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New measurements of the pp annihilation cross section
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Abstract

The pp total annihilation cross section has been measured at four values of the p incident momentum, between 70
MeV /c and 38 MeV /c, with the Obelix apparatus at LEAR. The new measurements are in agreement with the trend of
previous measurements of the pp total annihilation cross section at low energy, performed by the Obelix experiment [A.
Bertin et al., Phys. Lett. B 369 (1996) 77; A. Benedettini et al., Nucl. Phys. B (Proc. Suppl.) 56A (1997) 58], as well as with
afit of the latter data based on a low energy expansion of the scattering amplitude [J. Carbonell, K.V. Protasov, A. Zenoni,
Phys. Lett. B 397 (1997) 345]. The departure of the annihilation cross section from a smooth behaviour, suggested by a
previous measurement of the cross section around 44 MeV /c [A. Bertin et a., Phys. Lett. B 369 (1996) 77], is not
confirmed by the new data. © 1999 Elsevier Science B.V. All rights reserved.

1. Introduction

Measurements of the pp total annihilation cross
section a low incident momenta, between 175
MeV /c and 44 MeV /c, were performed [1,2] by the
Obelix experiment [4] a LEAR. These measure-
ments made possible to see experimentally, for the
first time, the 1/02 behaviour of the exothermic
reaction cross section in a hadronic system with
Coulomb attraction [5] (v being the velocity of the
incident particle in the c.m. frame). Moreover, the
data were used to obtain information about the low
energy parameters of the pp system (S-wave scatter-
ing length and P-wave scattering volume) [6,3].

In these data [1] it was observed that the cross
section measured at the lowest p incident momen-
tum (43.6 MeV /c) appeared somewhat in disagree-
ment both with the general trend of the cross section
at higher momenta and with theoretical predictions
based on a scattering length approximation [3]. To
investigate whether this disagreement was due to
systematic errors out of control, at this extremely
low incident momentum value, or to area departure
of the cross section from a smooth behaviour, a new
set of measurements of the pp annihilation cross
section was performed around 40 MeV /c. In addi-
tion, a further measurement was performed at higher
momentum, around 70 MeV /c, as a control check of
the experimental procedure. An accurate scan of the
Pp annihilation cross section at low energy is, in
fact, a matter of primary importance, since both
potential [7] and quark models [8] predict the exis-
tence of NN resonant and/or bound states near
threshold.

The data were collected by the Obelix experiment
during the 1996 data taking period. The experimental

layout and the procedure adopted for the data taking
were the same as those ones adopted in the previous
measurements of the pp annihilation cross section
[1,2] and are described in detail in [1].

In summary, the experimental procedure was the
following. The 105 MeV /c p beam from LEAR
was degraded to a selected energy by the beryllium
window of the beam pipe (100 wm), the thin scintil-
lator of the beam counting system (80 wm scintilla-
tor, plus a 6 um mylar sheet and a 13 um alu-
minized mylar foil) and by a degrader formed by
mylar sheets of different thicknesses. The beam en-
tered afterwards a gaseous hydrogen target, con-
tained in a 75 cm long and 30 cm diameter alu-
minum tank, which was closed by a 23 um mylar
window. The pressure of the target gas could be
varied in order to allow the incident p beam to stop
near or upon the end wall of the target tank. For
obtaining average beam momenta, at the entrance of
the gaseous target, of about 72 MeV /¢, 50 MeV /c,
47 MeV /c and 41 MeV /c, respectively no mylar
degrader and three different mylar degraders of 78
um, 85 um and 93 um thickness were used. The
corresponding target pressures were respectively: 400
mbar, 150 mbar, 150 mbar and 100 mbar.

The purity of the target gas was better than 40
ppm, the uncertainty in the determination of the gas
pressure was about 0.5% and 0.5°C the uncertainty
on the gas temperature. The thicknesses indicated for
the mylar sheets and the scintillator were the nomi-
nal ones. It is worth specifying that this latter uncer-
tainty did not affect the determination of the p
incident momentum, which was independently deter-
mined from the data.

The cross section for pp annihilation into charged
products was measured by counting the number of
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annihilations in flight, occurring within a given fidu-
cial volume inside the target, as well as the number
of p’s crossing the target without interactions and
annihilating, at rest, near or upon the end wall of the
target tank. The coordinates of the vertex of the in
flight annihilations were measured by the tracking
system of the apparatus [4]. The time at which in
flight annihilations occur (relative to the scintillator
of the beam counting system) was measured by a
barrel of scintillators positioned around the target
tank and hit by the charged products of the annihila
tions. The beam crossing the target and annihilating
on its end wall was counted by detecting the signals
due to the charged products of the annihilations
either in the same scintillator barrel mentioned above,
or in an additional scintillator disc positioned close
to the end wall of the target tank. Details about the
time of flight system of the Obelix apparatus can be
found elsewhere [9].

The pp annihilation cross section was measured
around the following P incident momenta: 70
MeV /c, 45 MeV /c, 40 MeV /c and 38 MeV /c.
These values were estimated accounting for the en-
ergy lost by the incoming beam crossing the target
gas between the entrance mylar window and the
fiducial volume. The procedure adopted for the accu-
rate determination of the p incident momentum at
the fiducial volume, from the measurement of the z
coordinate of the annihilation vertex and the anni-
hilation time, is described in detail in [1] and will be
reviewed in the next section.

Finaly, it is worth mentioning that, thanks to the
possibility developed in the Obelix apparatus of us-
ing gaseous targets at variable pressures [10], it was
moreover possible, with a minimal changes, to per-
form some measurements of pD and p*He annihila-
tion cross sections in the same low momentum range.
The results of these measurements were reported in
[11] and will be the subject of a forthcoming paper.

2. Evaluation of the pp total annihilation cross
section

The values of the pp total annihilation cross
section, at the different momenta of the incident p’s,

were calculated following the formula:

o a-1rn _ Nevents ( 1)

= N
2.Nrj.p.v.|.6

where N, . IS the number of in flight annihilation
events reconstructed inside the given fiducia volume
in the target, Ny is the number of p's crossing the
fiducial volume and annihilating, at rest, near or
upon the end wall of the target tank, p is the density
of the target gas in g/cm®, N, is the Avogadro's
number, M is the molecular weight of hydrogen, | is
the length of the fiducial volume considered and € is
the efficiency of the apparatus for detecting events of
pp annihilation. This last factor accounts aso for the
correction relative to the annihilation channels in all
neutral particles, which couldn’'t be detected by the
apparatus. The factor 2 accounts for the number of
scattering centers in the hydrogen molecule.

The number of in flight annihilations (N, ¢s) Was
evaluated considering those events whose recon-
structed vertices were within a given fiducial volume
inside the target, that is within a cylinder of 10 cm
radius and 4 cm length (I in formula (1)) around the
beam axis, positioned at a suitable distance from the
entrance mylar window. In addition, since the incom-
ing beam was degraded and, consequently, its mo-
mentum distribution was spread by energy strag-
gling, it was necessary to recognize the annihilations
(inside the fiducial volume) that were originated by
the different momentum components of the incoming
beam. For this reason the data had to be analyzed in
a plot representing the annihilation time versus the z
coordinate of the vertex . Moreover, as it will be
illustrated in the following, the analysis of the datain
the plots of annihilation time versus z coordinate
allowed for an accurate evaluation of the incident
momentum of the p at the fiducia volume.

Such plots are shown in Fig. 1 for the two
extreme experimental conditions. The 70 MeV /c
sample (a), where the momentum degradation of the
beam was minimal and the 38 MeV /c sample (b)
where, on the contrary, the incident beam was

%It is worth remindi ng that the uncertainty on the determination
of the z coordinate of the vertex of an annihilation event was 1.0
cm and the uncertainty on the annihilation time was 1.0 ns.
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Fig. 1. Scatter plot of annihilation time versus z coordinate of the vertex for the sample at 70 MeV /c (&) and for the sample at 38 MeV /c
(b). The vertical lines represent the z coordinate limits of the fiducial volumes. The time projections of the corresponding z slices are shown
in (c) and (d). The inclined curves represent the chosen limits for the accumulation bands of the in flight annihilations.

strongly degraded and spread in momentum. In the
two scatter plots the bands of accumulation duetoin
flight annihilations are clearly recognized. The events
above these accumulation bands are originated by
annihilations in flight at energies lower than the
average beam energy. Due to the greater momentum
degradation of the beam, the fraction of these events
for the lower momentum samples (45 MeV /c, 40
MeV /c, 38 MeV /c) is much higher with respect to
the 70 MeV /c sample. Events falling in other zones
of the plots are due to inefficiencies of the timing
system.

In conclusion, the number of annihilations (N, gy)
was counted not only considering those events whose
vertices were comprised within the given geometri-
cal limitsin z coordinate and radius, but also requir-
ing that they belonged to the accumulation bands of
in flight events. The limits of the accumulation bands

were determined considering all the different z dlices,
1.0 cm thick, along the target and fitting the time
distributions of the corresponding events to Gauss-
ians. The limits a 3 o’'s of these Gaussian distribu-
tions were connected with smooth curves that were
taken as the limits of the accumulation bands (see
Fig. 1(a) and (b)).

As shown in Fig. 1(c), in the 70 MeV /c sample,
the time projection of the z dlice corresponding to
the chosen limits of the fiducial volume is well fitted
by a Gaussian. On the contrary, as shown in Fig.
1(d), in the 38 MeV /¢ sample, the time projection of
the z dlice is rather asymmetric, due to the annihila-
tions in flight a& momenta lower than the average
beam momentum. For the samples at lower momen-
tum, the incident beam corresponding to the in flight
annihilations not comprised within the previous lim-
its had to be evaluated and subtracted from the total
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beam counting. This evaluation was performed both
by considering the ratio between in flight events
comprised or not in the given limits, in the annihila-
tion time versus z coordinate plots, and by a Monte
Carlo simulation of the beam transport and momen-
tum degradation.

Concerning possible systematic errors in the
counting of (N,,¢ys), the error arising from the cut in
radius of the fiducial volume was corrected by Monte
Carlo simulation. The error arising from the uncer-
tainty in the measurement of the z coordinate of the
vertex was not accounted for, since it was compen-
sated by the contribution of the target volumes
neighbouring the selected fiducial volume.

Possible sources of background in the evaluation
of (N,,eys) arose from the annihilations occurring at
rest on the target walls and whose vertex were
reconstructed inside the fiducial volume and from
the background due to inefficiencies of the timing
system. Both sources of background were taken into
account and the relative correction applied. The for-
mer contamination was evaluated using a sample of
data recorded with an empty target; the latter one
was evaluated from the background counted, in the
plots of annihilation time versus z coordinate, below
the accumulation band of in flight annihilations. This
latter correction proved to be quite small, less than
1%.

The number of p's (N,) crossing the target was
obtained from the number of annihilations counted
by the beam counting system and corrected for its
efficiency. This last correction was evaluated with a
Monte Carlo simulation and also measured from the
data [1]. As mentioned before, the number of p's
(Ny) was corrected to take into account annihilations
in flight at momenta lower than the average beam
momentum and not comprised within the limits of
Fig. 1. This correction was negligible for the 70
MeV /c sample and increased with the lowering of
the beam energy.

The efficiency (e) for the detection of annihila-
tion events was calculated with a Monte Carlo simu-
lation of the apparatus. The simulation took into
account the shape of the vertex distribution, the
average beam energy, the geometrical structure of
the detectors and their detection efficiencies. In addi-
tion, the contribution for annihilation channels into
al neutral particles was accounted for. The total

amount of all neutral channels considered was 4.1%.
This assumption is justified by the value of the
fraction of al neutral channels measured at rest in
liquid hydrogen [12] (4.1732)%. In fact, in flight
annihilations at very low energy and annihilations at
rest in liquid hydrogen should be similar as regards
the annihilation fractions since, in both cases, S-wave
annihilations are dominant [3,13].

Finally, for what concerns the determination of
the values of the p incident momentum, the adopted
procedure was the following [1]. The curvature of the
accumulation band of the in flight annihilations is
the effect of the slowing down of the p’s in the
gaseous target, the slope at each point being the
average velocity of the p’s at the corresponding
position in the target. The average momentum of the
beam, as a function of the z coordinate, was obtained
by fitting the curvature of the accumulation band of
the in flight annihilations with the proper time versus
space relationship. This last relationship was based
on the stopping power in gaseous hydrogen for low
energy p's, measured by the Obelix experiment [14].
This procedure alowed both the value of the average
beam momentum at the entrance of the target and the
value of the p incident momentum at the center of
the fiducial volume to be accurately determined. A
Monte Carlo calculation of the beam transport along
the line provided expected values of the beam mo-
mentum, at the entrance of the target, in agreement
within 2% with the values obtained, independently,
from the fitting of the data.

In Table 1 the momentum setting of the LEAR
beam, the target pressures, the average beam mo-
mentum at the entrance of the target and the p
incident momentum at center of the fiducial volume
are reported for the different samples. The uncer-
tainty on the average beam momentum at the en-
trance of the target was determined from the maxi-
mum uncertainty in the z coordinate at the entrance
mylar window. The uncertainty on the p incident
momentum at the center of the fiducial volume
accounts both for the thickness of the fiducia vol-
ume and for the spread of the beam momentum
distribution due to the degradation of the beam. This
last uncertainty was evaluated by a Monte Carlo
simulation of the beam transport.

In the same table the values of the total annihila-
tion cross section at the different incident momenta
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Table 1
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Values of the pp total annihilation cross section, reported in the present work, multiplied by the velocity 8 of the p’s and the respective p
incident momenta. In addition to the statistical and systematic errors, an overall normalization error of 2.5% has to be considered.
Corresponding LEAR beam momentum settings, target pressures and average beam momenta, at the entrance of the gaseous target, are

reported too.

LEAR Target Entrance p incident Ba.

beam pressure momentum momentum (mbarn)

(MeV /¢ (mbar) (MeV /¢ (MeV /¢

105 400 723+ 0.2 695+ 15 42.4 + 1.6(stat) + 1.2(sys)
105 150 49.8 + 0.2 454+ 3.4 50.2 + 1.0(stat) + 3.9(sys)
105 150 46.8 + 0.2 40.1 + 3.9 51.8 + 1.0(stat) + 5.1(sys)
105 100 41.2+0.2 376+51 54.4 4+ 1.2(stat) + 7.4(sys)

(as obtained from the formula (1)), multiplied by the
velocity B of the incoming P, are reported. The
systematic errors on the B, values are obtained

as the quadratic addition of the possible systematic
uncertainties: uncertainty on the determination of the
p incident momentum, on the number of annihilation
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Fig. 2. Vaues of the total pp annihilation cross section at low energy, multiplied by the incoming beam velocity, as a function of the p
incident momentum. This work (). Measurements from Briickner et a. [15] (a thin target, A thick target). Previous measurements from
Obdlix [1] (@) [2] (D). Theoretica curves are from Carbonell et al. [3]. The full line is the total annihilation cross section, the dashed line

represents the S-wave contribution. In the inset the low energy region is magnified.
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events occurring inside the fiducial volume, on the
beam correction due to annihilations in flight at
momenta lower than the average beam momentum.
The dominant effect on the systematic error of Ba,,
is determined by the uncertainty on the p incident
momentum.

In addition to the systematic error, an overal
normalization error of 2.5% has to be considered. It
arises from the quadratic addition of the uncertainties
on different corrections that may affect all the values
of the cross section to the same extent: the Monte
Carlo correction for apparatus efficiency, the correc-
tion for annihilations in al neutral particles as well
as the correction for the beam counting efficiency.
The possible uncertainty in the determination of the
gas density is accounted too in the overall normaliza-
tion factor.

3. Results and discussion

In Fig. 2 the values of Bo,,, from Table 1 are
plotted versus the p incident momentum. The re-
ported error bars represent the quadratic addition of
the statistical error and the systematic error interval
divided by V12. The values of Bo,, measured by
Brickner et al. at higher energies [15] and by the
Obelix experiment [1,2], in the same energy region,
are reported too for comparison. In Table 2 these
latter values of the pp annihilation cross section are
reported for the sake of completeness. The theoreti-
cal curves are the result of the fit to the previous data
from the Obelix experiment [1,2] in terms of S-wave
and P-wave scattering lengths [3].

The value of the annihilation cross section mea-
sured at 70 MeV /c incident momentum is well in
agreement both with the trend of the previous data
and with the theoretical predictions [3]. Around 40
MeV /c incident momentum, in spite of the larger
systematic errors, the values of the cross section
appear in agreement both with the trend of the
measurements of the cross section at higher momen-
tum and with the theoretical predictions. The possi-
ble departure of the annihilation cross section from a
smooth behaviour, suggested by the previous mea
surement at 43.6 MeV /c, is not confirmed by the
new data.

The good agreement of the new measurement of
the pp annihilation cross section with the theoretical

Table 2

Previous measurement of the pp total annihilation cross section,
multiplied by the velocity B of the p’s, performed by the Obelix
experiment [1,2]. In addition to the statistical and systematic error
an overall normalization error of 3.4% has to be considered.

Ref.  pincident Boan
momentum (MeV /c) (mbarn)
[1] 1744+20 40.5+ 0.5(stat) +0.5(sys)

106.6+4.5 40.4+ 0.5(stat) + 1.7(sys)
65.1+2.0 43.1+0.7(stat) +2.5(sys)
63.6+2.0 43.6+0.7(stat) +2.6(sys)
62.1+2.2 44.1+0.7(stat) + 2.7(sys)
60.5+2.2 43.6+0.7(stat) +2.7(sys)
544+2.8 46.0+0.7(stat) +2.4(sys)
529+28 46.4+ 0.7(stat) +2.5(sys)
51.3+2.9 47.0+0.8(stat) + 2.7(sys)
436+3.1 55.2+ 0.9(stat) +4.1(sys)
[2] 549+25 45.8+ 0.9(stat) +2.5(sys)
53.8+2.6 46.8+ 0.9(stat) +2.6(sys)
526+26 46.9+ 0.9(stat) +2.6(sys)
51.3+2.7 47.0+0.9(stat) +2.6(sys)
499+27 47.1+0.9(stat) +2.7(sys)
484+28 47.5+0.9(stat) +2.7(sys)
46.6+2.8 48.4+0.9(stat) + 2.7(sys)

predictions of Carbonell et a. [3], down to 38
MeV /c, gives further support to the values of the pp
low energy parameters obtained from the quoted
andysis: Im a, = —0.69 + 0.01(stat) + 0.03(sys)
fm, Im A, = —0.76 + 0.05(stat) + 0.04(sys) fm?.
These values are in very good agreement with the
values of the same parameters obtained from the
analysis of the data of the X-rays emitted from
antiprotonic atoms [13,16]: Ima, = —0.71 + 0.05
fm, Im A, = —0.714+ 0.07 fm?, taken from Ref.
[3].

Acknowledgements

The technical support of the staff of the LEAR
machine group is gratefully acknowledged.

References

[1] A. Bertin et al., Phys. Lett. B 369 (1996) 77.

[2] A. Benedettini et a., Nucl. Phys. B (Proc. Suppl.) 56A
(1997) 58.

[3] J. Carbonell, K.V. Protasov, A. Zenoni, Phys. Lett. B 397
(1997) 345.



412 A. Zenoni et al. / Physics Letters B 461 (1999) 405-412

[4] A. Adamo et al., Sov. J. Nucl. Phys. 55 (1992) 1732.

[5] E.P. Wigner, Phys. Rev. 73 (1948) 1002; L.D. Landau, E.M.
Lifshitz, Quantum Mechanics, Pergamon Press, London 1958;
R. Newton, Scattering Theory of Waves and Particles,
Springer-Verlag, New York, Heidelberg, Berlin, 1982

[6] J. Carbonell, K.V. Protasov, Hyp. Int. 76 (1993) 327.

[7] 1.S. Shapiro, Phys. Rep. C 35 (1978) 129; W.W. Buck, C.B.
Dover, JM. Richard, Ann. Phys. (NY) 121 (1979) 47, 70; M.
Lacombe et a., Phys. Rev. C 29 (1984) 1800; O.D. Daka-
rov, K.V. Protasov, |.S. Shapiro, Int. J. Mod. Phys. A 5
(1990) 2155.

[8] R.L. Jaffe, Phys. Rev. D 15 (1977) 267, 281; Phys. Rev. D
17 (1978) 1445; Chan Hong Mo, H. Hogaasen, Nucl. Phys.
B 136 (1978) 401; Phys. Lett. B 76 (1978) 634.

[9] G.C. Bonazzola et d., Nucl. Instr. Meth. A 356 (1995) 270.

[10] E. Lodi Rizzini, Riv. Nuovo Cim. 15 (1992) 1.

[11] A. Zenoni for the Obelix Collaboration, Workshop on Hadron
Spectroscopy 99 March 8-12, 1999, LNF Frascati, (Italy), to
be published.

[12] C. Ghesquiere, Symp. on Antinucleon-Nucleon Interaction,
Liblice, (1974); CERN 74-18, p. 486.

[13] C.J. Batty, Rep. Prog. Phys. 52 (1989) 1165.

[14] A. Adamo et a., Phys. Rev. A 47 (1993) 4517; M. Agnello
et al., Phys. Rev. Lett. 74 (1995) 371.

[15] W. Briickner et d., Phys. Lett. B 169 (1986) 302; Phys. Lett.
B 166 (1986) 113; Z. Phys. A 335 (1990) 217; Z. Phys. A
339 (1991) 367.

[16] J. Carbonell, K.V. Protasov, J. Phys. G 18 (1992) 1863.



