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Study of np annihilation in two mesons in the momentum range
between 50 to 400 MeV /c with OBELIX
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Abstract

We measured the in flight annihilation frequencies and cross sections of reactions fip > #* 7% 7% and K*K in the
antineutron momentum range between 50 and 400 MeV /c. The annihilation frequencies of these channels from the different
allowed initial states were calculated and some information about the 7ip annihilation dynamics were obtained. The first
determination of the D-wave contribution in this momentum range was also obtained. © 1997 Published by Elsevier Science

B.V.

PACS: 13.75.Cs; 14.40.Aq

Keywords: Nucleon-nucleon interactions (including antinucleons, deuterons, etc.); 7, K and 7 mesons

1. Introduction

Among the low energy NN experiments OBELIX
can study either the pp or the pure /=1 np interac-
tion by means of a unique facility for the production
of antineutrons (7 ). This has the advantage, with
respect to the pn annihilation in deuterium, of the
absence of the rescattering problem due to the spec-
tator proton. Moreover, while a systematic study of
pp annihilation is already available, few data on np
total cross sections and no data on annihilation fre-
quencies and cross sections of specific np reactions
at low energy are available. In this letter we present
the first exclusive measurement of annihilation fre-
quencies of the channels:

ip—> wtaw® (D)
ap =y (2)
ip— KK (3)

in the %7 momentum range between 50 and 400
MeV /c, with the aim of investigating:

i) the dynamic of annihilation from the pure I =1
state;

ii) the contribution of the different partial waves
to the NN I =1 annihilation.

To this goal we define the annihilation frequency

of a channel ch as:

\ NCh( p?z) 1
) = - 4

Tl Pe) = e o) ™ () ®
where N, (p;) and €,( p;) are respectively the num-
ber of selected events and the reconstruction effi-
ciency of channel ch, and N*™N(p.) is the total
number of annihilations in the reaction target as a
function of 7 momentum ( p,). In order to study the
dependence of the annihilation frequencies on the
initial energy, the 7 momentum spectrum was di-
vided in three intervals: 50-150, 150-250 and 250-
400 MeV /c.

The two-body channels are the most suitable reac-
tions to study both the dynamical effects of the NN
annihilation process and the dependence of the anni-
hilation frequencies on the initial state. In fact the
selection rules imposed by quantum numbers conser-
vation restrict the number of the allowed initial states
giving the possibility to study their contributions
separately. For example, assuming only S, P and D
waves contributions to the annihilation in flight be-
low 400 MeV /c [1,2], reactions (1)=(3) can be
produced only from the states shown in Table 1. The
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Table 1
Selection rules for the initial states of reactions (1)—(3). P = parity forbidden state; G = G-parity forbidden state; * = allowed state
np ISo 3Sl 1Pl 3Po :Pl 3P2 lDz 3Dl 3D2 3D3
7t w0 P * p G P G 2 * P *
™ty P G P * P * 2 G P G
K"K P * p * p * P * P *

production of channels (1)-(3) from the different
allowed initial states will be studied in Section 3.

In this letter we also report on the contribution of
D wave to the annihilation up to 400 MeV /c using
the measurement of the annihilation frequencies of
reactions (1)—(3) as a function of the # momentum.

2. Measurement of annihilation frequencies

A detailed description of the OBELIX apparatus
is given elsewhere [3]. For the present measurement
the Jet Drift Chamber (JDC), the time of flight
system (TOF) and the high angular resolution gamma
detector (HARGD) were used together with the n
beam line [4-6]. The antineutron momentum is mea-
sured event by event by a time of flight measurement
as described in [4-6]. About 1.3-107 events were
collected with a minimum bias trigger defined as the
OR of the internal TOF barrel giving a signal within
a 120 ns time gate opened by the 7 beam counting

8
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system. The events include annihilations in the 25
cm long 7 cm radius liquid hydrogen reaction target
and in nuclear targets placed behind it in order to
measure the 7 annihilation cross section on different
nuclei (these events were not considered in this
analysis).

To select reactions (1) and (2) the following
general cuts were applied: i) one track with positive
charge and length L > 40cm in the JDC for a good
momentum reconstruction; ii) maximum approaching
point of the track to the beam axis (assumed as
interaction vertex) within a fiducial volume in the
reaction target (Jz| <12 cm, R <7 cm); iii) two
neutral clusters in the gamma detector. A two con-
straint (2C) kinematic fit was then used to test the
hypothesis 7p — 7" yy. We applied different cuts
on the measured 7% momentum (| p_+/), x* proba-
bility (PXz) and 7° center of mass decay angle
cosine (Q,,) to test the result stability. The yy
invariant mass distribution with P,.> 0.15 and | p,+|
> 0.65GeV /c is shown in Fig. la in which the

]

Events/0.015(GeV/c®)

i,

£33 lnvananr Mass {GeV:’c )

Fig. 1. (a) yy invariant mass distribution for eveats selected with a 2C kinematic fit. In the inset the fit in the 7 region is shown. (O
invariant mass distribution for events selected with a 4C kinematic fit. In the inset the fit in the Ky region is shown.
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Fig. 2. (@) #* momentum distribution for 7* ¢

the 7% direction and the beam axis.

signals of 7% and 7 can be clearly observed with a

background contribution of about 15% and 30%
respectively. The 7% peak was fitted with the distri-
bution of Ref. [7] plus a polynomial background,
while the n peak by a gaussian distribution plus a
flat background. The obtained masses and experi-
mental widths are: M_o= 134 + 1MeV /c? with
o0~ 18MeV /c? and M, =546 + 4MeV /c? with
o, ~ 14MeV /c*.

To select reaction (3) we required: i) three tracks
with total charge +1 in the JDC and length L > 40
cm; ii) reconstructed vertex, which is necessarily the
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events selected with a 2C kinematic fit. (b) Center of mass cosine of the angle between

K decay vertex, within the fiducial volume. This
was necessary to avoid the background due to 7
annihilations outside the reaction target. As the mean
K mean path before decay is about 4 cm, most of
K decay inside the fiducial volume. A four con-
straint (4C) kinematic fit was then used to test the
hypothesis np = K" 7™, Also in this case we
applied different cuts on the | i+l and PX: distribu-
tions obtaining results compatible among each other.
In Fig. 1b the w*#~ invariant mass distribution
with | pg+|> 0.6GeV /c and P> 0.05 is shown
from which the K signal can be clearly observed

Table 2
Reconstruction efficiency €, and number of counted events of reactions (1)-(3) after background subtraction
Reaction pz(MeV /c) Ny + 8N, € + Bey
LAk 50-150 31£6 0.112 £ 0.007
150-250 83+ 14 0.115 + 0.004
250-400 163 + 16 0.10% + 0.002
m'n 50-150 <7°F 0.042 + 0.004
150-250 13+4 0.046 + 0.003
250-400 47+9 0.041 + 0.002
K*K? 50-150 8+3 0.076 + 0.006
150-250 12+4 0.075 + 0.003
250-400 47 +£13 0.071 + 0.002

*

90% confidence level
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Efficiency for detection of annihilations and total number of annihilations in the three selected momentum intervals

pﬁ(MeV/c) EANN + 565.*[\NN + SES/;;\:N NANN + BIVS.:\NN + 51\/;;\3}1
50-150 0.49 + 0.03,, + 0.05,,, (1.66 + 0.10,, + 0.17,,,) - 10°
150-250 0.48 +0.02, +0.04,, (5.70 +0.24, + 0.46,,.) - 10°
250-400 0.48 +0.02,, + 0.04,,,

(16.56 + 0.69,, + 1.40,,,) - 10°

over a background mainly due to K"K 7% and
7 mT . The fit of Ky peak with a gaussian
distribution plus a first order polynomial background
gives M, =499 + 3MeV/c? and oy ~
14MeV /c2.

The number of selected events in the three mo-
mentum intervals for reactions (1)=(3) is shown in
Table 2.

In order to calculate the selection efficiency €,
for the three reactions about 50000 events were
simulated for each channel using the OBELIX Monte
Carlo code based on the GEANT package [8], which
provides the simulation of geometry, efficiencies and
resolutions of the detectors and timing gates for the
trigger. In Fig. 2a the measured 7% momentum
spectrum is shown for Monte Carlo 7" 7° events
and experimental data selected by the 2C fit within
3 o around the 7% mass. A good agreement can be
observed. For the 7" #° and 77 n channels, the
angular distributions were simulated according to the
allowed initial states. In Fig. 2b, for example, the
center of mass cosine of the angle between the 7*
direction and the beam axis is shown for the experi-
mental data and it is compatible with the expected
flat S-wave distribution. For the K*K channel the
results obtained with S and P wave angular distribu-
tions turn out to be compatible; we then used for
simplicity the S wave angular distribution.

In Table 2 the efficiencies for reactions (1)—(3)
are also reported for the three momentum intervals.

To obtain the normalization to the annihilating
beam we counted the number of recorded events
(N,oun) satisfying the following criteria: i) number of
tracks in the JDC greater than 2 in order to have a
good vertex reconstruction; ii) annihilation vertex
within the reaction target. The efficiency for the
detection of the annihilations with a correct measure-
ment of the # momentum was determined by means
of Monte Carlo simulations. All channels with total
pion multiplicity up to 6 were simulated (77* m7°,0
<m<6;2n" 7 mrlm<4; 37 27 mw' m<?2)
as well as some kaonic channels (K* K, K"K %)
with statistics from 50000 to 150000 events each,
and submitted to criteria i)-ii). The total efficiency
was then obtained by weighting the efficiencies (ej)
for the different channels (j) with the charge conju-
gated pn branching ratios (BR(LD,)) measured in
liquid deuterium [9-12]:

1
eA"N=3"€ -BR(LD,) —w——""- (5)
~ 2. BR,(LD;)
J
where the sum is running over the simulated chan-

nels. The assumption made by using the normaliza-
tion factor is that reactions with unknown BR,(LD,)

Table 4
Annihilation frequencies for reactions (1)—(3) in the three selected momentum intervals
Ch F107%)
[50-150] MeV /¢ [150-250] MeV /¢ [250-400] MeV /¢
a7l 1.67 £ 0.35, + 0.17, 1.26 £ 0.22, + 0.10,,, 0.90 + 0.10, £ 0.08y,
7y <097 * 0.49 + 0.15,, + 0.04,, 0.69 + 0.14, + 0.06,,
K'K? 0.92 +0.37, £ 0.09,, 0.41 + 0.14, £+ 0.03, 0.58 £ 0.16,, + (.05,

" 90% confidence level.
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Table 5

Total 7ip annihilation cross section and annihilation cross sections for reactions (1)—(3) in the three momentum intervals integrated in the
angular range. Statistical and systematic errors were summed quadratically

[150-250] MeV /c [250-400] MeV /c

Ch Oy (mb)
[50-150] MeV /¢
Total (this work) 222 +29
Total [14] 250 + 40
at 0.370 + 0.080
Ty <02 "
K*K? 0.205 + 0.080

192 +23 141 + 17
186 + 15 140 £+ 12
0.244 + 0.053 0.128 + 0.018
0.096 + 0.031 0.098 + 0.021
0.079 + 0.027 0.082 + 0.024

* 90% confidence level.

have, in average, the same detection efficiency as the
known ones. As the sum of known BR(LD,) is
close to one, this assumption is acceptable. The total
number of annihilations in the target in each momen-
tum interval is then obtained as:

N
ANN __ count
N T gANN (6)
In the determination of statistical errors on NANN,

uncertainties on the BR (LD,) dominate over statis-
tical errors of the generated channels. For the deter-
mination of systematic errors the following proce-
dure was adopted: an upper limit for efficiency was
determined assuming the branching ratio of all reac-
tions with a given charged multiplicity (for example
27t 7w mar®) as branching ratio of the reaction, with
that multiplicity, showing the highest efficiency
Q7@ 7). In a similar way a lower limit for effi-
ciency was determined. The maximum difference
between €™M and these limits was taken as system-
atic error. This takes into account both uncertainties
in the knowledge of some BR,(LD,) and the fact
that no dynamics was simulated. It has to be noted
that, due to the dominance of channels with high
multiplicity in the counting procedure of annihila-
tions given by criterion ii), the effects of dynamics
are averaged. The interference between the different
7 momentum intervals was also evaluated and turned
out to be negligible. The reconstruction efficiency
and the total number of annihilations are reported in
Table 3.

The measured annihilation frequencies, calculated
from Eq. (4), are reported in Table 4 for the three
momentum intervals.

We also determined the annihilation cross sec-

tions of reactions (1)-(3) in the three momentum
intervals as:

1 Ny(i) 1
PNy Az e,(i) N(i)'

i=1,3

(7)

Iy (i) =

were p is the liquid hydrogen density (0.0708
g/cm’), N,, is the Avogadro number, Az is the
fiducial volume length and N; is the number of
incident antineutrons. The number of antineutrons
was obtained from the total number of antiprotons
entering the production target as counted by the
OBELIX counting system, and from the evaluation
of the flux of the n beam. For the geometry of the
date relevant to this analysis the beam was 36 +
17/10%p.

Using this value and the total number of annihila-
tions NANN in the reaction target (see Table 3) we
obtained for the total annihilation #p cross section in
the three momentum intervals the values reported in
Table 5 where the errors are dominated by systemat-
ics due to the annihilation counting procedure and to
the fluctuations of the spot of the p beam [13].
These values are in very good agreement with the
values obtained by integrating in the three momen-
tum intervals previous OBELIX measurements [14]
performed in a different geometrical setup (also re-
ported in Table 5). A direct comparison can be done
also with a previous measurement [15] in the mo-
mentum intervals between 150 and 250 MeV /c and
between 250 and 400 MeV /c giving respectively
189 + 90 mb and 132 + 60 mb. The agreement
among the results is very good.
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Fig. 3. Measured annihilation frequencies (circles) and values obtained from the fit of system (17) (squares) with the assumptions of CC
model for S wave percentage as a function of the i momentum interval (see text). a) a, free; b) oy set to zero.

The annihilation cross sections of reactions (1)—
(3), obtained from Eq. (7) and using the values of
Table 2 in the three momentum intervals, are also
reported in Table 5.

3. Discussion of the results

We can define the annihilation frequency of a
channel ch in the i-th momentum interval as [16]:

fali) = ZL:OIL(i)Wcﬁ (8)

where the sum is running over the possible initial
partial waves of angular momentum L, a,(i) are the
corresponding annihilation fractions and W, are the
branching ratios of channel ch from the initial states
of angular momentum L.

Using this approach, we made the following as-
sumptions in our analysis:

i) only S and P waves contribute to annihilation
up to about 250 MeV /¢ [2] (ap(i) =1 — agli),i=
1,2);

ii) S, P and D wave contribute to annihilation
between 250 and 400 MeV/c [1] (@,(3)=1-
a(3) — ap3));

iii) Wt are independent of the 7 momentum in
the range of interest;

iv) the S-wave fraction

O'S

ann (9)

N P
Tann + Tann

xe =

is calculated from: 1) the Dover-Richard (DR) poten-
tial model [1] and 2) the coupled-channel model
(CQO) of Ref. [17].

Using Eq. (8) for reactions (1)—(3) in the three
momentum intervals, we can write the following
system:

Farar(1) = hag() W 1o
For 9(2) = ag(2)W o
forn0(3) = ag(NWE o+ ap(3)WA o
forn(2) = (1= as(2))W,
Frrn(3) = (1 = as(3) = ap(3)) Wy
e (1) = ag(D) Wi + (1= as(1)) Wi
frex{(2) = ag(D)Wee i + (1 = a5(2)) Wi,
fe-x (3) = ag(3) W + (1 = a5(3) — ap(3))
X Wy + ap(3)Werg (10)

of 8 equations and 7 parameters (Wt terms and
ap(3)). The fit of this system with respect to these
parameters gives the values shown in Table 6 for the
two models.

In Fig. 3a the measured annihilation frequencies
and those obtained from the fit of system (17) are
shown using the coupled channel model’s predic-
tions for a;. To check the sensibility of the fit to
a,. this parameter was also set to zero (Fig. 3b). A
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Table 6
Values of the branching ratios of reactions (1)-(3) and a,(3) obtained from the fit with CC ( x2/ndf = 1.9/1) and DR ( x2/ndf = 1.4/1)
hypotheses
AN W2 o wh, W ¢ Wik Wik ap
107%) (1073 (10-%) (103 10~ 1073 %
CC 23+04 6.1 £2.2 0.99 + 0.22 0.95 +0.16 0.01 +£0.19 9.7 +3.3 30+15
DR 23+04 59+1.6 0.99 4+ 0.22 0.92 +0.23 0.01 £0.23 72459 4.6+ 2.8

worsening of the normalized y? from 1.9 (CL ~
20%) to 3.4 (CL ~ 6%) was found, suggesting the
presence of a non negligible D-wave contribution.

The results of Table 5 were elaborated as follows:

1. From the measurement of W\ o and Wy ,
the elementary branching ratios of reactions (1) and
(3) from S, state can be calculated. We can define
the elementary branching ratios W,,(J*) of a chan-
nel ch from the states J” with angular momentum
L as [16]:

wio y 200

JFeL L

Wer(J7) (11)
Assuming statistical population of the initial states
we can write:

s _ 3 ! _3.8 415§
Oann —o;mn( S1)+Uénn( SO) - 40;mn+ 20

TS
~afs)m= )

For reactions (1) and (3) it thus turns out that:
Wyopo 8,) = 4W2 o= (3.12£05) 107> (13)

3 -
Ween'S) = $W e = (13£02) 1072 (14)

2. Using the K*K elementary branching ratio
from 335, state and the K*K~ and K°K° elemen-
tary branching ratios from *S, state (/= 0,1), it is
possible to separate the contributions to the KK
production amplitude from the singlet and triplet
isospin states. If M, and M, are the /=0and /=1
KK production amplitudes one can write [18], ne-
glecting the pp — an interference:

3
|M,I? =BRK*K"( Sl) + BRyogs(*S) — 1M, 1.
(15)

Using the BRy+,-(’S,) and BRogo(’S,;) values
measured in pp annihilation at rest [16]:

BRK+K.»(3SI) = (144 +0.08) - 1072,

BRyoge (S,) = BRyx, = (1.36 +0.09) - 107
(16)

and Wy (°S,) from the present analysis °

|M]|2 = %WK+E”(3S1) = WK*KS(SSI)
~(13+402)-107° (17)

one obtains, from Eq. (22):

|M,[°

| M, |*

=09+02 (18)

which shows that the KK amplitudes from /=0 and
I=1 S-wave initial states are comparable. This re-
sult cannot be compared with the one stated in {1,18]
and [19] where a wrong formula was used (see
footnote).

3. The value of Wy. . obtained from the fit of
system (17) is compatible with zero suggesting a
suppression of the channel K*K° from P-wave. A
similar behaviour was found in other two-body chan-
nels both in pp and np annihilation. For example the
pp — K"K~ branching ratio (I = 0,1) decreases by
a factor of about 4 going from S-wave to P-wave,
while the pp— ¢7° and 7np > ¢ reactions,
which come from pure /=1 state, have production
rates from P-wave compatible with zero [20,21].
Moreover a general suppression rule for (0~%,177)
two-body final states from 'P, [ =1 initial state has

5In the_similar formula (35) used in Ref. [18] a factor 1/2 is
missing.
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been recently suggested [22]. It has to be noted that
this result is not affected by the initial choice of
using the S-wave angular distribution efficiency.

4. With the present statistics it is not possible to
discriminate between the two considered annihilation
models. Nevertheless the indication of a non negligi-
ble D-wave contribution in zp annihilation in the
interval between 250 and 400 MeV /c was obtained.
The value for «,, turns out to be consistent with a
more precise determination obtained studying the np
annihilation cross section [19].

4. Conclusions

The first measurement of annihilation frequencies
of 7ip annihilation into 7" 7% 7% 7 and K*K; was
performed as a function of the 7 momentum in the
range between 50 and 400 MeV /c. These measure-
ments are the first steps to fill the lack of data on
specific annihilation channels in the np system at
low energy.

The 7" 7% and KK elementary branching ra-
tios from *S, initial state were measured. Hints for
the suppression of K™ K° channel from P-wave were
obtained while comparable KK production rates from
I=0 and I=1 S-wave initial states are observed.
The first determination of the contribution of D wave
to annihilation in the momentum range up to 400
MeV /¢ was also obtained and it is in agreement
with the one from the fit of the total np annihilation
cross section [19].
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