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Abstract. Experimental data are presented on deuteron 
production in the target fragmentation region for 
250 GeV/c and K + interactions with Al and Au nu
clei, and compared with analogous data on proton pro
duction. Indications are observed for narrow structures 
in the (d n ~ ) effective mass system at ~2.04 and 
-2 .0 8  GeV.

1 Introduction

Composite fragments are copiously produced in inter
actions of high energy hadrons with nuclei. The study of 
this production is equally important for the understand
ing of nuclear structure as of particle production mech
anisms. Many different production mechanisms (direct 
knock-on of preformed deuteron-like clusters, pick-up 
processes, the tail of evaporation, coalescence, etc.) exist 
and complicate the analyses of the data on production 
of the lightest fragment, the deuteron. For a review of 
the data and models see [ la ,2,3]. Experimental data 
mainly exist for proton beams, either from emulsion ex
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periments (which suffer from low statistics and unknown 
target nucleus [lb-d]) or from electronic experiments 
(which usually measure only momentum spectra at fixed 
laboratory angles).

Interest in deuteron production was revived [4] due 
to calculations showing that the ratio d/p o f the deuteron 
to proton yields is connected to the entropy and, there
fore, can be used in searches of the quark-gluon plasma. 
For a review of the subject of entropy production, see
[3].

The interest in deuteron production is, furthermore, 
related to recent searches for narrow dibaryons (for 
reviews see [5]). Theoretical estimates indicate that the 
deuteron can have some six-quark state admixture [6-8].

The experimental status of narrow dibaryon searches 
is still rather controversial. For example, a recent LAMPF 
observation [9] of exotic states with charge — 1 and + 3  
near 2 GeV with marginal statistical significance, has not 
been confirmed (for charge +  3) by data from the SPE
CHI spectrometer at the Saturne accelerator [10]. More
over, one needs to look for non-exotic states, since there 
exist theoretical predictions (for example in the model of 
elongated rotating 6q bags [11]) for isospin 7= 0  and / =  1 
states in addition to exotic 7 = 2  states.

The aim of this paper is to present experimental data 
on a comparison of general characteristics of deuteron 
and proton production in collisions of 250 GeV/c n + and 
K + mesons with Al and Au nuclei and on the results of 
a search for narrow dibaryon states in dn~  and d n + 
effective mass spectra.
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2 The data sample

The data derive from an experiment using the CERN 
European Hybrid Spectrometer (EHS), equipped with 
the Rapid Cycling Bubble Chamber (RCBC), filled with 
H2 and serving as vertex and track detector as well as an 
ionization device. Two thin nuclear targets, one of alu
minum and one of gold, are placed side by side orthog
onally to the beam, 15.5 cm behind the entrance window 
of the chamber. Charged tracks, leaving the bubble cham
ber through the exit window, are measured in a two-lever 
ami spectrometer, consisting of seven wire or drift cham
bers, interspersed with charged particle identification de
vices, gamma-detectors and hadron calorimeters. A more 
detailed description of the set-up and minimum bias trig
ger used is given in [12,13]. Previous results presented 
on this sample of events are on multiplicity distributions 
[13] and on rapidity and transverse momentum distri
butions [14].

In the present analysis, we only use events in which 
positive tracks with laboratory momentum phlh< 1.2 
GeV/c and negative tracks with pVàh <  0.2 GeV/c have 
been visually identified by ionization in RCBC. Events 
are required to have a well reconstructed vertex in the 
foil region, a well reconstructed beam track and at least 
one reconstructed secondary track. Badly reconstructed 
low energy tracks are discarded during the ionization 
scan. We have checked that the use of more stringent 
criteria of event selection [13-14], has little influence on 
the results presented here. Since we do not observe any 
significant difference between the 7r+ and the K + sample 
within the limits of statistics, we present our data for the 
combined sample of and K + collisions, which we call 
“M H"” collisions, in order to enhance the statistical sig
nificance. The total number of events used is 4200 for 
M"1" Al interactions and 3700 for M + Au interactions*

To correct for multiplicity dependent losses in the 
measurement and reconstruction procedure, we normal
ize the data sample used, separately for the Al and Au 
targets, to the charged particle multiplicity distribution 
observed at the measurement stage. The weight varies 
from —1.2 at lower charged particle multiplicities to —1.8 
at rcch~60, practically linearly with multiplicity.

Tracks are accepted when A p /p <  30%. The mo
menta of particles, based on measurements in the hydro
gen and/or the spectrometer, are corrected for ionization 
losses inside the foils. This correction is most significant 
for low energy particles, emitted at small angles with 
respect to the foils. The uncertainty in this correction is 
mainly related to the resolution in the vertex position 
measurement inside the foils and is larger for the Au than 
for the Al target.

The fiducial volume of RCBC is a cylinder with 40 cm 
radius and the depth along the cylinder axis is restricted 
to ± 18  cm. A  2T magnetic field is applied along the 
cylinder axis. We have full angular acceptance for stop
ping deuteron tracks in the forward hemisphere with

* The number of K + events is about one third of the number of 
7c+ events. For part of the analysis, a larger sample of 5000 and 
4300 events, respectively, was used

p liib <  0.5 GeV/c (corresponding to a track length less 
than 18 cm). For tracks with angle of emission 9 < 4 5 °  
with respect to the beam direction, this momentum range 
extends to —0,6 GeV/c. In the backward hemisphere 
some tracks are stopped in the ring with fiducial crosses 
and, in general, the momentum resolution is worse be
cause of optical distortions and foil shadows. We there
fore only consider forward going deuterons.

3 Deuteron multiplicities

To select deuterons, we apply the method used by the 
NA23 collaboration [15] in a study of a small sample of 
pA  collisions at 360 GeV/c in the same experimental set
up. The method is based on the range-momentum relation 
and can be used for tracks with momentum measurement 
from the track curvature and range measurement from 
the endpoint in the liquid hydrogen of RCBC. The range
I is characterized by a power dependence on laboratory 
momentum /?, with the same exponent but different co
efficient for different particle masses. Therefore, the lin
ear combination of logarithms

R — 0.96194 log10/? (GeV) — 0.27328 log10 / (cm) (1)
i

can be used to discriminate between different masses. The 
variable R can be visualized as a measure perpendicular 
to the different range-momentum curves on a double- 
logarithmic plot (see the figure on page 69 in [16]). For 
accurately measured tracks, the R values for the mass 
hypotheses of interest are — 0.82 (/?), —0.61 (d), —0.50 
(tritium) and —0.25 (a-particle).

The distribution of R for all forward going positive 
stopping tracks with a curvature measurements (A p/p  
<  0.3) is shown in Fig. la . One observes a large peak 

due to stopping protons and a smaller deuteron peak. As 
expected*, there is no noticeable signal from tritons nor 
«-particles. The deuteron peak becomes more pro
nounced when requiring pcmv > 0.35 GeV/c (Fig. lb), 
where stopping deuteron tracks have a range / >  5 cm.

To select deuterons, we therefore require /?curv 
>0.35 GeV/c, the emission angle 5 to be smaller than 

90° and R  to be in the interval

— 0.69 < R <  - 0 .5 3 .  (2)

To estimate the magnitude of the deuteron signal, we fit 
the R  distribution to a sum of two gaussian distributions 
in 50 MeV/ c wide intervals of momentum, starting from 
p Xah =  0.35 GeV/ c. From these fits it appears that the pro
ton admixture in the interval (2) decreases from 22 % 
for 0.35 < ;;lab <  0.40 GeV/c to a negligible level for 
P\ab >  0*50 GeV/c and we derive a momentum dependent 
correction factor which takes into account this proton 
admixture as well as the loss of deuterons in the tails of 
the R  distribution.

In the following we present deuteron data selected by 
cut (2), corrected for geometrical inefficiencies connected

* Saniewska et al. [1 b] have observed a t /d  ratio of about 5% in 
p interactions on heavy nuclei at 24 GeV/c
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R

Fig. la , b. Distribution of R  (see definition in the text) of forward 
emitted positive stopping tracks with (A p /p )curv <0.3 for the com
bined sample of M 'vAl and jW+Au events a for all tracks; 
b for tracks with /?curv >0.35 GeV/c

with the restricted fiducial volume of the RCBC, and for 
the loss of deuterons which are emitted at small angles 
with respect to the foils, i.e. with & close to 90°. The 
latter correction amounts to 3%. The momentum de
pendent correction for geometrical ineffeciencies is cal
culated as follows: each observed deuteron track is ro
tated around the beam direction and the stopping point 
is calculated, taking into account the magnetic field; the

Tabic 1. Number of weighted events as a function of the number 
of forward produced deuterons nd

n't Al Au

0 5907 ±  86 4916 ± 80
1 400 + 31 1041 ±57
2 23.7 ± 10.1 410 ±57
3 — 54 ± 2 2
4 — 65 +  36
5 —- 54 ± 5 4

<«„> 0.071 ±  0.004 0.390 ±  0.013

n d

Fig. 2. Probability distribution of the number of produced deu
terons for Al and Au trargets

fraction of rotated tracks with stopping point inside the 
fiducial volume is used as a measure of the geometrical 
efficiency.

Deuterons emitted at smaller angles wrt the beam, can 
have a longer range in the hydrogen of RCBC and their 
momentum can be measured with higher precision. 
Therefore, as a check of our results, we also use the fol
lowing two kinematical regions :

9 <  90° and 0.4 < p ( d ) <  0.5 G eV /c, (3)

and

S <  45° and 0.4 < p (d )  < 0 .6  G eV/c. (4)

The probability distribution of the number nd of deuter
ons, selected according to (2), is given in Table 1 and 
shown in Fig. 2. The average number of deuterons per 
event, <nrf>, is 0.071 ±0.004 for M +Al and 0.390 ±  0.013 
for M +Au interactions. This can be compared with the 
values 0.22±0.13 and 0.65±0.10, obtained respectively 
for pA i  and pAu  collisions at 360 GeV/c [15]. It thus 
appears that incident protons are more efficient in pro
ducing deuterons in nuclear collisions.
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nd

Fig. 3a, b. As in Fig. 2 for events with: a nch£  15 (Al) or ¿2 5  (Au) 
b nch < 15 (Al) or >  25 (Au)

Table 2» As in Table 1, for forward (Ô < 90°) produced deuterons 
with 0.4 <  p ldb <0 .5  GeV/c

Al Au

0 6130 ±89 5676 ±98
1 195 ■f 24 706 ± 60
2 4.7 ± 4.7 78.2 ±32.3
3 80.2 ± 60,0

<nrf> 0.032 ±  0.003 0.169+ 0.007

Table 3. As in Table 1, for deuterons with Ô < 45i°} 0.4 <  p
<  0.6 GeV/c

Al Au

0 6153 ± 89 5786 ±106
1 173 i  21 618 ± 51
2 4.7 ± 4.7 137 ± 67

<*rf> 0.029 ± 0.002 0.136+ 0.006

The number of events decreases exponentially with 
increasing ndi with a larger slope for M +A1 than for 
M +Au collisions. A similar exponential decrease is ob
served for low (nch^  15 for Al, nch<;25 for Au) and for 
high (nch > 15 (Al), nch> 25 (Au)) charge multiplicities 
(Fig. 3). The slope is smaller for high multiplicities and 
in all cases it is smaller for M +Au than for M +A1. The 
same effect is observed for the less biased nd spectra 
(Tables 2 and 3 and Fig. 4), obtained using the cuts (3) 
and (4). We notice that the ratio of the average number

Fig. 4a, b. As in Fig. 2 with the following cuts on the deuteron: 
a 8 < 90°, 0.4 < p  (d) < 0.5 GeV/c; b $ < 4 5 ° , 0.4 <  p (d) < 0.6 
GeV/c

of produced deuterons in Au to the one in AI is always 
about five, whatever selection is made (see Tables 1 
to 3).

For comparison, the probability distribution of the 
number of protons with momentum

0.2 < ^ 0 0  < 1 .2  GeV/c

is shown in Fig. 5 a for low nch and in Fig. 5 b for high 
nch. The lower cut on the proton momentum is necessary 
to avoid the region where very short stopping tracks are 
lost because of foil shadows. The upper cut corresponds 
to the limit of visual identification by ionization in RCBC. 
The distributions in Fig. 5 are considerably less biased 
than the d data, since geometrical inefficiencies are small 
and the admixture of deuterons in the proton sample is 
concentrated mainly at momenta below —0.3 GeV/c. For 
small wchJ the proton probability distributions also have 
an approximate exponential behavior with a smaller slope 
for the Au than for the Al target. At higher nch a dip at 
n =  0 is observed, but also there the exponential decrease 
at the larger n values is steeper for the Al than for the 
Au target.

The dependence of the average deuteron multiplicity 
on nchi is given in Table 4 and Fig. 6. For nch < 15, 

(n c¡) rises quadratically with nch and practically coincides 
for the Al and Au targets. At higher nch, it grows linearly 
with nch both in the Al and Au samples, but with a con-
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n

Fig. 5a, b. Probability distribution of the number of produced pro
tons with 0.2 < /7,ab (p) <  1.2 GeV/c: a for nCji¿15 (Al), 25(Au); 
b for ncìì >  15 (Al), 25 (Au)

Table 4. Average deuteron multiplicity as a function of the 
charged particle multiplicity nch

flch-interval Al Au

I *  4 0.021 ±0.007 0.013 ±0.006
5 +  9 0.034 ±0.006 0.028 ±0.007

10-5-14 0.055 ±0.006 0.085 ±  0.011
15 +  19 0.089±0,010 0.114 ±  0.013
20 +  24 0.113 ±0.015 0.266 ±0.024
25 +  29 0.152 ±0.027 0.371 ±0.037
30 +  34 0.129 +  0.036 0.546 ±0.053
35 + 39 0.214 ±  0.102 0.572 ±0.063
40 +  44 — 1.460 ±  0.290
45 +  49 — 0.808 ±  0.116
50 +  54 — 1.020 ±  0.180
55 +  59 — 1.280 ±0.250
60 +  64 — 1.620 ±0.350
65 +  69 tai« 1.420 ±  0.310

siderably larger slope in the latter case. Practically the 
same behaviour is observed for in the kinematical 
regions (3) and (4) (see Fig. 7).

The correlation between the average number of deu
terons and the number of protons in an event, is given 
in Table 5 and shown in Fig. 8. For both the Al and Au 
targets, rises linearly with np. This observation con
tradicts the behavior expected in the model of Butler and 
Pearson [17], yielding (at fixed momentum) a linear de
pendence of nd on rip.

( J r \K +)A —  d ♦ X , 250 GeV/c

o A = Al 

• A = Au

A
" aC 1 -

oLa.
o

*

20

i

AO 60

n ch

Fig. 6. Mean number of deuterons as a function of charged 
particle multiplicity nch

1 ------------------------ ,------------------------1------------------------ ,------------------------ r

[_. (3r*K+)A-*“ d + X , 250GeV/c

o A =Al

c n

•  A = Au

a) 0 < 90°

0.4 < p<d )< 0,5 GeV/c

A
-a
C
V

0
* <>

I « 1 I » 1 -

*

0

b) 0<A5°

0.4 < p ( d ) <  0 .6 GeV/c

1 « » t
0

♦ «
° 1 

20 A0 60
nch

Fig. 7 a, b. As in Fig. 6 with the following cuts on the deuteron ; 
a & <  90° and 0.4 < p ( d ) <  0.5 GeV/c; b 8 <  45° and 
0.4 < p { d ) <  0.6 GeV/c

a
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Table 5. Average multiplicity of deuterons Ohi) versus number of 
produced protons np

«i» Al Au

0 0.047 ±0.005 0.073 ±0.009
1 0.060 ±0.007 0.164±0.015
2 0.107±0.015 0.263 ±0.027
3 0.100 ± 0.022 0.337 ±0.036
4 0.247 ±0.063 1.020 + 0.190
5 — 0.485 ±0.065
6 — 0.985 ±0.118
7 — 0,980 ± 0,166
8 +  9 — 1.078 ±0.211

10 +  11 — 1.105 ±0.223
12 +  13 — 1.027 + 0.245
14+15 — 1.538 ±0.353

Fig. 8. Mean number of deuterons as a function of the number 
of protons

Table 6. Mean proton multiplicity as a function of charged
particle multiplicity ĉh

"ch Al Au

1+ 4 0.22 ± 0.02 0.23 ±0.06
5 +  9 0.39 ±0.02 0.42 ±0.04

10+14 0.58 ±0.02 0.77 ±0.04
15 +  19 0.92 ±0.04 1.19 ±0.05
20 +  24 1.29 ±0.06 2.03 ±0.08
25 +  29 1.76 ± 0.12 2.80 ± 0.11
30 +  34 1.95 ±  0.19 3.65 ± 0.15
35 +  39 1.92 ± 0.35 3.98 ±0.20
40 +  44 — 4.64 ±0.25
45 +  44 5.26 ±0.43
50 +  54 — 6.14 ±0.52
55+59 — 6.57 ±0.50
60 +  64 — 5.20 ±0.67
65 +  69 — 5.46 ±0.98

Fig. 9. Mean number of protons <n({) as a function of rcch

Fig. 10. The ratio of the mean number of deuterons to the mean 
number of protons, (n j) /<«,,), as a function of nch

The relation between the mean proton multiplicity 
(n ci)> and nch is shown in Fig. 9 and Tableó. This de
pendence is linear over most of the available interval, 
with however a quadratic behavior at small nch. The ratio 
( n j ) / ( npy vs. nch is shown in Fig. 10. Despite the rather 
large errors on the data points, the general trends can be 
summarized as follows :

# for Al, the ratio is almost constant;
•  it increases monotonically for Au.
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In the limits of statistics, no evidence is observed for a 
drastic change of the d/p  ratio, and therefore no evidence 
for abrupt entropy change [4], It is worthwhile to note 
that an approximate linear dependence of the d/p  ratio 
was also observed in 400 MeV/nucleon Ca +  Ca colli
sions [18] (vs. nch) and in 450 and 650MeV/nucleon 
Nb +  Nb collisions [19] (vs. n ).

4 (dn) mass spectra

The (d n ~ ) effective mass spectrum is shown in Fig. 11 
(here and in the following we show unweighted spectra) 
for the region 0.1 <  ß (d n ~ )  <  0.4, where ß —p / E is the 
velocity of he d n -system. The lower cut on ß  practically 
has no influence on our data, because in this case the 
deuteron and pion tracks are completely stopped in the 
target or do not have a sufficient length for momen
tum measurement from curvature. The upper cut on ß  
eliminates some background in the region of 
M (d n ~ )  >  2.3 GeV. Our resolution in the low mass re
gion is — 5 MeV, taking into account both the measure
ment errors and the uncertainty in the vertex position 
inside the foil. No evidence for narrow structures is seen.

The (dn + ) effective mass spectrum for the same cuts 
is shown in Fig. 12. Also here, no evidence for narrow 
peaks is observed, nor do we observe a broad enhance
ment expected at the A N  threshold —2.15 GeV. If one 
compares the dn~  and dn*  mass distributions, an excess 
of events with M (d n ~ )  <  2.1 GeV is noticed.

50

>O2o
0 0

cCD>
z
X)

zT)

A0

30

20

10

ur+(K+)A ~*-do r-*X  , 250 GeV/c 

0.1 < j3(dor-)<0.A

A = Au

L

S

A =At

M (dor- ) , GeV

Fig. 11. Distribution of the effective mass M ( d n  ) for Al and 
Au targets in the region 0.1 <  ß ( d n ~ )  <  0.4, for events with 
nch < 40 (Al), <  60 (Au)

50

>
Q>

2o
«*-»c(U><b*
z
*D
zTJ

A0

30

20

10

T----------------1--------------- 1----------------r
DT4(K+)A—*-dJT+*X , 250 GeV/c

0,1 < j U d 3 r +)<0 .4

S

A = Au

Lr

Jl

A = Al

M(dJT+),  GeV

Fig, 12. As in Fig. 11 for d n + combinations

20

>di
Z
o
ifl 10
cO)>0>

ZTJ
z  oXJ

10

0

T

or*(K+)Au dor1 ♦ X , 250 GeV/c

0.1 < J 3 ( d o r ) < 0 . 4

PL (d ) > 0 

PL (3T)< 0

a) d o r "

J l / n Jl

b) dor

In m r
J i n

2.0 2.1 2.2 2.4

M(dor ) , GeV

Fig. 13. As in Fig. 11 with the additional cuts on the deuteron and 
n~  longitudinal momentum components p L(d) >  0 , p L(n  " )  <  0



In our sample of secondary pions, some admixture of 
electron or positron tracks with /?lub >  0.2 GeV/c is pres
ent since they cannot be identified by ionization. It is 
therefore necessary to check that this contamination does 
not generate spikes at low masses. However, unidentified 
electrons and positrons from y -conversions and Dalitz- 
pairs contribute equally to M (dn~ )  and M (dn  + ) spec
tra. The comparison of Fig. 11 and Fig. 12 indicates that 
this contamination must be small.

Very energetic <5-electrons, produced in the foils from 
secondary tracks and going forward in the beam direc
tion, may contribute to the M (dn~ )  spectrum only. To 
check this, we present the M(d7t~) spectrum for the kin- 
ematical configuration where the n~  goes backward with 
respect to the beam direction and the d  goes forward (Fig. 
13). Some evidence for peaks at —2,04 and —2.08 GeV 
is seen in this figure for the Au sample, corresponding to 
3(7 signals. The peaks remain at the same level of statis
tical significance if we request a momentum resolution of 
the deuteron tracks with Ap/p  <  0.1 i.s.o. 0.3.

5 Summary

We present data on deuteron production at the highest 
available energy for collisions of positive pions and kaons 
with Al and Au nuclei. These data can be used e.g. as a 
reference point in searches of the quark-gluon plasma in 
collisions of heavy ions. Our main conclusions are the 
following.

•  The average numbers of deuterons found with our se
lections, amount to 0.071 ±0.004 in M^Al and 
0.390 +  0.013 in M +Au collisions, which is considerably 
smaller than the corresponding numbers in /?A1 and /?Au 
collisions [15].
•  The fraction of events decreases exponentially with in
creasing number of deuterons produced. The slope of the 
exponent is smaller for M +Au than for M +Al collisions.
•  The ratio as a function of charge multi
plicity is constant for M +A1 and increasing for M +Au 
collisions.
•  We observe narrow peaks in the M (dn~ )  effective mass 
spectra at —2.04 and —2.08 GeV for the Au sample, 
however with marginal statistical significance.
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