experimental shape in W below threshold is well reproduced by the Monte
Carlo. We estimate that the maximum error arising from this subtraction is less than
10% in the first ¢ bin, less than 3% in the second, and negligible in the remaining
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Fig. 4. Experimental yields as a function of W. (a) 0° < ¢} < 30°. (b) 30° < ¢}; < 60°. The yield
from WAB, as calculated by Monte Carlo, is also shown.
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Fig. 5. The ¢* distributions for protons from WAB. (a) Protons detected direct. (b) Protons de-
tected via p — n conversion.
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Fig. 6. The ¢ distribution, 1.064 GeV < W < 1.160 GeV, %% =0.88 (GeV/e)? for ep-rentn.

The shaded region is the distribution after the removal of the WAB contamination.
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four. The W-integrated ¢ histograms (1.064 < W < 1.160 GeV), before and after
WAB subtraction, are shown in fig. 6 at —k2 =0.88 (GeV/c)2. After subtraction there
is a clear asymmetry between ¢% = 0° and ¢* = 180°, giving rise to a large and nega-
tive A4 coefficient in the differential cross section (eq. 3), which was completely
masked before subtraction by the WAB proton contamination.

3.3. w0p contamination and cross-section evaluation

The procedure used for the analysis was very similar to that described in ref. {1].
A Monte-Carlo program, incorporating the effects of both internal and external ra-
diation, was used to simulate #*n electroproduction. Each simulated event was
labelled with a set of generated variables a(= W, cos 8%,07%, T,)), where Ty, is the
neutron kinetic energy, and a set of reconstructed variables a'(= W', ¢*"). The fol-
lowing quantities were then calculated:

D)= 2 WHe,0) HH(Q) ngn(Tn) ,
MC events

D’Z(a') = 2w (o ,0) HH(0) Ny (Ty) g*57 cos ¢
MC events /7

DiaY= 27 Wi,a) HH(@) nyn(T,) g*23cos 26% ,
5 MC events 7 nien i

Di)= 2o W o @) H (o T,) q*?,
B( ) NC ot s ]( ) ()nnn( n) 4

Diey= 20 WHo',a) H(0) muy(Ty) 4™ . (4)
MC events /

where W'(a, o) is the weight of the jth Monte-Carlo event and H+(a)) is the input
cross section to the Monte Carlo, flat in cos 8% and ¢ and giving (K| /¢*)(do/d¢¥)
a flat behaviour in Wand ¢¥. Since we do not present any distributions in cos 8%,
the Monte-Carlo events were integrated over this variable.

To remove the physical background produced by the process ep - epn¥ with the
proton misidentified as a neutron in the NC, the further set of quantities below was
evaluated with the same Monte-Carlo program

Dy= 20 WO, ) HY®) 1, (T
1( MC events ( ) )npn( p) ’

O/ — [\
oa)= 20 W o, ) HO(a T,) g* cos 6%, ,
2( ) MC events /7 ( ) ) npn( p) a w0

D)= 20 WO, ) HO(o) n, (T.) q*2 cos20*,,
3( ) MC events i ( ) ( ) pn( p)q "0

Or N = O, ) % i ok *
Dy(a) MC%?ents W]. (o, &) HO(c) Mpn (Tp) @™ sin 67 cos ¢0
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Do(a) = 2 Wo(a o) HO() Mon(Tp) q*? sm26* cos2¢%,

MC events

D)= 27 W, @) HO(®) npy(Ty) 4*2

MC events

DO(“)"MCeEvems W', @) HO(@) my, (Tp) g*4 (%)

where WO and HO are evaluated for the p7TO final state. Unlike the 7t [eq. (4)], for
the 70 we had to account for the cos 8% -0 because of the evident strong dependence
of Npp On the proton energy (fig. 3). The yield of converted protons is then given
by

DO’y = 23 DY) A? + DY(a) BO + D) €O, ()

where A0 BO and CO are the coefficients of an expansion of the 70p cross section
analogous to eq. (3). At —k2 =0.45 and 0.58 (GeV/c)? these coefficients were com-
pu‘red using a theoretical model [10], whilst at —k2 = 0.88 the coefflclentsAO Ag,
AY 5> BY and CO were experimentally measured and the A0 and A0 inserted frwom the
same model. The contribution DO(a") of the #0 contammatlon to the total neutron
yield was 5.5%, 10% and 15% at the three settings 0.45, 0.58 and 0.88 (GeV/c)2,
respectively. At the highest |k2|, where the correction was highest, DO(a') is almost
model independent, whereas at the two lower |k2| values we estimate an uncertainty
of ~2% from the model used. A second theoretical model [11] gives predictions
within this estimated error.

The m*n coefficients A, 44, A5, B and C of eq. (3) were obtained by m1mm1s1ng
the x2 between the binned experimental yield and the quantity

Dook(a') = D}(@) A1 + Dy(e) Ay + D(e)As + Dy(e))B + Di(a) € + DO
Q]
3.4. Corrections
The following normalisation corrections were applied to the data:
(i) Electron reconstruction efficiency (11%). [1].

(ii) Accidental vetoing of neutrons by WAB or veto counters (~2%).
(i) Trigger inefficiency (4%).

4, Results

In fig. 7 we show the values of the 4y coefficient (the threshold cross-section
slope) together with the results of the earlier NINA experiment [1] and those
from DESY [4]. We also show the predictions of the fixed- dispersion relation
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Fig. 7. The threshold cross-section slope, 4.

model of Devenish and Lyth [10] which is seen to be in excellent agreement
with the data over the whole k2 range. The Frascati results [2,3] have not been
presented here because their polarisation e was significantly lower (~0.75) and
the comparison is not necessarily valid.

The ¢*2 coefficient B is shown in fig. 8a, with the predictions of Devenish and
Lyth [10], and also of the pseudovector Born approximation of Dombey and
Read [11]. There is good agreement between the models and the present data and
this confirms the assumptions made in the analysis of the earlier experiment [1], in
which B could not be measured directly, but had to be taken from these same
models in order to evaluate 4.

The g*4 coefficient C'is shown in fig. 8b. It is negative at all |k2| values. The two
models are in substantial agreement with the data, but it should be pointed out that

the predictions for C are sensitive to the W range used, and precise comparisons are
difficult.
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Fig. 8. Comparison of the coefficients B, C, A4 and 4 5 with ref. [1] and with models.
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The A4 and A5 coefficients are shown in figs. 8c and 8d, together with the mea-
surements of ref. [1} and the predictions of the same two models. Both models are
in excellent agreement with the measurements, in particular with Ay4.

The measured coefficients at the three |k2| values are summarised in table 2. The
errors quoted are the combination in quadrature of the statistical error, ranging be-
tween 15% at the lowest |k2] and 20% at the highest (including the correlation be-
tween the various coefficients) and a systematic error of ~10~-20% arising chiefly
from the uncertainty in the incident electron energy (1 MeV).

We show in table 3 the values of G (k2)/G 5 (0) deduced from this experiment
using three different models, the ‘weak PCAC’ model of Benfatto, Nicold and Rossi
(BNR) [12], the pseudovector Born approximation of Dombey and Read [11], and
the exact soft pion limit {13]. The model of Furlan, Paver and Verzegnassi (see ref.
[1]) has not been used since it is not expected to be valid in our |42] range. We show
also the results of fitting G to a dipole (n = 2) or monopole (n = 1) form

Ga(k?) - (1 + I_]f_l )~n )

TGA(0) 2
A MA.
Table 2
Cross-section coefticients measured in this experiment
~k*(GeV/c)? 0.45 0.58 0.88
Ag (ub) 46.1 £ 8.2 274 + 8.0 10.6 £ 2.8
B (nb/MeVZ) 43+1.3 49+1.2 . 2.3:0.3
C (nb/MeV?) (- 64+7.7107° (- 4.0+ 4.1)10"° (- 2.5+1.5)10"°
A 4(ub/MeV) - 0.43+0.09 — 0.26 £ 0.05 — 0.11 £ 0.02
As (nb/MeV?) - 29+0.6 - 2906 - 1.7+02
Table 3
G A(k?')/ G A(0) deduced from this experiment
BNR DR Soft-pion limit
32 - 2 +0.045 +0.039 +0.034
k 0.45 (GeV/c) 0.495 ~0.050 0.562 ~0.042 0.538 —0.036
2 _ 2 +0.055 +0.050 +0.043
—k* = 0.58 (GeV/c) 0.390 —0.080 0.462 —0.061 0.450 —0.049
2 _ 2 +0.040 +0.025 +0.025
—k* = 0.88 (GeV/c) 0.245 ~0.070 0.321 ~0.029 0.317 —0.027
Dipole fit M5 (GeV) 0.99 =+ 0.06 1.10 +0.04 1.08 +0.04
Monopole fit M (GeV) 0.62 =+ 0.04 0.69 =+ 0.04 0.68 = 0.03
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Fig. 9. GA(kz)/GA(O) deduced using the Benfatto-Nicolo-Rossi model [12]. The best fits to

a dipole and monopole parametrisation are shown.
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We note that the DR model gives values of G5 considerably higher than that of
BNR, and a little higher than the soft-pion limit. The same behaviour was ob-
served in comparison with low |k2{ measurements [1].

5. Conclusions

We have performed a fit to all data on threshold nt electroproduction using the
data of refs. [1—4] in addition to these new measurements, assuming that G, is
either dipole or monopole in form. The fits for the BNR model [12] are shown in
fig. 9. The “dipole’ M, is 0.96 + 0.03 GeV and the dipole is preferred over the mo-
nopole form. The Dombey and Read model gives a dipole M, of 1.12 £ 0.03 GeV.
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Fig. 10. X
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Cs

contours for the fit described in the text, showing the preference for a dipole over a

monopole parametrisation.



80 A. Del Guerra et al. [« electroproduction

We make the observation here that the most recently quoted results from quasi-
elastic neutrino scattering [14] give dipole fits to M, of 0.84 £0.11 GeV from the
differential cross section and M, =0.98 £ 0.13 GeV from the total cross section,
an average of 0.89 + 0.08 GeV. We therefore conclude that excellent agreement is
obtained between the neutrino and electroproduction measurements when the
Benfatto-Nicold-Rossi model is used, whereas the agreement is far less satisfactory
with the Dombey-Read model.

We have investigated further in the BNR model the dipole and monopole fits.
The measurement at [k2| = 0.88 (GeV/c)? allows the possibility of distinguishing
if either is preferred. We have fitted the function

CARD) 1
Ga®  1+2¢2 K21+ ChIk2|2

and evaluated the best-fit values of C4 and Cp. If C4 = Cp the function is simply
the dipole, and if Cg = 0 it is the monopole. The best fit, shown in fig. 10 is in very
striking agreement with the dipole, i.e. C4 = Cp. However, as can be seen from the
x? contours, the monopole is not rejected at the level of 1.5 standard deviations.
To summarise, by extending the measured range of |k2| in threshold #* electro-
production to 0.88 (GeV/c)? we have improved the measurement of M A>and we
have shown that G, is better represented by a dipole than a monopole formula.
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to Dr. J. Bailey for their support and encouragement, to D. Clarke, K. Connell and
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