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ABSTRACT

A high statistics measurement of the reaction m p + 7°n has been performed at
the Serpukhov accelerator for 15, 20, 25, 30, and 40 GeV/c incident pion momentum
using the NICE set-up with its associated 648-channel hodoscope spectrometer for
y-ray detection. More than 3 million charge-exchange events have been recorded

in total.

It is found that the spin—-flip and non-spin-flip amplitudes can be parametrized,
for small [t|, as exponmentials with the same slopes to within a few per cent. Also
the behaviour of the differential cross-section for small and medium [t| agrees
with the prediction of a geometrical s-channel model which describesbinary reac-
tions in terms of a complex pole bg(s). The imaginary part of this universal pole

Im bp(s) has been determined and found to be growing logarithmically with s.



In the present paper we report results on the measurements of the cross-

section for the charge-exchange reaction

Tp~1n (1)
I—)— Zy

carried out with high statistical accuracy and over a wide range of four-momentum

transfer t for incident pion momenta p between 15 and 40 GeV/c.

The reaction amplitude for pion charge exchange is known to be dominated at
high energies by the contribution in the t channel of the trajectory with the
guantum numbers of the p meson. The cross-section for reaction (1) has been
measured in a number of experiments [1—8] using samples not exceeding a few tens
of thousands of events, The results reported below are based on a total of about
3 x 10° recorded n’. These large statistics have allowed us to extend the useful
range of t and teo study in detail the behaviour of the cross-section in the region
of the forward dip, which reflects the importance of the spin-flip [6] amplitude.

Preliminary partial results have been reported previously [9].

The experiment has been performed at the IHEP 70 GeV accelerator using the
NICE set-up, described elsewhere [10,11]. The energies and coordinates of the

y-rays from the m°

decay were measured in a 648-~channel hodoscope spectrometer.
The pattern recognition and kinematical reconstruction programs are described in
ref. 10. The measurements have been carried out at five values of the incident
pion momentum (see table 1) for different distances L between the liquid hydrogen
target and the y-ray detector. A number of control measurements [10] have allowed
us to evaluate possible systematic errors. In total, during the experiment about

3 x 10!? 7 have gone through the target, corresponding to a sensitivity of about

3 x 107°% cm? per event.

The invariant mass spectrum of y-ray pairs shows only a very small background
in the region of the peak corresponding to the 1° + 2v from reaction (1) [10]. It
is only in the region of large |t!, where the cross~section is reduced by 4-5 orders
of magnitude with respect to the t = 0 value, that the background reaches values

of up to 15%. The main source of background, as described in ref. 10, comes from



wrong identification of a fraction of the large invariant mass ° pairs produced

in the reaction 7 p > w'r’n.

The values of the integrated cross-section ¢ measured for reaction (1) are
reported in table 2 and shown in fig. 1, together with other results in the momen~—
tum range 10~-100 GeV/c [2,6,8]. No correction has been applied for electromagnetic
effects [12]. The various experiments agree with each other within the limit al-
lowed by the combined statistical and systematic uncertainties: for example at
20.0 GeV/c the difference between the values from refs. 6-8 and our result is
(+4 + 6)% [6], (-3 + 6)2 [7], (+3 = 6)% [8], and at 40.0 Gev/c (+3 * 8)% [6],

(-10 +.7)% [7] and (-6 + 7)2 [8].

The energy dependence of the integrated cross-section ¢ for reaction (1) is
well described by

. -1. EO . ’
O = (122 % 8)(s/se) "2 TP« 10730 o2 (2)

(the line in fig, 1), where s is the square of the energy in the T p centre-of-mass
system and s; = 10 GeV?. The values above have been obtained by a least squares

fit of all our results and those of ref. 8, taking into account systematic errors.

The measuréd values of the differential cross-section for reaction (1) are
given in table 3;'The sample with the highest statistics was obtained at 40 GeV/c,
wheré fhe differential crosg-section changes by five orders of magnitude éver the
't| range 0-2 (GeV/c)?. The t-dependence of the differential cross-section is
shown in fig. 2 in.terms of the values of do/odt which are practically free of
systematic errors aﬁd allow a more meaningful comparison with the results from
othef exPerimenté. As showvm in table 3 and fig. 3, the forward dip of the dif-
férential cross—secﬁion is clearly seen for all values of the incident T momentum
and there is no irregularity in shape. The fluctuations previously observed [8]

are evidently of a purely statistical nature.

As has been shown in ref., 6, at high energy and small \t|, the amplitude for
reaction (1) may be parametrized as follows:

cat/2

F+(t) f+(t) e

V£ (r) &2 )

F_(t)
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where F+(t) and F_(t) are the spin-non~flip and spin-flip amplitudes and £,(8)

are slowly varying functions of t. Making the assumption that
c = = r (&)

and also f, (t) =~ constant for small |t|, the differential cross-section for

reaction (1) would take the form

x (1 - get) e°F (5)
t=0

where g is the ratio of the integrated cross-sections with and without spin flip.
In a previous analysis [6] the dependence (5) was found to be adequate for the
description of data with |t} < 0.4 (GeV/c)?, but the statistics available were

not sufficient to test the assumption (4). This has been possible with the data
of the present experiment and indeed the values of c, and c_ resulting from the
fit coincide within the measuring errors ($ 3%). They also remained practically
unchanged when varying the |t| range used in the fit (see table 3). It is remark-
able that the same result is true for the reaction T p + nn [lO]. Evidently, this
experimental finding can hardly be accidental and demands a corresponding theoret-

ical explanation.

The quality of the description of the data in terms of the expression (5) can
be judged from fig. 3. The values of the parameters c and g, resulting from the
least squares fit of the data of the present experiment and of other results [2,8]
at lower and higher incident momenta {only data with sufficient statistics and
édequate t resoiutioﬁs.havelbeen used for the fit); ére plotted in fig., &4, It
can be seen that with increasing incident momentum p the slope ¢ of the forward
peak increases as In p, while the ratio g of spin-flip to non-spin-flip cross-
section decreases slightly. In the range. 15 < p < 40 GeV/c of the present experi-

ment the spin-flip cross-section is dominant (g = 2).

The values of the differential cross-section for reaction (1) at &t = Q0 obtained
by extrapolation of the best fit dependence (5) are plotted in fig. 5. Their

energy dependence, inciuding the systematic errors of the present experiment and
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~la04%0.
of ref. 8 used in the fit, is well described by (s/sy) LeOuxo 02. The value of the

intercept for the effective trajectory is consequently found to be
up(O) = 0.48 + 0.01 . (6)

It is worth while remarking that up to 40 GeV/c the values of dG/dt]t=O for reac-
tion (1) agree well with the predictions from the measured values of the difference
between the ﬂ+p and F_p total cross—sections, based on dispersion relations and
charge invariance. At higher energies the FNAL data [8] (see also refs. 14 and

15} are not easily reconciled with the total cross-section measurements [13].

The results shown in figs, 4 and 5 for the 10 < p <€ 200 GeV/c momentum range

and small |[t! can be summarized by the following phenomenclogical description

2ap(0)-2 (
do s c(s)t
HE(S't) = A[;;J [1 - g(s)c(s)t] e (7
c(s) = cg + c; 1n (s/sp) (8)
g(s) = go + g1 In (s/s0) (9)
A = (435 + 20) x 107%? cm? (Gev/c)~?
g0 = 2.55 + 0,09
g1 = -0.23 + 0,06
. (10)
Co = 12,7 £ 0.3 (GeV/e)~?
¢y = 1.57 % 0.12 (GeV/c)~?
ap(O) = 0.48 + 0.01

The single Regge~pcle exchange model would predict a power-law dependence at

fixed ¢ [16] 20, (1) -2
e o

dao 5 ‘

= = = 1

T2(s,0) = 3(o) (2 , (11
- which is found empirically to be approximately valid for reaction (1) up to the

highest measured incident momenta at small and medium |t|. However, as can be

. seen from fig. 6, where du/dt is plotted as a function of the incident momentum p
for some representative fixed value of t, while at small t the Regge parametriza-

tion is indeed quite good, the FNAL data [8] at p » 60 GeV/c and |t| 2 1 (Gev/c)?
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show a deviation from the Regge behaviour as determined by the data of the present
experiment (in the sense of a teco slow decrease of the differential cross—section
at fixed |t| versus p) which, if not due to undetected background, could represent

a breakdown of the Regge picture at high p and lt!.

The p effective trajectory ao(t), as determined from the data of the present
experiment in the range 15 £ p € 40 GeV/c and |t| up to 2 (GeV/c)?, is shown in
fig. 7. The trajectory is approximated by a straight line up(t) = 0.48 + 0.90 t,
which extrapolates to the p and g masses at the corresponding spin values. Essen-
tially the same trajectory is found by including in the fit experiments at lower
p values, while if the data [8] are used, a strong non-linearity appears for
|t| » 1 (GeV/c)?. As already remarked above, in this p, ]t[ region the Regge
picture itself may indeed not describe the data any more adequately. Clearly,
further accurate measurements covering an expanded kinematical range are crucial

in order to clarify the situation.

The high statistics of the present experiment and the range of |t| extending
well beyond the region of the second maximum (see fig. 8) have allowed useful
comparisons of the data with other models, in particular, with the geometric s-—
channel approach by Schrempp and Schrempp [17] which, using a universal complex
pole bg(s), describes the t dependence of a number of binary reactions (7 p + w'n,
w_p -+ nmn, K_p - iﬂn, W—p + A%, etc.) for |t] > 0.25 (GeV/c)?. For reaction (1)
the model predicts that the value of 1ln v¥-t do/dt oscillates with increasing v-t

between two parallel straight lines of the following equation
In v-t do/dt = -2 Im bo(s) V-t + A (s) . (12)
L]

The value of 2 Im bg(s) can then be determined as the slope of the tangent to the

maxima (minima) cof In v-t do/dt as a function of v-t (fig. 9).

The results are reported in table 4 and plotted in fig. 10, together with
values obtained at lower energies [3,18]. The experiments at higher energies [8]
do not cover the necessary |t| range. Clearly, up to s ~ B0 GeV?, Im bp(s) is a

linear function of Iln s. The Re by(s) can also be calculated [17] and is found

to be » 5 (GeV/c)™!, corresponding to an interaction radius of about 1 fermi.
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Table 1

Data taking conditions

Momentuma) Distance Number of recorded 7° mesons in
reaction (1)
P L
Used for determining the
[GeV/c] [m] Total differential cross-sections
15.0P) 3.5, 5 150 x 10° 90 x 10°
20.2 5, 7 200 x 103 140 x 103
25.0 3, 6, 9 500 x 10° 300 x 10%
30.0 6, 9 200 x 103 140 x 103
40,0 3, 5,10,14 1600 x 103 1200 x 103
a) Momentum spread Ap/p = 0.5-1.5%.

b) To obtain a beam having a momentum of 135 GeV/c, the accelerator

was tuned to an energy of Eg = 30 GeV.

Eq = 70 GeV,

Table 2

In the remaining cases

Integrated cross-sections

for reaction (1)

p c a)
[GeV/c] [10_30 cm2]
15.0 34,2 £ 1.8

20.2 22.8 +
25.0 17.8 = 0.8
30.0 14.3 = 0.
40.0 10.6 = 0.5

a) The errors include also

a systematic uncertainty
of 47 common to all momenta
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Table 5

Momentum dependence of Im bg(s)

P Im by (s)

[Gev/c] [(GeV/c)—lj Reference
3.07 0.93 £ 0.10 2
3.67 0.83 + 0.10 "
4,83 1.24 £ 0,12 1
5.9 1.70 + 0.1G "

13.3 2,60 = 0.30 "
15.0 3,00 £ 0.10 Present experiment
20,2 3.32 + 0.10 "
25.0 3,57 + 0.08 "
30.0 3.85 £ 0.10 "
40.0 4,20 £ 0.10 "
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Figure captions

Fig. 1

Fig. 2

Fig. 3

Fig. 4

Fig., 5

Fig, 6

Dependence of the cross-section of reaction (1) on the T incident mo-
mentum p. Notation: @ = data from the present experiment; V = data
from refs. 2-4; ©O,A = data from refs. 6 and 8. The straight line is

a power law function (2).

Relative differential cross-sections do/odt in the region of small |t].
Notation: @ = data from the present experiment; V,Q, & = data from
refs. 2, 6, and 8. The curves represent the best fit of expression (5)
to our data points. Here and in subsequent drawings the figures on the
curves indicate the values of the beam momentum p- The horizontal

segments indicate the resolution At for some representative values of t.

Differential cross-section of reaction (1) for small {t|. The curves

represent best fits of the expression (5) to our data points.

The wvalues of the parameters ¢ and g in formula (5) obtained by fitting
the data from the present experiment and from refs. 2 and 8 in the
range 0 < [t| < 0.2 (GeV/c)?. Notation: @ = present experiment;

V = ref. 2; A = ref. 8, The straight lines represent the logarith-

mic dependence of eqs. (8) and (9).

Differential cross-section for reaction (1) at t = 0, cobtained by
extrapolation according to formula {(5). Notation: @= present experi-
ment; V = ref, 2; A= ref, 8. The straight line represents the power

law dependence of eq. (7).

Dependence on momentum p of the differential cross-section at fixed t.
The straight lines represent the dependence (11). Notation: @ = present
experiment; V = ref. 2; O = ref. 6; A= ref. 8. The dashed curves are

simply traced through the points of ref. 8.



Fig. 7

Fig. 8

Fig. ¢

Fig. 10

- 15 -

p effective trajectory. In the insert the small [t| region is shown

in greater detail. Notatiom: O = present experiment; + = fit obtained
using all data in the p range 6-200 GeV/c, taking into account also
systematic errors; @ = Otp(O) value (6)., The dashed curve is the tra-
jectory using only data from ref, 8. The straight line goes through

the points corresponding to the p and g mesons.

Differential cross—-section of reaction (1) for p = 15, 25, and 40 GeV/c.
The continuous part of the curves represents the expression (7) calcu-
lated with the parameters (6) and (10)., The dashed curves are simply

traced through the data points for [t| > 0.5 (GeV/c)?2.

The quantity v-t do/dt versus V-t for p = 15 and 40 GeV/c. The straight
lines are tangent to the maxima (minima) of the curves and their slopes

give the imaginary part Im by(s) of the universal pole, as defined in

ref, 1l6.

Energy dependence of Im bg(s) [17]. Notation: @ = present experiment;
V = data from refs, 2 and 3. The straight line represents the logarith-

mic dependence (13).
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