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I. INTRODUCTION

The study of the lightest scalar mesons f(980)0*(0++) and ao(980)1~(0"+)
is one of the most fundamental problem in physics of hadrons. Both these
mesons are strongly coupled to the K A-channel and have practically equal
masses.

The standard interpretation of these mesons as gg-states [1] has difficulties
in explaining simultaneously both these facts. A more refined gg-model was
considered recently in ref. [2]. The authors of paper [2] have suggested, that
the f5(980) is an admixture of uii, dd and s3-states. At the same time the
ap(980) was build from non strange quarks only. There exists also an attempt
to build the £3(980) from ss-component only [3]. The coupling of f;(980) to
the non strange sector in this model is due to nonperturbative QCD effects.
Note, that in line with the models [1-3] it is difficult to explain the practical
coincidence of the masses for the f3(980)- and ap(980)-mesons. It is also worth
mention here the four-quarks model for lightest scalars proposed in Ref. [4].
This model could explain the mass degeneration for these mesons and their
large branching into A A’-channel.

In Gribov’s confinement model [5] the aq and f, are rather exceptional
mesons and their properties should differ from the predictions of more standard
quark models like [1-4]. In particular in Gribov's model the interaction cross
sections of the ag- and fy-mesons with hadrons should be small.

We are to mention here also a morc phenomenological "hadron molecu-

»

lar” model, in which both mesons are build from K and K [6]. The au-
thors of the paper [7] have developed a meson-exchange model to describe
the f3(980)~ and a((980)-mesons. In their approach both these mesons orig-
inate from the coupling of the mn-channel to the K K- channel. But in con-

trast with the fo(980), the ao(980) would not appear to be a KK bound
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state but a dynamically generated threshold effect with a relatively broad pole
(T = 200MeV, My, =~ 990Mel”). Note, that different approaches give diffe-
rent predictions for the parameters of the ag- and fo-mesons. So the precision
measurement of parameters for the lightest scalars may really solve the prob-
lem of their nature.

Note, that the proposal to study properties of the af-meson in the reaction
pp — da at the ANKE spectrometer of COSY was discussed already in
detail in ref. [8]. In our paper we discuss the possibility to study the reaction
pd — ppag ps to get information on properties of the negative ag-meson.

The resonance aj(980) was observed for the first time in the reaction
" RK~p — Y7(1385)yn~ [9]. This meson manifests itself as a sharp peak in the
n~n-effective mass distribution. The mass of ag was found to be m = 981MeV
and the visible width of the peak to be around 50MelV. The experimental
data of the paper [9] were analyzed in ref. (10]. In that paper a two-channel
parameterization for the S-matrix was used to get information on the pa-
rameters of the ay-meson. It was found, that the visible width of the peak
I'vis = 50MeV is smaller, than the bare width I'r, for decay of ag into 77-
channel (I'y, &~ 80MeV). The inequality I'yi; < I'y, is a consequence of the
K K-threshold, which is strongly coupled to the ag(980) and is situated only
10MeV above the position of the peak. Because of that reason the form of the
peak is not of Breit-Wigner type but is strongly affected by the A A -threshold
(cusp). Note, that in the four-quark model [4] the bare width I'y, should be
much larger, namely of the order of 300M eV, see in this connection also ref.
[11]. That is why the form of the peak is sensitive to the quark content of
ap(980)-meson.

Note, that the experimental data [9] were not in contradiction to the fol-
lowing ratio for the coupling constants:

d= gﬂ;’ﬂ

2
gag ™

3
- (1)

This value d corresponds to the assumption that ag belongs to the SU(3)-
octet of scalars and 1 — %' mixing angle is zero, #,, = 0. Note, that in the
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SU(3) — 13 Pygg-nonet interpretation of ag [2] the ratio d is:

i=_ X
20082 (Byy)’

where A = 0.6. That is why the branching of ap-meson into the K A-channel
is to be relatively suppressed in this model in comparison to the predictions of
the SU(3)-octet approach (d = 0.8 in [2]). The recent experimental data on ag-
production in the 7~ p-collisions [12] give evidence for the ratio d to be close to
unity. In particular, it follows from the analysis of ref. [12], that the charged ag
has a larger mass, m = (9984+4)MeV/c?. Its widthis T'(af) = (69+11)MeV/c?
and the ratio d = 0.91 £ 0.11. Note, that from the analysis of the paper [13]
this ratio d is to be larger, d = 1.16 + 0.18. In the four-quark approach [4]
the coupling to the K K-channel is to be large. We conclude, that the ratio
of the coupling counstants is also very sensitive to the quark content of the
a9(980)-meson. Note, that in both experiments [9] and [12] only the 7y decay
mode of ag was investigated. That is why the ratio of branchings for charged
ag's was never measured directly.

In this paper we suggest to extract the parametecrs of the ag(980)-meson
measuring its production in nucleon-nucleon collisions. To be more concrete,
we suggest to study the reaction pn — ppae; using a deuterinm target. To
reconstruct kinematics, one needs to measure all final protons for the reaction
pd — ppag ps, where p; is the proton-spectator momentum. At the same time
both decay channels of the ay contain negative particles and /or could be easily
identified through the photons from #n-decay. In the case of identification of
both leading decay channels for the ay-meson the study of this reaction at
the ANKE spectrometer of COSY should provide a unique information on
fundamental characteristics of this meson.

1. TOTAL CROSS SECTION FOR THE REACTION pn — ppa; .

Consider the process for exclusive production of a resonance in NN-

collisions, i.e. the reaction
NN — NNR.
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As we shall demonstrate, the results for the absolute value of total cross sec-
tion depend very drastically on measured interval of mass for resonance. The
explanation is simple: in case of a threshold reaction 2 — 3 and under the
constraint that the production amplitude is constant. the total cross section is
proportional to Q?, where Q is energy excess. That is why the production of a
resonance with mass lighter than the nominal mass is getting more preferable
and one needs to introduce some cut-off parameter. Let us illustrate this by
some concrete formulae. In the case of production of stable particle of mass m
in the pp-collision ( pp — pp + "stablc particle”) we get the following expres-
sion for the diproton mass spectrum near threshold (production amplitude is
taken to be constant!):

-7« F(k)ky/Qm, — k2 (2)

dmmpp

Here F'(k) is the proton-proton enhancement factor [14-16] and & is the rela-
tive momentum of the final protons, and m,, = 2m, + k% /m,. If we consider
the production of resonance of finite width I', we should convolute the expres-
sion (2) with the spectral density p(m,T"). For a narrow resonance it can be
parameterized by a Breit-Wigner function
/2« .
(m—m/)2+1“2/4’ 3)
where 7 is the averaged (nominal) mass of the unstable particle. Thus, instead
of (2) we get:
do iz '/2n
dmyp Temin m(m —m)? 4+ T2/4

p(m,T) =

Vmp(@Q+m —m =k [my),  (4)

where Q = /s — 2m,, — 7 is the nominal threshold. Mg, = Q@ + m — k2/m,
and the value of the minimal mass My, will be specified below.
Rewriting the integral in (4) in dimensionless variables we get

d
%%uqumn (5)
where
1 Tmar \/Edl'
O A e EY )



Here we introduced notations
Q- Kfmy Qi my = m

r/2 e r/2 '
Now let us discuss, what is the reasonable value for cut off parameter mpin
in the expression (4). As is seen from the BW-formula (3), the probability to
find a very light ag is small. So it seems, that the diproton mass spectrum

Ly =

should not be sensitive to the choice of m,,;,. But this is not a correct state-
ment. Indeed, taking in view that the leading decay channel for ag-meson is
ag — 7, let us chose Myn = My + my. Making so, we immediately get
Tpae > 1 and I(zg) ox 1/y/—xg for large negative x¢. It means, that

x const

dmy,

at k%> m,Q (i.e. for m < m).

So the distribution (5) in this limit has a long constant tail in the region of
large momenta k and the total cross section depends drastically on the chosen
value of M, ( that is not the case for binary 2 — 2 reactions). In Figure 1 we
give the dependence of the total cross section for the reaction pn — ppay for
some typical values of minimal mass My, = m—C. The production amplitude
is calculated in a simple fusion model and is discussed in the next Section.
Figure 1 demonstrates the drastic dependence of the production cross section
on the value of the cut off parameter C. The contribution from the region of
the resonance peak with | m — /m |< I'/2 to this cross section corresponds to
the choice of the parameter C < T.

L. PRODUCTION AMPLITUDE FOR THE REACTION pn — ppagy

To estimate the production amplitude for the reaction pn — ppay close to
threshold we use a simple fusion model with intermediate - and 7-mesons.
The corresponding Feynman diagram is shown in Figure 2. We use the stan-
dard values for the TNN and NN coupling constants, g2 /47 = 14.6 and
gZN n/4m = 3.0. agnm-coupling is determined by the relation

F — ggoﬂ'n (n)
™ — ar s {
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where g¢r, is the pn-relative momentum. For the bare partial width
[y = 80MeV we get from (7) that gsopr = 2.5.
The amplitude M3, which corresponds to the Feynman graph of Figure 2
is
My, =3Iy Falg at) gavn Fe(d®)  _ a(ps) Y qu(py)a(pa)y° Grulps) (8)
2my o 2my T (¢? = m2)(q} ~ m2)

Here m = 983.4MeV is the averaged mass of ag and Fy , are form factors,

N AZ 2 ) ‘
Fi(¢") = AT q{ =, 9)

We take A, = 1300MeV and A, = 1500Mel” in correspondence to the Bonn
potential model [17]. The total production amplitude is to be antisymmetrized
with respect to spin and space variables of the final protons (34 — 43). Finally
for averaged production matrix element we get:

FY¢*) Fy(gt)ymym* |
I A{[ l - ngNgr]NNgaom;(q )Ig(ql% _1;712)2‘7 (10)
M 7

where ¢® = ¢} = —m,m. Taking into account the effect of the strong final
state interaction between the final protons ( enhancement factor F(k} ), we
get the following expression for the production cross section

_Mp 1 23
UPn—)PPGa - 4I 87"3(2m + 7n) 777% (D(Q’ F)a ‘ (11)
where
dm I')2n

\/mp(Q +m—m— k2/7np).~

B(Q.T) = [ "akF(k) [T (m_m) 1174

Moin = M — C', Mgz = Q + M — k?/my, ko = \/Mmu(Q + ™ — Muin).
p3 = 2mym /[ (2my, +m), I =2E,| fy |= (2m, + m)\/m(m + 4m,) /2.

The momentum dependence of the pp-enhancement factor F(k) was dis-
cussed in details in refs. [14,15]. For the reaction with high momentum trans-
fer like NN — NNxn (1,7, etc.) this momentum dependence practically
doesn’t depend on any concrete form of production amplitude and is univer-

sal. At the same time the absolute value of the enhancement factor as it was
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recently clarified in refs. [16,18] depends on the production amplitude and on
sort of the emitted particle. In our treatment we use the standard form of
the pp—cnhancement factor Fy-,(k), calculated with a separable Yamaguchi
potential [14]. The absolute value of enhancement factor is obtained by intro-

ducing the rescaling factor £, so
F(k) = EFya(k).

The factor £ reflects the suppression of the absolute value of the enhancement
factor in realistic N N-potentials ( Bonn and/or Paris ). In line with our
estimations in ref. [18] we take £ = 1/5.

The resulting cross section versus excess energy () is shown in Figure 1 for
different values of C'. The expression (11) for the cross section ignores the
influence of the K K-threshold. To get the expression for partial cross sections
pn — ppK~K° and pp — ppr~n we substitute the spectral density in equation
(3) by
Ly + ITKI{'(m)

1
P L)) = e T = (T + T ()2 (12

In this formula we put again I'r, to be constant, but include the dependence
of I'y z on mass:

2
g II\
Tpp = ~%{‘—szﬁ.,{n(m — Mo — My, (13)

where my-po = mg-mgo/(mg- + myo).

In this two-channel approach the total and partial cross sections for the
reaction pn — ppay are shown in Figures 3a and 3b for different values of the
ratio d = 0,3/2 and 3. As it is seen from Figure 3a, the total cross section is
getting smaller, when g,- o~ increases. This decreasing of the cross section is.
a consequence of a destructive interference between the direct decay amplitude
ag — 7y and the amplitude for the decay ay — 7 through the intermediate
K K-state.
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IV. HOW TO EXTRACT PARAMETERS OF ay-MESON FROM THE
EXPERIMENT

We are to extract the following parameters for the ay-mceson: its nominal
- mass m and the coupling constants go,r; aud g, x z- These are the parameters
which determine the form of the resonance peak.
The ratio of the coupling constants d (1) may be extracted from the direct
measurement of the ratio for branchings at a fixed mass of ag-meson:

Br(ag = KK) _ 0ok 2mu-so(m — myo —mg)
Br{ag =) g2 Grn

(14)

After getting the experimental information on the ratio (14} we have still
to determine two parameters m and go,n,. We see two alternative ways how
to extract these parameters.

i) Study of effective mass spectrum. In the case of the reaction
pn — ppay close to threshold the strong pp-FSI has to be taken into account.
The distribution over the effective 77-mass is given by the following expression

k2 . —k? k*dk (15)

mazx

dmgs, A1 8wimpy/s\ 2m,+m [m—m+iT /22

where kpyz = m,(Q — m+m). In addition to the phase volume the

dependence of expression (13) on the mass m comes from the enhancement

do |JM'2 Fﬂ'f] L m 1 /km,m
0

factor F'(k) in the integral:

kmaz 3y 1Y
L F Rk, — ¥ K dk (16)

The form of the resonance mass spectrum given by expression {13). is presented
in Figures 4a and 4b for different values of I'y,;, ratio of couplings d and mass
m of ag. It illustrates the sensitivity of the mass spectrum to these parameters.
The Figure for do/dmg; at different values of d and Ty, is also shown (see
Figure 5).

ii) Binnie’s method. In the paper of Binnie et al. [19] this method
was used to study the production of w -, - and r'-mesons in the reaction
77p — nX . The method consists in studying the resonance excitation curve
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versus beam momentum under the condition that the momentum of the final

neutron is kept fixed.
Considering the case of the reaction pn — ppag . let us look at the expression

for the following differential cross section:

/ do  |M(E.P R Fk) Ty o
dkdP 4I (167)2mpus/5 |Q — P?/2p3 — k2 /my, + i1 /2]

where P = P3 + Pa, 2%k = P3 — p1. Let us also fix the momenta P and & in
some small intervals AP* and Ak* . In this case the dependence of the double
differential cross section d?c/dP*dk* is determined by the following equation:
|A|? F(k*)Ty P22 AP AR

41 1Q = P2y — K2/ my + 0 /27 (3m)mppise/s
As is seen, the energy dependence for this expression (18) reproduces the form
of resonance. To apply this method, one needs to vary the beam energy and
to study the curve of resonance excitation of ag-meson. Note, that application
of both methods i) and ii) should help getting additional information on the
dependence of the production amplitude M(+/s) on energy +/s.

(18)

d20' lP‘,k':

V. SOME REMARKS ON KINEMATICS

In the casc of the reaction pn — ppaj in the laboratory system close to
threshold all final fast moving particles are in a narrow cone around the beam
direction. The longitudinal momenta of all these three particles are of the
order of 1GeV and the perpendicular momenta are small. For example for
energy excess ) = 50M eV’ the maximal laboratory scattering angles for kaons
arc around 20°. The scattering angles for # and 7 are larger because of larger
energy release in the decay ag — 7.

To measure the reaction pn — ppag we are to use the deuteron target, i.e.
to study the reaction pd — ppaj ps. We suggest to study this reaction for small
momenta of the proton-spectator, p; < 200MeV/c. In the Table we give values
of threshold energies for this reaction at some typical values of momentum of
spectator. To estimate the cross section on deuteron, we suggest a simple pole
mechanism for this reaction. The corresponding Feynman diagram is shown in
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Figure 6. Usually pole approximation works well up to momenta of spectator
Ps S 150 — 200MeV . In this region all re-scattering diagrams give negligible
corrections to this leading pole term. The distribution over the spectator
momentum which corresponds to pole mechanism of Figure 6 , is given by the

expression:
do .
d—};;s. =l #’d(ps) IZ Unp—)ppua(\/g)? (19)

where 4(p) is the deuteron wave function in the momentum space. The
relation between s and s' is determined by kinematics. The distribution over
the proton-spectator momenta for /s’ being fixed is shown in Figurc 7. Note,
that near the threshold the production cross section for the reaction pn — ppagy
is a rather sharp function of v/s'. That is why the expression (19) at fixed
energy of beam may be used to study the energy dependence for the cross

section pn — ppag .

Table 1:
(ps(MeV/e)|cos 75, [T (MeV /)| foapr(MeV /)
0 2454 2159
100 -1 2884 | 2268
| 100 0 2481 | 2169
| 100 1 2165 | 2080
200 3 3538 2434
200 0 2577 2198
200 1 1971 2025 |
300 -1 4581 2678
300 0 2738 2248
300 1 1846 1987

VL IS IT POSSIBLE TO EXTRACT THE apN-AMPLITUDE FROM THE
REACTION pd — ppagps?

In Section 5 we suggested to use pole approximation to estimate the produc-
tion of a; on deuteron at small spectator momenta ps < 200MeV/c. Usually
at small p, this pole mechanism works well and all the corrections due to the
FSI- effects are small.



11

The produced aj interacts with the fast protons as well as with the slowly
moving spectator. What about the interaction of the aq with spectator, it is
evidently negligibly small in this kinematics. The main reason is, that the
produced ¢j moves in forward direction with high momentum. That is why
the total energy of the system “ag+ spectator” is also large. In Table we
present values for invariant energy ,/3,,,, for some typical values of momenta
and angles of the spectators. As is seen from the Table, typical values of | /55,5,
are large, much larger, than m,, + m,, = 1922MeV. That is why the process
of interaction of the produced meson with the proton-spectator should be
considered as only a small corrections to the main amplitude. The signal of this
interaction may be definitely found only in the case, when the spectator moves
along the direction of beam and has momenta > 300MeV/c. Unfortunately
the number of events in this geometry is seriously limited because of small
probability to find in deuteron a proton with a large momentum, see also
Figure 7.

At the same time the interaction of the ag with a fast proton may be ob-
served (if exists or if is not negligibly small ; in Gribov’s approach it is small,
see [5]). Near the threshold in their rest frame both protons and ap move slowly.
That is why the interaction between ag and proton is effected and gives scrious
influence on agp- and pp-effective mass distributions. In the papers [14,20] we
gave some examples of these distributions for the cases of 1- and #'- production
in the pp-collisions. In the case of ag-production these distributions are to be
corrected because of a large width of the produced ag in comparison to that
we have in 77 and 7’ cases.

To conclude, let us stress again, that the measurement of momenta for fast
protons as well as spectator momentum gives possibility to reconstruct the
effective mass of the g¢; and identify the process. Additional measurements
of the final states for the ay-meson should provide opportunity to find the
mass and the coupling constants for this lightest negative scalar. The similar
idea for measuring the reaction pn — ppm~ on deuteron target at 2 GeV was
realized in the ref. [21]. Recently the reaction pd — ppn~p, was also studied
in the ref. [22].
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FIG. 1. Total cross section for the reaction pn — ppay versus excess energy
@ at different values of My = M — C. Solid line - C' = 2900 eV, dotted line
- C = 200M eV, dashed line - C = 100M eV, long-dashed line - C = 50MeV .

I' = 50MeV. The curve for the production cross section in the case of stable

ag-meson s also shown.
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FIG. 2. Feynman diagram for the production amplitude of the reaction
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FIG. 3a. Total cross section for the reaction pn — ppag at different values of
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FIG. 3b. Partial cross sections pn — ppK~ K at different values of d. Solid
line - d = 3.0, dashed line — d = 1.0. The values of T and C are the same as
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FIG. 5. Differential cross section do/dm.; at different values of d and T.
Mg, @5 equal to 983.5 MeV. The notation of the curves see in the caption to

Figure fa.
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FIG. 6. Feynmaﬂ diagram for the reaction pd — ppag ps.
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FIG. 7. The distribution over the proton-spectator momentum for Vs being

fized.






