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Experimental Data

In the last few years in the two-nucleon systems produced in
nucleon-nucleon and hadron-nucleon collisions new effects have been
obgerved, which may be treated as dibaryon states. A gearch for such
states 1s particularly interesting in connection with the predicted
gix-quark bags. Experineﬁtal results and their theoretical treatment
?ﬁve been already published in detail in a number of reviews, e.g.,
behaviour of the cross sections or of the two-nucleon effective mass
distributions may be identified as a menifestation of dibaryon
resonances -

Using a 'm HBC exposed to beams of light nuclei/3/, such enhan-
cements have been recently observed at 2,040 GeV/c2 and 2. 140 GeV/cz.
Besgides, these peaks are observed in proton-proton combinations/4’7/

. However, we should remark that not in all casesg the regomnance

of the 4Hep —~ dppn reaction, in proton-neutron /57 combinations of
the dp —- ppn reaction and in neutron-neutron combinations of the
dp — p 7 *nmn  reactions .

In the effective masses of the pp-pailr one of the peaks has
been observed earlier/g/. ThHe question arises whether such  struc-
tures exist 1in proton-proton combinations of the dp — ppn reaction.
It should be stressed that in all the gquoted cases of the deuteron
.breakup only those events are taken into account which cannot be
classified as quasi-nucleon ones, 1i.e., events without agpectator
nucleons. The 4HeP —= dppn reaction proceeds mainly via the mecha-
nism in which two nucleons participate from 4He and the remaining
deutercn is a spectator/7/. The situation is quite different in the
dp —= ppn channel where quasi-elastic neutron-proton or proton-
proton scattering takes place in the overwhelming majority of events.
In this case the events, in which the momentum of the slowest nuc-
leon ("spectator") in the deuteron rest frame is large enough, are
conditionally regarded as spectatorless ones. Several cuts are
taken as 300 MeV/c’®/ or 350 Mev/¢/?/. If a cut is applied at too
low momentum values, the hypothetical structure may be hidden due
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to large quasi-elastic background. On the other hand, a cut in 2
too high limit improverishes statistics in the region of our inte-
rest.

In the following analysis we uase the same experimental sample
ag in /5/, nemely, 20507 events of the dp — ppn reaction. All the
values, if not stated explieitly, are given in the rest frame.

One of the ways how to select gpectatorless events may rige
from the following congiderations. Let us try to select the class
of inelastic scattering, e.g..with virtual 7 ~meson production
and absorption /9'10/. Due to kinematical constraints on 5~ -meson
absorption with & single nucleon, the majority of these events occurs
on a nucleon pair. Pigure 1 shows a plot of the effective mess of
two slow nucleons versus four-momentum transfer squared from the inci-
dent proton to the leading particle for the charge retention channel.
,In our terminology charge retention and charge exchange channels meen a
leading proton and neutron in the final state, respectively. It can
be seen that the events are extensively grouped according to the
quasi-elastic nucleon-nucleon kinematics. An anslogous plot im the
dp —~ ppp#  channel is demonstrated in Fig. 2.

It should be noted that from the kinematic constraint for the
quantities put on the azes x and y such a plot reflects only the
incident proton momentum loss. Supposing that in the dp — ppn
channel the produced % -meson is almost on-mass-shell, the compa
rison of these two plots allows us to select the sample of wanted
events. They will lie above the line presented in figs. 1 and 2.
Such a oprocedure is also applied to the charge exchange channel,
The momentum distributions of the slowest nucleon from the sgelected
groups of events are. presented in figs. 3a aud 3b for the charge
retention and charge exchange channels, respectively. In the momen-
tum distribution of the slowest nucleon in the charge retention chan-
nel two maxima are seen (fig. 3a) which split up at about 200 MeV/c.
The first of them corresponds to a part of quasi-elastic NN scatte-~
ring and the second maximum to the events with 5 -meson abgorp~
tion.

Previous gtudies of the dp — ppn resction at 3.3 GeV/c have
proved that the high momentum tail in the charge exchange channel
substantielly exceeds that of the charge retention one . This
phenomenon has been explained taking the corresponding imsospin sta-
tes into account by contributions of inelastic processes such as

' ~igobar exchange or virtual. ¥ -meson production and
/8‘14/. To attract the above mechanisms have been also

absorption

Fige .

Slow proton -and neutron effective mass versus four-momentum
transfer squared - from incident proton to leading one - for
the charge Ietention.parf of the dp - ppn reaction.
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Pig.2. pp'w effective mass, without the leading proton, versus
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necessary in the analysis of 4Hep—»dppn at 8.6 GeV/c/7/. If one
also takes into account a relatively big slope of the np charge
exchange differential cross section it is not surprising that the
second maximum preponderates over the first one in the slowest pro-
ton momentum distribution of the charge exchange channel (fig. 3b).
Applying the cut at p = 200 MeV/c for the slowest nucleon momen~-
tum, the effective mass distribution of the two protons is histogram-
med for the charge exchange channel. The result is shown in fig.4.
Two maxima can be seen approxiﬁately at the same masses as in pn
and nn combinations /7 :
The fit of a second order polynomial background and two Breit-
Wigner functions to the experimental distribution gives the values
of maxime and widths displayed in table 1
the results of other papers as well,

. The table summarizes

Table 1. Review of two-nucleon effective
mess enhancements
Reéctlon izig; M, r, c1 M2 » ré C,
MeV/c Mev/c MeV/c MeV/c

4Hep+dppn /4/ 2035415 [30423 (4.1 [2137+15| 59120 5.1

dp~(pn)p | /5/ |2020410 |45+20 (4.3 |2130+10| 20+10 4.5
dp—~(pp)n Y13/ |2014£10 63+28 |4.0 [2162410| 18426 4.4

dp~psi*(nn)] /6/ (2035420 |50+20 (5.0 |2143420| 60420 5.0
57 120+ (pp)+x| /14/ |201623 |30214 (4.4 - - -
T =126« (pp)ex 715/ |201741.3] 522 [3.4 - - -
pd—p(pn) | 16/ - - - | ~2140 | ~30 -

01,02 are the ratios of the excess over the background to the square
root of the background. The errors of masses M, and M,/4+5:13:6/ are
the mass resolution of the chamber.

Cut at 350 MeV/o is applied in ref.”5/. This choice is justi-
fied whereas the admixture of quagi-elastic events to the charge
retention channel at p = 200 MeV/c is fairly large as shown in fig.3a.

The authors of ref. have observed no . enhancement g.
This is connected with the following fact: the effective mass distri-

Lon

bution M n
part of the dp — ppn reaction, and in the charge exchange channel,*
the statistics for the M__ distribution becomes insufficient, becau~
ge of a high value of the applied cut.

Moreover, in re.f../12 the missing mass methodical cut is appli~
ed to the reaction as a whole whereas the nature of missing mass

contains both np combinations in the charge retention

"distributions in the charge retention and charge exchange channels

is quite different., The same distributions from our results are
shown in fié. 5, the arrows indicate the cut limits applied in /12/.
It is easy to see that such a cut rejects 20% of events in the charge
retention channel and 56% of events in the charge exchange one. In
this way more than half of the events from the charge exchange chan-
nel is lost, and e natural ratio of the charge retention and charge
exchange deuteron breakup cross sections is deformed.

As is seen from table 1, nowadays quite enough experimental
material is available about the enhancements in two-nucleon effecti-
ve masses over the range under study.

2., Discussion of the Results

The resonance behaviour of the effective mass distribution of
two protons suggests the question (f they can be treated as an eviden-
ce for dibaryon resonances.

The effective mass squared distribution S, = Mgp of the two
protons in the dp - ppn resction is written as:

ds 1 dpdpz;g p- j 5 +0,-£ [ F
T o ser) 7 28, (Rpy (P Fal”,
(1)

Here the following notations are used: Md is the deuteron mass,
P Pd,P1,P2,P3 are the four-momenta of the incoming proton, degye—
ron and outgoing neutron and two protons, respectively; f' ?}, PZ’
P, are their three-momenta; E1, E;, E5 are the energies
of the outgoing nucleons; 3, E23 are the sum of three-
momenta and energies of two final protons, respectively, Fy is
the reaction amplitude. The dp —~ ppn reactlon, in principle, may
proceed via virtusl 7 -meson production in the intermediate state
and its further absorption.

The main contribution to the analysed distribution comes from



the diagrams illustrated in figs.6-8. The diagrams in figs.6 and 7
show one plon exchange and single pn and pp scatterings, respec-
tively; the triangular diagrams with one pion exchange are given in
£ig. 8,1t should be noted that the diagrams in fig.8a,b may be reduced
to the diagrams in fig.6, if vertices r1 and r2 are pregented
as a one pion exchange diagram. For convenience we divide the contri-
butions from the diagrams in figs.6 and 8, i.e., for M__< 2,02 GeV/c2
we use the contribution from the triangular disgrems of fig.8, and
for Mpp > 2,02 GeV/c2 the contribution from the diagrams of fig. 6.

A detailed analysis of the diagrams 6-8 has been carried out
in/17/. For this reason only the final expressions for their contri-
butions to the investigated M distribution will be presented.

After standard calculations the matrix element squared for one
pion exchange can be written as:

2 . w7 2
e ,?‘Y,L(ﬂ(f) )("#
=27 e
where gz/lu'f‘ = 14.7.

t = (B, - P)°

’ )

M is the mass of the real
G,(t) is the off-energy-shell J -megson formfactor,
-j_{f(*yy is the amplitude of virtual pion absorption by the
deuteron.
So to turn to the real 7 -meson in the i~ d —~ NN amplitude
in expression (2), the results of /18,19/ are uged, Taking inté aceount

differént normalizations of the amplitudes, one can get:

off off , e\t O"
£ =G,le" 97)(9 ﬂ/y' S (3)

el =i ’

Ji ~meson,

where "off" and "on' denote the off-energy-shell and on-—energy—sheli
# -megons, respectively; q 1is the pion momentum in the 7-d CMS.

Substituting (3) into expression (2) and |Fd(1)l 2 into (1), ome

obtains the one pion exchange contribution of fig. 6a,b to the M

PP
distribution of the dp —- pnn reaction:t

()
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de(’)_ 9% M 960l po (7 (4, o) Ci off 6 (4 dt

IM—.— (9)'1[\{2“:5)2 (E~+ 122 2 (2] ¥ A 4

pp TN VAN
i

where ‘G;P‘{_.pp (&, M.)) 1g the cross section of the real ¥'d -~ pp
process as a function of pion energy, which, in its turn, depends on
the 4-momehtum transfer squared t in the upper vertex of the

f Fig.5. Missing mess distribution
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diagram in fig. 6a and on the effective mass of the two final protons.
oft on /18,19,20/
The formfactors G,(t) and G,( 4 ) ) are taken from .
As k.nown) the cross section of the 5 4 — .pp process is
of the resonance-like form as a function of the pion.energy E or
as a function .of the two proton invariant mass at E, = 0.26 GeV oxr
Mpp = 2,16 GeV/21/. This behaviour is due to the fact that the.
process mainly proceeds via intermediate att production at the
above pion energy /21’22/. At Ej, = 0.14 GeV, what corresponds to a
real pion kinetic energy of several MeV,or mpp= 2,02 Gev/c2 in the
G ~p crogs section a narrow peak some MeV in
JT7 r /23/
width has been predicted theoreticelly according to the
1/v = Eﬁ/iv” law, where v is the pion velocity, and to the
Coulomb repulsion at vV — 0.



Ag stated above, the intermediate piomn on the diagram of fig.6a
is off-energy-shell, and its momentum is expressed in terms of the

invariant mass M and transfer t as:

PP .
o) -~ 2 2 2
cl/’:{L(MPP—Mf)/zV?J “t} y

which shows that for M__ = 2.02 GeV/c? g °f% 4 0. In tnis
connection, because the integral expression (4) contains the product
of g off .nd the cross section of the real 7fa — pp
process, a peak in the O/ . (E (2, Mpp)) cross section at
Mon=2,02 will manifest itself in the dG“?dmpp distribution
of the dp —= ppn reaction. We remark that if the intermediate pion
in fig. 6 were a real one, i.e. 1f it were on-energy-shell then mno
peak would be observed in d6 “Jam at M 2.02 GeV/c“, as seen
from (4). In other words, as it follows fromp%B) /18, 19/. the off-
energy-shell amplitude of the 7#d —~NN process must contain a peculia-
rity of the 1/V¢™" type (see (3) ) at 9"~ 0 so that
the one pion exchange diagram in fig. 6 might reproduce the peak in
the Mp distribution of the dp -~ ppn reaction at pp = 2,02 GeV/c

The calculation of GJi)/dM by the formula (4) shows, that
the peak at M p = 2.02 GeV/c is wider than the predicted one, and
the width of the second peak is approximately the same as that of
the 7 %4 — pp process at M__ = 2,16 GeV/cz.

The diagram shown in fig. 6b gives a similar resonance-like
contribution to the proton-neutron effective mass distribution. Its
contribution to M is negligible in comparison with that of the
diagram in fig.6a as the evaluation shows. This is particularly evi-
dent when the neutron is the fastest of the three final nucleons. The
regonence-like behaviour of the two proton invariant mass distribu-

tion is experimentally observed only in this case. We remark that
taking into account the vector meson exchange diagrams does not
affect the result qualitatively. And to take account of them quantlta—
tively is too complicated.

The contribution d6'/d Map , corresponding to the diagram
of fig.T7a, to the Mpp/1$}str1bution of the reaction under study is
of the following form H

de(?—) jdgpd Iq>( 3 IDadﬂs dt

oL Mop £y E23 (5)

€
where * Ec //if igs the pn charge exchange differential cross
section, S2; 1is the proton solid angle in the lower vertex

diegram in fig.7a, m 1s the nucleon mass.

—
iy et o

A similar expression can be obtained for the contribution of
the diagram in fig.7b, A5)/d Mp. 3 to the proton-neutron invariant
mass distribution changing &orrespondingly the neutron for the pro-
ton. The contributicr of the diagram in fig.7b to the two—proton
invariant mass distribution, Mpp, is overwhelmed by that of the diag-
ram in fig.7a because the neutron is the fastest nucleon in the final
state, so it can neglected.

The contribution, A6/ d Myp , of the triangular
diagram, corresponding to fig.8a, is of the following form 17/:

d” D §Hentbal 1 6D ([ dSpperene
o M, 16m JE, (B 48T dTy AR,

1
' d G oo —~ npi Grn oo\ T
+2(‘£°PP nprt dbpn PN )'2'+ lep/\ prw } D‘RlliQ.i

AT, da,dn, d7,de,de, AT, 42, dS2, ?
oo (6)
where I, =5/exP(fo)qa(k)dx and ®, 1is the deuteron ground-
-state wave function, X=(E,(P3)—Ey(ps)-m)Eq-(pP)/P, ’

S LYY /dEdQ dQ,1s the differential, cross section of the
P — an‘ and pn —o-an“° reactions.

When evaluating the expression (6), the differential cross sec-
tions dS,, , . .r/dT, dR, d2, have been calculated in the approxi-
mgtion of one meson reggeized exchange

The calculations show that the contribution of the diagram in
fig. 8b to the M distribution of the reaction studied is
negligibly small as the final neutron is fast and it mainly comes
from the upper vertex and not from the lower one (see figs.B8a,b).

The contribution from the diagram of fig.8¢c is also small so that
it is of the gecond order in comparison with the diagrams of
figs.8a or 6e. Since the final neutron is fast, the probability of
its formation in the first collision of the incident proton with
the nucleon in the deuteron is higher than in the Jfd — BN
process (see fig.6a) or after the NN —— NN rescattering (gee
fig.80). A detailed analysis of the diagrams in figs.8b,c has been
carried out in paper 5/,wherei$is ghown that their contributions
to the spectrum of protons flying into the backward hemisphere is
negligible for the dp — ppn reaction. Because we deal here with
the Mpp distribution of the above reaction in the same kinematical
region as in 5/, the diagrams in figs.8b,c are mot taken into
account.



We remark that the rescattering of the incident proton after
the p-n charge exchange (see fig.7a) on the proton from the deuteron
also mekes a small contribution to the M__ distribution of the
reaction in question. A detailed discussion can be found in /%5/. So
this small contribution 1s also neglected.

A final expression for the M distribution of the discussed
dp —~ ppn reaction can be written as the .sum of the diagrams in
figs. 6-8 taking. into account

tl@ = dg_f‘>+ i()_\—(Z)—(— i@f$)_r ﬁ[’”ﬁl)’
O(MPP C[’MI”/’ c{ MP!‘" L‘{,MM, L‘l MPP -

) /(\(‘.-‘,71‘21) {M .

where (9 AMop 18 the contribution of the interference of the
digrams in figs. 6a,72,8a, the way of their calculation is taken
from

Main contributions to the proton-neutron invariant mess of the
dp — ppn charge retantion reaction come from diagraﬁa in figs.6€b,
7b,8b.

Figure 4 displays the results of calculations corregponding to
the contributions of the diagrams in figs. 6a,7a,8a end their sum
to the d6/l M,  daistribution according to the formulae (1)-(7).
One can see a qualitative agreement between the calculated and experi-
mental N distributions /13/. Moreover, the figure also shows that
character of the distribution is mainly determined by the one pion
exchange diagram of fig. 6a. The other diagrams only touch up the
resoﬂhpce-like form of the spectrum.

Thus, the observed enhancéments

2 2
~ 2 = 2,16 GeV
mass at Mpp 2.02 GeV/c“ and Mpp - 2.16 GeV/c

dp -~ ppn /13/ reaction are mainly determined by virtual pilon absorp~
tion on the deuteron. But as indicated above, for the peak at
Mo~ 2,02 GeV/c2 one has to assume an irregnlarit} in the off-
energy-shell pion absorption amplitude by the deuteron out of the
physical reglon near a zero momentum of the real pion ( $°"’ = 0).
This behaviour of the off-mass-shell amplitude ffi—vﬁ%/ seems to
be due to the existence of two-nucleon quasibound states. The same
conclusion is valid for the character of the proton-neutron inva-
riant mass distribution where irregularities are observed approxi-
mately at the same M, 5/, fhe diagram in fig.5b, the

jr‘ meson exchenge,agaein makes a main contribuiion to the M
distribution.

in the two proton invariant
from the

values
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The behaviour of the Mn distribution in the more complicated
dp —~ p 57*nn reaction mey be gsimilar to the above described one, as
obgerved experimentally 6/. From the theoretical point of view it is
most convenient to calculate the two-proton invariant mass distribu-

tién in the dp — ppn reac&;on because thel, well-

Stlspp behaviour is

/ knnwn over a wide range of y-meson energy. So the quantitative calcu-~

lations have been carried out in this paper for the ahove case.

Now we are going to discuss the consequence that follows from
the analysis of the one pion exchange of fig., 6a for the cross sec-
tion ratio KR = ghﬂ//éém; of a pp pair in the charge exchange

GeE /G -
and an np pair in the charge retention channels of the dp — ppn
reaction for different areas of inveriant masses. At MNﬁ 2.02 GeV/c
the diagrems in figs., 6a and 6b differ from one another mainly by
coupling constants (gﬁT and ‘gﬁv
respectively, as the 5'd —pp and s°d —pn cross sections at
very small pion momenta behaveg similarly, like 1/v. Because of
G+ :l/zlgﬁo , the contributions of the diegrams in figs. 6a
and 6b at Myy=2.02 GeV/c® yleld R = 2. A% My  2.16 GeV/o® the
7d--pp and 5*d -pn proocesses in the lower vertices (figs. 6a and 6b)
proceed via ATt and A° productions, respectively;'the isospin
ratio gives R=3. These values of R at M__= 2,02 GeV/c2 and
My = 2.16 GeV/c2 agree quite well with the experimental data
(see table 2 ),

in the upper vertices,

Table 2
Contribution |  Gp+¢ G| BTl R | gt e | gt
(mé) (M) (pe) 1 1 2 2
n 30.841.2 | 200420 | 8541
P = +20 1 85415 14,940, 4{2.0 |4 141.1 | 3.0
o] 6.440.2 T6+12 | 69+11

Agsuming that the smell shift in the positions of the pp and
pn invariant mass maxima is caused by the methodics, the last result
may serve as an addltional oconfirmatien of the conclusion that the
intermediate pion abgorption by the deuteron is likely to be the
bagic reason of the resonance-like behaviour of the two-proton inva-
riant mass in the reaction under study.

Conclusion

In this paper it is shown that at a certain cut applied to the
slow proton momenta of the dp — ppn reaction a similar structure
can be observed in the two proton invariant mass distribution as

11



in those of pn and nn combinations. Two maxima have heen observed
at 2.02 GeV/c2 and 2.16.GeV/02. The observed effect is assumed to

be caused mainly by virtual pion absorption on the deuteron. Besides,
the existence of the peak at MNNd 2,02 GeV/c2 requires the presence 1

of some irregularity in the behaviour of the off-energy-shell N
J7 &~ NN reaction amplitude near the threshold. N i
¢
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Honunse M,I', E1-86-58
HaGmonenne ocofSeHHOCTEH B crnekTpe 3GdeKTHBHBX Macc

OBYX NMpPOTOHOB B §e3Me€30HHOM pasBaljle mefTpoHa

npu 3,3 I'B/c

, AHalHM3UDYIOTCA HECNMeKTaTOPHbIE COBLTHS 6e3Me30HHOIO pas-
Bajla neHTpoHa npu uMnynece 3,3 .TsB/c, nonyuennse Ha 100 cmM
BOLOPOOHOM MY3blpbKOBOH kamepe JIB3 OWSIM. Ha6smomeHs MakCHMYMbl
npu sHaueHuax 2010 u 2160 MaB/c” B cnexTpax sddexTHBHbIX Macc
OBYX MPOTOHOB W3 peaklUH nepesapsnkd, [IpoBedeHs TeopeTHue—
CKHE& pacueTsbl, YUYdThBalWHe OHarpamMmsl OOHOMHOHHOIO O6MEHa € Mo-—
rnomeﬁuem BUPTYanbHOTO 7 -Me30Ha OeHTpoHoM, ITokaszaHo, 4TO )
ITHK TIpH Mppﬁ 2010 MaB/c2 MOXET OblThb OGBsSICHEH TOJIbKO IIpH Ha-
JIHYHH OCOGeNHOCTH B MOBeNeHHH BHE3HEepreTHYEeCKOH aMITHTYIbI
peaxkuuu ﬂ+d*pp BOJIH3H nopora, Habmomaembiit MUK Npu Mpp =
= 2160 MaR/c® obycrioBsien, B OCHOBHOM, o6pazoBaHueM A-uszo6a—
Pbl B MPOMCKYTOYHOM COCTOSIHHH TIPH MOPJIOMEHHH 7 —-Me30Ha OejiT—
POHOM,

PaGora BeinonHeHa B JlaBopaTopuM BHICOKHX sHepruft OUSH,
Ipenpuyt OGienutentHoro uHCTUTYTa ANepHBIX Hccnenopanuii. JyGHa 1986
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Enhancements Observed in the Two-Proton Invariant
Mass Distribution in the Pionless Deuteron Breakup
at 3.3 GevV/ce

A sample of "non-spectator" events in the pionless deu-
teron breakup at a 3.3 GeV/c momentum has been investigated
by means of a | m HBC at JINR, Dubna, The two-nroton inva-
riant mass spectrum in the charge exchange channel exhibits
two enhancements for masses of 2010 MeV/c ® and 2160 MeV/c?,
Theoretical calculations taking into account one-pion ex-
change diagrams and virtual pion absorption by the deuteron
have been carried out, It has been shown that the enhance-
ment at Mp,= 2010 MeV/c? can be explained if there is an ir-
regularity in the behaviour of the off-encrgy-shell amplitude
of the n*d+pp reaction near the threshold, The observed ma-
ximum at Mph,= 2160 MceV/c? is caused mainly by intermediate
A productiod and pion absorption on the deuteron.

The investipation has been performed at the Laboratory
of High Pnargics, JTNR,

i%cpﬁnltﬂ'lhc Joint Institute for Nuclear Research. Dubna 1986
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