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Abstract

The search for a quasi bound 7 meson in atomic nuclei is reviewed.
This tentative state is studied theoretically as well as experimentally.
The theory starts from elastic 1 nucleon scattering which is derived
from production data within some models. From this interaction the
7 nucleus interaction is derived. Model calculations predict binding
energies and widths of the quasi bound state. Another method is to
derive the 1) nucleus interaction from excitation functions of n produc-
tion experiments. The s wave interaction is extracted from such data
via final state interaction theorem. We give the derivation of s wave
amplitudes in partial wave expansion and in helicity amplitudes and
their relation to observables. Different experiments extracting the fi-
nal state interaction are discussed as are production experiments. So
far only three experiments give evidence for the existence of the quasi
bound state: a pion double charge exchange experiment, an effective
mass measurement, and a transfer reaction at recoil free kinematics
with observation of the decay of the state.

1 Introduction

Hadrons are composite particles which interact via the strong interaction.
They can be grouped into two classes according to their valence quark sub-
structure: into mesons (¢q) and baryons (qqq). Hence there are three different
types of interactions:
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In the nucleon-nucleon case, the interaction leads to bound or almost bound
states and we have many different nuclei. The same is true if a nucleon is
replaced by a hyperon. However, the baryon-baryon interaction in matter
differs from the free one. Also three-body forces seem to play a role there [IJ.
For such forces the next type of interaction is involved: w-nucleon interactions
with excitations of the A nucleon resonance [2]. The third type is again
dominated by intermediate resonances. Low energy m — 7 scattering is a
good testing ground for chiral perturbation theory [3]. In this review we are
dealing with the second type of interactions namely meson-nucleon where
the meson is bound in nuclei. Such interactions can be studied by scattering
of the mesons. Especially rich information can be gained from bound states.
Here we will concentrate on the n meson. Why is the n meson special? It
has the same quantum numbers as the 7% J™ = 0. But it differs in isospin
(T = O instead of T" = 1) as well as in mass: 547.8624+0.018 MeV compared to
134.9766+£0.0006 MeV [4]. This may point to a different internal structure.
Since the n can decay both via the strong as well as the electromagnetic
interaction its lifetime 7, = (5.02 £ 0.19) x 107" s is almost two orders of
magnitude shorter than the neutral pion: 7,0 = (8.5240.18) x 107'7 5. Both
mesons have of course a qq structure which has to be different to assure the
different masses. One believes that both mesons are mixtures of the pure
quantum states [5], [6]. A mixing angle of 6 & 5 mrad has been reported [7]
which is much smaller than the n — 7’ mixing angle [§]. Since the interaction
between the hadrons is a residual one one may expect the same strength,
independent of the different meson type. The scattering lengths of the pion-
nucleon interaction is rather small and as a result the strong interaction shift
in the 1s state of pionic atoms is repulsive. Contrary to this, the n-nucleon
interaction at small momenta is attractive and rather strong. This was first
pointed out by Bhalerao and Liu [9] and later applied by Haider and Liu [10]
to predict quasi bound 7 mesons in atomic nuclei for mass numbers A > 12.
In the following text we apply the standard sign convention in meson physics
[11] for the s wave scattering parameters
1
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with p the n momentum, J, the s wave phase shift, a the scattering length
and ry the effective range. For a real attractive potential a, < 0 means
binding. Contrary to the m — N systems where the scattering length is real
at very small energies here the nN — 7N channel is always open and hence
the scattering length is complex. From such large values for the scattering
length a(nN), Haider and Liu[10] have shown that 7 can be bound in nuclei
with A > 12. Other groups have also found similar results [12], 13} 14}, [15].
In the following text we frequently use the term bound state instead of the
more strict quasi bound state. This is common in the literature.

The text is organised as follows. First we will discuss some theoretical
approaches and predictions. Then we will review experiments searching for
the existence of such n nucleus quasi bound states.

2 Theoretical Considerations

2.1 Model Calculations for Quasi Bound States
2.1.1 Prelude

A state is called a bound state in the usual sense when the sum of its con-
stituent masses is larger than the mass of the composite. In non relativistic
quantum mechanics binding is represented by an attractive potential and the
state is a solution of the radial Schrodinger equation. These solutions lie on
the imaginary axis in the momentum plane with Im(p) = p; > 0 (see Fig. [).
However, a possible n bound state is not stable since always the interaction

n+N-—=>7+N (2)

with a nucleon N is possible. If the 7 bound state was in a s state the energy
of the final state is

mn—l—mN—Bn:mﬂ—l—mN/—l—Tw—l—TN/ (3)

with T" the kinetic energies in the final state and B, the binding energy. Here
we have neglected Fermi motion of the nucleon and the recoil of the residual
nucleus. This leads to T = 317 MeV and T ~ 47.3 MeV where we have
assumed a binding energy of 10 MeV. These energies are clearly too large for
the two final state particles to stay in the nucleus. The resonance S;1(1535)
dominates the 7 + N interaction even close to threshold (y/s, = 1487 MeV),

3



Im(E)

qUaSibDOLJ:d\I Im(p) /
bound

= / Re(E)

physical sheet

L\ >
\ \3 resonances Re(p) Im(E)
S & |

O/.virtual Re(E)
quasivirtual

unphysical sheet

momentum plane energy plane

Figure 1: The complex momentum plane (left) and the E planes (right).
Energy and momentum are non relativistically connected via £ = p?/2u with
p = pr + 1p; being complex. For p; > 0 we have the physical sheet and for
p; < 0 the unphysical sheet. From the definition we get E, = (p>—p?)/2p and
E; = p,p;/pn. Symbols at the end of the arrows (full symbols) are states for
a real potential. The arrows indicate how these states move with increasing
imaginary potential.

since the width of the resonance is wide: its half width is ~ 75 MeV []
and thus reaches down to the threshold. We will come back to this point in
Section 2.1.21 Because of the possible decay of the state it is a quasi bound
state and this fact is accounted for by a complex potential. A quasi bound
state is located in the second quadrant of the complex momentum plane in
Fig. [l For a real potential resonances are in the third and fourth quadrant.
When the imaginary potential is switched on they move down in the fourth
quadrant and move up in the third quadrant and may reach for sufficiently
strong imaginary potential the second quadrant [16]. The boundary between
a resonance and a quasi bound state is the 45° line with the quasi bound state
above this line. The task is now to produce a complex potential for elastic
scattering nIN — nN, construct from this a complex nA — nA potential and
then search for poles in the upper part of the second quadrant.



2.1.2 7N scattering

The n-nucleon scattering length a(nN') or more generally the matrix T'(nN —
nN) is quite poorly known. The reason is that the lifetime of the 7 is too
short to produce 1 beams. So a(nN) or T'(nN — nN) has to be extracted in
rather indirect ways. The inputs are production cross sections of 7~p — nn
and yp — np reactions. Also decays into the channels YN, 7N, 77N and nIN
were considered. The major mechanism that generates the imaginary part
of a(nA) is the reaction nA; - N*(A — 1) — wA;, where N* is the nucleon
resonance N*(1535) with a strong coupling to both the n and the pion [4],

[17].

The approach usually applied is the K matrix approach with different
inputs, say 7N — 7N, tN — nN, and YN — nN. The T matrix for the
different channels 7, j can be expanded into

Ty =Kij+iY KimQuTn, (4)

with @@ being the diagonal matrix of the c.m. momenta in each channel.
Nucleon resonances which couple to the n/N channel are in the energy range
of interest. These resonances were accounted for by

Kij=Biy+ 3 Y00 (5)

with B;; a background, ~;; the couplings of the resonances to the corre-
sponding channel and Ej ,.s the resonance position. The background matrix
changes the bare pole positions to those obtained in scattering experiments.
The parameters B; j, v;, and Ej are fit parameters. Further information is
found in Ref. [I§]. An energy dependence of a so deduced elastic T" matrix
is shown further down with other results in Fig. Bl

Another method is based on chiral unitarity. The T-matrix within this

model is given by
T(N —nN) = (1-VG)'V, (6)

where G is the energy dependent diagonal matrix of loop functions, and V'
the kernel matrix, respectively. The loop functions describe the propagation
of intermediate states in the medium. The result is obtained by solving a
Bethe—Salpeter equation which is shown schematically in Fig. 2l The poten-
tial V' is derived from the lowest order chiral Lagrangian containing SU(3)
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Figure 2: Symbolical representation of the Bethe—Salpeter equation.

flavour symmetry. The n/N scattering amplitude can be calculated by con-
sidering the coupled channels: 7~ p, 7°n, nn,K°A, K*X7 K% 7%~ p, and
77 n. It should be noted that the same matrix inversion can be used to
solve the multi-channel T-matrix from a Lippmann—Schwinger equation iter-
ating the potential V to all orders [19]. While the Bethe—Salpeter equation
is a four dimensional integral equation and thus covariant, the Lippmann—
Schwinger equation is usually three dimensional. For the connection between
the Bethe—Salpeter equation and the Lippmann—Schwinger equation see [20].
In [I9] only the radial equation is used with the integration performed over
the relative momentum of the off-shell meson-baryon pair in intermediate
channels. The obtained multi-channel S-matrix S;; = d;; — 2i,/pip;Ti; is in
this case strictly unitary in the subspace of open channels. The total s wave
cross section for a transition (i — j) is oy ; = 4mp; /p;| T ;%

In Table [Il we compile results for the complex scattering length a(nN).
In some cases not only the scattering length but also the effective range ry is
given and also shown in Table [l

Arndt et al. [24] derived from the optical theorem a bound of

a; > 0.172 £ 0.009 fm. (7)

All results compiled in Table [ fulfill this criterion except the one of Ref.
[22].
In the following we will discuss the methods leading to very small and
very large values of the scattering length. Green and Wycech [35] applied
the K-matrix formalism treating all available data at the time of their publi-
cation (i. e. their parameter set A). They considered two nucleon resonances
which couple to the nN channel: the previously mentioned N*(1535) and the
N*(1650). An effective range expansion is fitted to the so derived 7" matrix
by
1 , 1 1

2 1
T + . 8
T(nN — nN) Py = TPy TSPy ®)



Table 1: Selection of elastic n/N scattering length a(nN) and effective range
parameters ro where given by the authors.

a(nN) (fm) ro (fm) Reference
0.21975:94% + i0.23570 048 chiral model T [21]
0.25 +i0.16 isobar model [22]
0.27 4 i0.22 isobar model [9]
<0.3 pn — dn [23]
0.378109%% +10.201 7 03 chiral model II [21]
0.41 + 10.56 global

energy dependent [24]
0.46(9) + i0.18(3) K matrix [25]
0.476 + i0.279 electro production [20]
0.487 +10.171 -6.06 - 10.177 K matrix [27]
0.51 +i0.21 K matrix [28] 29]
0.55(20) + i0.30 7 p — nn [30]
0.577 4+ 10.216 -2.807 - 10.057 K matrix [27]
0.621(40) + i0.306(34) S-wave resonance [31]
0.68 +10.24 coupled channel

S matrix [32]
0.75(4) + i0.27(3) -1.50(13)-i0.24(4) | K matrix [1§]
<0.75 nd scattering,

AGS equations[33]
0.87 + i0.27 nd — 1d]3d)
0.91(6) + i0.27(2) “1.33(15) - 10.30(2) | K matrix, solution A [35]
0.91(3) + i0.29(4) coupled channel [30]
0.980 + i0.37 isobar model [37]
0.991 + 10.347 -2.081 - 10.81 K matrix [3§]
1.05 +10.27 coupled K matrices [34]
1.03 +i0.49 rel. coupled channel [39]
1.14 +i0.31 coupled K matrices [24]

Here p, denotes the n momentum in the centre of mass system. The obtained
values for the scattering length and effective range are given in Table [l For
the last parameter in Eq. () they found s = [~0.15(1) —40.04(1)] fm®. The
resulting energy dependence is shown in Fig. Bl The maximum of the real



part occurs at the n/N threshold whereas the maximum of the imaginary
part is close to the centroid of the S1;(1535) resonance. In the same figure
also the results from an analysis within the chiral unitary model and solving
the Bethe-Salpeter equation [21I] are shown. The N*(1535) and N*(1650)
resonances were dynamically generated. The input were the hadron masses.
The S-wave cross sections of the 7N — 7N and 7N — nNN were fitted. In
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Figure 3: The energy dependence of the real and imaginary part of the elastic
n-nucleon T-matrix. The curves with the 1o error band are from Mai et al.
[21], the curves without error bands are from Green and Wycech [35]. The
vertical lines indicated thresholds for free nN — nN scattering, nN — KA
and n/N — KX reactions.

a next step we compare the most important inputs in the two analyses. In
Fig. @ the input data and the fits are compared with each other.

In the energy region where data exist there is practically no difference.
Nevertheless the different models lead to different T-matrices. Similar find-
ings were reported by Arndt et al. [24]. Here we discuss the Sj; partial
amplitude, which is the most important one for the formation of n bound
states. Arndt et al. extracted these amplitudes in two different ways. They
considered K matrices for a background and two resonances: S1;(1535) with
two poles and D;3(1520) (see also the discussion above close to Eq. ().
Their fit A included the Crystal Ball data as well as their own pion data.
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Figure 4: Excitation functions for the reaction 7~p — nn. Data are indicated
by dots with error bars, fits by Mai et al. [2I] as solid curve, by Green and
Wycech [35] as dashed line.

The fit GW380 is a global fit. While for elastic 7 scattering the results are
practically identical they differ for 7~ +p — n+n (see Fig. Bl). Consequently
they differ also for elastic n scattering. For the K-matrix analysis, which is
close to the one from Ref. [35] they determined a(nN) = 1.14 + ¢0.31 fm.
However, the global fit yields a(n/N) = 0.41+140.56 fm. This is the only result
where a; > a,. and thus raises doubts on its validity. We may conclude that
the variations due to models are larger than due to different inputs.

2.1.3 The n Nucleus Potential and Search for Quasi Bound States

The standard approach is to construct from the 7-nucleon scattering length
an optical potential for the n-nucleus interaction with A the mass number of
the nucleus, and then to solve a wave equation with this potential [10], [15],
[17], [30]. The complex optical potential is given by

2
Uppt =V +iW = —%T(nN — nN)Ap(r) (9)

with g the reduced nN mass, T(nN — nN) the n-nucleon transition matrix
and p the nuclear density. We will call this relation as the T'p approximation.
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Figure 5: Sj; partial amplitude for 7= +p — n+n (adopted from Ref. [24]).
Dash-dotted (dotted) curves show the real (imaginary) parts of amplitudes
corresponding to fit G380. Solid (short-dash-dotted) lines represent the real
(imaginary) parts of amplitudes corresponding to the Fit A. All amplitudes
are dimensionless, i.e. the phase-space factors were normalised to unity at
the resonance position.

In the impulse approximation the relation

a(n) = T(nN — N, /s) (10)

with /s, = m, + my holds. The quantity a is the effective range. It should
be mentioned here that the interest is in a bound state and hence one needs
to know the T matrix at

\/EZ\/S()—BW, (11)
i.e. below threshold (see Fig. [)).
Haider and Liu [10] solved the integral equation

)
p — — — — —
V) + [ < Ui > ¥G) = BOG) (1)
by the inverse iteration method. This equation was derived from the four
dimensional Bethe-Salpeter equation which can be rewritten as two coupled
equation [40]. One of these leads then to Eq. ([I2). This equation has
the appearance of a Schrodinger equation with relativistic kinematics. Since
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no non-relativistic approximations had been introduced in its derivation it
has some covariance features. The main advantage of working with such
an approach is that the 7 nucleus interaction U, can be related to the
elementary n/N process by unambiguous kinematical transformations. The
first-order microscopic n-nucleus optical potential has the form

<ﬁf|U0pt‘Z7i>:

S [ 4G < 5.~ + Q) | T(S50N = uN) | 51~ + ) >
J

x 63 (~ = Q) (—hi — Q) , (13)
where the off-shell nN interaction T'(nN — nN) is weighted by the product
of the nuclear wave functions ¢7¢; corresponding to having the nucleon j

at the momenta —(j; + Q) and —(pf + Q) before and after the collision,
respectively. The ,/s; is the n/N invariant mass and is equal to the total
energy in the c.m. frame of the 1 and the nucleon j. The solution of Eq.
(I2) is the complex eigenenergy

r
B, =B, iy (14)

with B, > 0 and I';, > 0 the binding energy and width, respectively. The
integration in Eq. (I3]) is performed over all Fermi momenta Cj Results for
the full off-shell calculation are given in Ref. [41].

In a further approximation the scattering amplitude T'(nN — nN) is
taken out of the integral in Eq. (I3) [41]. This is called the factorisation
approximation. Then Q is no longer unique. Assuming that the interacting
nucleon is at rest before and after the interaction leads to

- A—-1

<Q>= W(ﬁf — i) (15)
In this approximation one can choose a mean energy A of the struck nucleon
in the Fermi sea. In Table 2] we compare the eigenenergies (i.e. binding
energies and widths) within these two models. Both models give results which
agree to each other when A=30 MeV is assumed. This can be understood
by noting that the average nuclear binding and Fermi motion amount to
about a 30 MeV downward shift of the n-nucleon interaction energy. Smaller
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Table 2: Binding energies B, and widths I', for n mesic nuclei in 1s states
for the full off-shell model Eq. (I3]) and the factorisation approximation Eq.
(@) with A=30 MeV. The n/N interaction parameters were taken from [41].

nucleus | full off-shell calculation | factorisation approximation
B, (MeV) r, B, (MeV) I,
2¢ 1.19 3.67 1.10 4.10
Mg 6.39 6.60 7.11 7.46
N7y 14.80 8.87 16.29 9.84
208ph 18.46 10.11 18.96 10.22

assumptions for A result in larger widths. The increase of binding energy
and width with mass number A is shown in Figs. [@ and 10
In conclusion not only the n/N interaction at threshold but also below
threshold is important, since the average interaction is below threshold.
Instead of a three dimensional self-consistent equation like Eq. (I2) other
authors ([12], [13] and [15]) made use of the Klein-Gordon equation (KGE)

{V?+ (E} —m}) — ,[Re(E,),p]} ¥ =0, (16)
which they solved self consistently. Here E, = m, — B, —iI'/2. The last
term in the bracket II,[Re(E}), p| is the self-energy which is related to the
optical potential

IL,[Re(Ey), p] = 2(my — By)Uopt.- (17)

It is energy and density dependent with p = p, + p,, p, the proton density
and p, the neutron density. In some works the binding energy is ignored
since B, << my,.

Refs. [42] and [43] searched for poles in the homogeneous Lippman—
Schwinger equation (in coordinate space) associated with bound states and
their eigenvalues by varying the potential parameters. The radial wave func-
tion is given by

2 o0
Ri(r) = —ik 2t / G1er RO () U ()R 2dr, (18)
0

which is equivalent to the Schrodinger equation. Here p,4 denotes the re-
duced mass of the nA system. The Green function arguments are r—, r~ the

smaller and larger of r and v’ and k = \/2u, 4 E/h2.
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In Refs. [44), [45], [I4] bound states in light nuclei were calculated by
the finite rank approximation (FRA). Within this approximation the motion
of the n and of the nucleons inside the nucleus are treated separately. The
internal dynamics of the nucleus enters only via the nuclear wave function.
Finally Faddeev-type few body equations were solved to calculate the n-
nucleus 7" matrix. Formally, FRA starts from the Hamiltonian

H=Hy+U+Hy (19)

where Hj is the kinetic energy operator of the n nucleus motion, i. e. the
free Hamiltonian, U is the sum of the n/N potentials, and H4 is the total
Hamiltonian of the nucleus. H,4 has a spectral decomposition consisting of
bound states as well as of continuum states which reads as

Ha= el + [ Eniyuide. 20

where |U2) are the bound-state eigenfunctions of H, with &, being the
corresponding energies. In FRA the continuum states were neglected. Light
nuclei with 2 < A < 4 have only one bound state, the ground state. In this
case Eq. (20) reduces to

Hy =~ U >< Uy (21)

Inserting this equation into the transition matrix one gets a Lippman —
Schwinger equation. Another method is to expand the T matrix into a
Faddeev-type decomposition leading to integro-differential equations. Fi-
nally the parameters of a,y were varied until poles were found. Within this
approach 1 mesic nuclei exist for “He. But for sufficiently large a,y even the
deuteron can bind the 7 [46].

The same method together with time delay analysis was applied in [47]
to derive the position of 7 bound states in *He and in Ref. [48] to derive
positions of 7 bound states in 2H and *He. However, the results for the
scattering lengths a,4 violate the conditions Eq. (B7) and related relations.

Different authors added or modified the above approaches for instance by
improving the optical model or introducing final state interactions. However,
the main input is still the 7" matrix or the n-nucleon scattering length.

13



2.1.4 The 7 self-energy

A lot of theoretical work dealt with improvements of the lowest order optical
potential ([@). They calculate the behaviour of the 7 scattering in the nuclear
medium. In general there are two different models. Both are based on the
observation that the n/N system couples strongly to the N*(1535) resonance:
nN — N*(1535) — nN [49], [50]. One can evaluate the self-energy by
using the N* dominance hypothesis. In the limit of small 7» momentum and
considering the lowest N* — N hole excitation one obtains [50]

2
_ 9gap
my + By + miy(p) — miy. (p) + iln+(w, p) /2

s
Q ﬁ

Figure 6: Left Panel: Diagrammatic representation of the n self-energy in the
nucleus through excitation of a N-hole. The circle in the N* is the N* self-
energy. Right panel: Consecutive absorption and emission of the 7 indicating
the binding.

I, (wy, p) + (cross terms).

(22)

Here g, is the S-wave nNN™* coupling. From the partial width I'y-_,n =
75 MeV [4] one gets at tree level g, = 2.0. my(p) and my.(p) are the effective
masses in the medium.

The difference between the two baryon masses can be evaluated by the
assumption that due to partial restoration of the chiral symmetry it decreases

14



with increasing density [51]

() = () = (1= CL ) Gy = ) (23)
The parameter C' is in the order of 0.1 to 0.3. This model is called the chiral
doublet model [51], i.e. the N* is the chiral partner of the nucleon. This
model is sketched in Fig.

A second model is the chiral unitary model in which the N* is a dynam-
ically generated resonance in the coupled channel meson-baryon scattering
[52], [53], [54]. For a discussion of the nature of the N* see Ref. [19].

In this model the in medium 7' matrix is given by

. ~1

T(P", P ip) = [1=V(VSIGP', P ip)| VIVE) (24)

where (P?, ﬁ) is the 4-momentum of the system and p is the density of the
medium. The kernel V' has nothing to do with the medium and is therefore
the same as for the free case. The matter effects enter through the loop
functions G [12]. The self-energy of the n meson is evaluated in nuclear
matter at various densities p, as a function of the 1 energy, p°, and its
momentum, p, in the nuclear matter frame. It is calculated by means of

0 = deSﬁn 0 =

where p,, is the momentum of the nucleon and pg is the Fermi momentum at
nuclear density p. With these inputs one can then solve the Klein—-Gordon
equation as stated above. It was shown that in this approach the N* reso-
nance in medium barely moved with respect to the one in vacuum [52].

We now compare the optical potentials U(r) = V(r) + iW (r) developed
within the above discussed models. The real and imaginary parts are shown
in Fig. [l Here we restrict the discussion to three models: the T'p approxi-
mation Eq. (@), the chiral unitary model Eq. (24)) [52] and the chiral doublet
model Eq. (23)[50]. All calculations are for the heavy nucleus *?Xe. For
the Tp approximation we have applied a scattering length a = 0.5 + 0.3 fm
[30]. The result coincides almost with the chiral unitary model result except
for the nuclear surface region. Here the difference between both models is
larger in the case of the imaginary part than for the real part. For the chiral
doublet model we show two calculations [50], one for C' = 0, i. e. without
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Figure 7: Real part V and imaginary part W of optical potential U for
the case of n meson interaction with 3?Xe. The dotted curves are the Tp
approximation Eq. (@) with scattering length from [30]. The result for the
chiral unitary model are scaled from Ref. [52]. The radial dependencies for
the chiral doublet model are shown as solid curves with two choices of C'
indicated next to the appropriate curve.

effects of chiral restoration and one with C' = 0.2. While the first choice is
close to the T'p approximation and the chiral unitary model, although with
a much deeper imaginary potential, it looks dramatically different for the
second choice. The real part is repulsive in the interior and only a small
pocket in the surface region is attractive and allows binding. However, the
shallowness of the real part together with the deep imaginary part does not
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favour bindings for light nuclei. Jido et al. [50] report binding energies for
L =0 and L = 1. These values are compiled in Table B for **Xe @ n. If

Table 3: Binding energies B, and widths I, for the '*?Xe ® n nucleus for the
chiral doublet model (from Ref. [50]).

C L=0 L=1

B, (MeV) T, (MeV) B, (MeV) T, (MeV)
0.0 384 39.6 30.5 43.8
0.2 41.2 49.0 33.0 55.0

this model describes nature it will be extremely hard to find experimentally
such bound states since the full width at half maximum I' is always larger
than the position. While a sharp peak can be simply distinguished from
an underlying background it is much more difficult to distinguish between a
broad structure and the background. As a result the centroid and width of
such a structure is deduced with a larger uncertainty than it will be the case
for a narrow structure.

One feature of chiral restoration in nuclear matter is the shift of the meson
masses m(p) compared to the free meson mass m(0). Waas and Weise [55]
as well as Inoue and Oset [52] derived a relation

) g5l (26)

m(0) Po

This corresponds to a 5% reduction of the n mass at normal nuclear den-
sity po. This relation is shown in Fig. [ together with the result from a
calculation within a linear ¢ model [56]. The latter has the opposite sign
and predicts a 10% increase. It will be interesting to see whether experi-
ments can solve this discrepancy. In the figure the density dependence of
the pion is also shown within the linear & model and a Nambu—Jona-Lasinio
model [57]. In this case the masses within the two models increase with
density. It is interesting to note that for vector mesons all calculations, to
the best of our knowledge, show a decrease of the mass with increasing den-
sity [57], B8], [59]. KT increase while K~ decrease strongly with increasing
density [55].

Another model is the quark meson coupling model [60]. A recent de-
scription can be found in [61]. Within this model the n wave function taken
in the MIT bag model is used to couple the quark and antiquark fields in
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Figure 8: The dependence of the masses of w, n and 1’ on the nuclear density.
The solid curves are the linear o model [56] while the dashed curve is the
relation (20) for the n mass. In addition the density dependence of the 7 in
the Nambu-Jona-Lasinio model [57] is shown as dashed-dotted curve.

the meson to the o field in the nucleus [62]. The n mass decrease to 50-100
MeV in matter, depending on the  — ' mixing angle. The elastic  nucleon
scattering strongly depends on the singlet component of the 7.

2.1.5 Positions and Widths of n» Bound States

Since there is a large scatter in the inputs to the calculations, the final results
on the bound states vary largely. Also different forms of the nuclear density
were applied. Niskanen and Machner [43] used a modified harmonic oscillator
and Fermi distributions as density profiles. Haider and Liu [41] used a hollow
exponential, a Fermi distribution with three parameters, a modified harmonic
oscillator, and a harmonic oscillator for different nuclei. Friedman et al. [15]
made use of a Fermi gas model. Wilkin [30] approximated the *He density
by a Gaussian.

We will now compare the mass dependence of the binding energy and
the width for some selected approaches. The input is given in Table @ In
addition an alternative method namely the quark meson coupling was applied
by Tsushima [62]. The results of all calculations are shown in Figs. @ and [0
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Table 4: Table of  nucleon scattering length values applied in various model
calculations yielding bound states.

Ref. a (fm) method
Haider + Liu (set I) Ref. [10] 0.28 +40.19 | Schrodinger like
Friedman et al. (GW model) Ref. [I5] | 0.96 + ¢0.24 KGE
Hayano et al. Ref.[13] 0.718 4 70.263 KGE
Garcia-Recio et al. [12] 0.264 + 10.245 KGE
Sofianos et al. [14](to bind *He) > 0.47 +40.3 FRA

All calculations show the same qualitative behaviour: the binding becomes

40

20
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1 —&— Sofianos

1407 @ GEMexp. r

1 2 3 13

Figure 9: Predictions for binding energies. The symbols indicate the pub-
lished values. The curves are given to guide the eye. The thick full point
with error bar is the experimental results of [63].

stronger and the width wider for increasing nucleus mass. However, there
are large qualitative differences.

It is interesting to have a closer look to the predictions for the very light
nuclei. Sofianos and Rakityansky [14] calculated for a scattering length a,n =
(0.55+40.30) fm, which is the scattering length extracted by Wilkin [30] from
production data, the pole positions in the complex momentum plane, which
are shown in Fig. {1l They applied the framework of FRA (see above). The
two lighter nuclei do not bind the 1 and form only resonances, whereas ‘He
does. When Re(a,n) increases, all the poles move up and to the right, and
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Figure 10: Predictions for widths. The symbols indicate the published values.
The curves are given to guide the eye. The thick full point with error bar is
the results of the experiment from Ref. [63].

when a resonance pole crosses the diagonal it becomes a quasi bound pole.
An overview of pole values B, and I'; /2 for n light nuclei systems is given in

I64).

2.2 Final State Interactions

A possible way to extract the properties of a bound state is to extract the
n nucleus scattering length from the final state interaction [II]. One has to
measure an excitation function of a reaction

DA 72 Ay — {4 +22 Ayl e+ (27)

with {#1A; +72 Ay}, the fused nuclear system in its ground state and the
71 relative to that in a s state. One can either measure the n or the fused
nuclear system. The measurement of the decay of the n into photons does
not allow the conclusion that the nuclear system is in its ground state due
to the limited resolution in the two photon detection. Instead one measures
the four vector of the fused nucleus together with particle identification and
reconstructs the properties of the n. This, however, limits the method to
light nuclei.
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Figure 11: The position of poles in the complex plane for the indicated nuclei.
The calculations in the framework of FRA were performed with a scattering
length a,n = (0.55 + ¢0.30) fm. Open symbols are resonances, the full dot
indicates a quasi bound state (from [14]).

The method is to extract the effective range parameters from the matrix
element
dos p;
dQ ps

with p the momenta in the incident and final state in the cm system and
dos/dS) the s wave part of the cross section, as will be discussed in the next
section. The parameters scattering length a and effective range ry have to
be complex since always the channel n + N — 7 + N is open. Because the
square of a is fitted to the data the sign of a, can not be found from such
measurements. The case with more than one s wave will be discussed below.
Criteria for a bound state with and without effective range will be discussed
already in section Z2Z11

One can naively assume that the s wave part of the cross section close to
threshold is just

‘fs‘2 = (28)

dgs o Otot

Q) 4Ar
However, often other waves than just the s wave contribute to the total
cross section even close to threshold. In this case the decomposition of the

(29)
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total cross section into partial waves is possible from the knowledge of spin
observables in addition to cross sections. In the following paragraphs we will
give some theoretical prerequisites allowing to extract the s wave contribution
from measurements.

2.2.1 Relation between pole parameters and effective range pa-
rameters

In the simplest approach the s wave amplitude is related to the scattering
length via
[

:1—iap

fs(p)

with fp the production amplitude. fs(p) has a pole in the complex plane
that occurs for

(30)

i (—i)a*
Po a BE (31)
With
E=—
2:“7714
we find s
az — a;
B =_r 33
"= Bppalal’ (33)
and r 5
n A Q;
_on_ = 34
2 2/~”17A‘a|4 ( )
For B, > 0 follows from Eq. (B3]
|ar] > |ai] (35)
and from Eq. (34
ara; < 0. (36)
Unitarity requires a; > 0 and therefore
a, <0. (37)

When the FSI expansion is extended to the second term [see Eq. ()] the
effective range r( enters

B

B 1 —dak + targ

J(p) (38)
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Recently Sibirsev et al. [65] gave a more complete condition applicable for

this case:
Re[a®(a* —75)] > 0. (39)

In another publication [42] they calculated the pole positions in the
Lippman—Schwinger equation (I) in the case of ®He whereas Niskanen and
Machner [43] extended these calculations to heavier nuclei. The real values
of the poles, i.e. B, are shown in Figs. [2] I3 4] and [I6 as function of the
real and imaginary parts of the 1 nucleus scattering length.
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Figure 12: The s-wave binding energy B, contours for 1, 2, 4, 5, and 10 MeV
in the complex ag, a; plane [42].

The thick solid curves in the figures indicate the boundary for binding.
Above this line B,, > 0 and therefore no binding.

In Fig. also calculations for the nucleus *He are shown which were
obtained within the framework of FRA [14] with scattering length a,ny =
0.2 4+ 0.1n +40.3 fm with n=1-8. The results are shown counter clockwise.
Binding occurs for Re(a,y) > 0.47 fm. This is in agreement with the different
calculational approach of [43].

Results from Fix and Arenhovel [66] for *H, which should be almost the
same as for *He, are completely different than these results. For different
values of the n/N scattering length they obtained within their model positive
values for the real part of the n3H scattering length and even for a large
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Figure 13: The s-wave binding energy B, contours for 1, 2, 5, 10 and 20 MeV
(see legend) in the complex (ag, ar) plane (adapted from Ref. [43]). The line
shows the zero energy, i.e. above it there is no binding as explained in the
text. Below the dashed curve the relation |B,| > |I',/2| is valid. The thick
filled circles are possible bound states, the open circles unbound states within
the finite range approximation [14] for different values of the n N scattering
length (see text).

value of the scattering length a,y = 0.75 + i0.27 fm they obtained a,sy =
4.2 + 45.7 fm. This indicates the existence of a virtual state. Although
the real part of the n nucleus scattering length is negative for the different
model parameters in the FRA approach [44] they violate the condition Eq.
[B3) except for He. It is unclear to which extent the model assumption
influences the extrapolation to negative energies.

As discussed above, one can only hope to find the bound state, if it
exists, when the width or half width is smaller than the binding energy. This
limit is indicated in the figures by dashed lines. Below these lines |B,| >
II',/2|.  In the case of carbon Fig. [4la "back bending” like dependence is
visible. This becomes more clear in Fig. which is an expanded graph of
the corresponding region. The upper branch corresponds to a rather weak
potential while it is strong for the lower branch. It is just this region which
is of interest for a bound system. The results are much more dense in this
region than it is the case for the weak potential. In Ref. [43] it was argued
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Figure 15: Same as Fig. [l except for an expanded scale. The expanded
range shows the "back bending” region.

that a complex effective range has to be considered. They give a relation for
this case between the effective range parameters and the binding energy [67],
which reads when extended to the complex case as:

1
.V —2ppa Ly — 1o tna Ey. (40)
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Figure 16: Same as Fig. [[3] but for ?*Mg.

A bivariate expansion was found for the effective range:
ror = ¢ + dra, + e,a; + frai + gra? + hya,a; (41)

and
ro; = i+ diar + eia; + fiay + giaf + hiaya;. (42)

The parameters ¢ — h are shown in Fig. [I7 for the real part as solid lines.
Those for the imaginary part are shown as dotted lines. In this case ¢ and
d are zero. It is interesting to note that the parameters ¢ and d show for
the real part 7y, a strong mass dependence while it is weak for the other
parameters. In case of the imaginary part ro; only the parameter e has the
mass dependence. To summarise we have

Tor & ¢+ da, (43)

To,4 =~ €Q; . (44)

2.2.2 Polarisation Observables

The observables of reactions between particles with spin are polarisation
and analysing powers. Here we will concentrate on the case of a polarised
beam and unpolarised target. We follow the Madison convention [68] in
which a right handed coordinate system is used with the z axis in beam
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Figure 17: The dependence of the parameters Eqs. (1)) and ([42]) on the mass
number A. The real parts are connected by solid lines, the imaginary parts
by dotted lines. Parameters not included are compatible with zero. The
dimensions of the parameters are such that effective range and scattering
length are in fm.

direction. Polarisations are denoted by small letters, analysing powers by
capital letters. In Cartesian coordinate system [69] the polarisations are p;
and p; j, the analysing powers A;, A, ;, i,j = z,y, 2. In spherical coordinates
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m tk, tk7q and Tk, Tk7q, |q| S k.

For a large number of particles the polarisation is given by the statistical
average of the individual polarisation whereas for a specific particle of spin 1
the possible projection of the spin on the z quantisation axis can be —1,0, +1.
The vector and tensor polarisations of the beam can be defined respectively
as

N, - N_
z — s 45
P = NN, F N (49)
N N_ — 2N,
Nyt 0 (46)

Pzz = N_i_‘l—NO‘I‘N_’

where N, N_ and Ny denote the number of particles with spin projection
+1, 0 and —1, respectively. The allowed value of polarisation fulfills the
following conditions |p,| <1 and —2 < p,, < 1.

An extensive discussion of reactions with polarised beams is given for
instance in Ref. [71]; we will review only the essentials here.

The reaction is determined by the unpolarised cross section and the
analysing powers T;;. For the case of polarised particles in a cyclic accel-
erator with magnetic field perpendicular to the beam direction we have

(3_?2(9"’ Cbn))pol = (%(@;))uwol [1 +iv/2t10T11(6,)cos gy,

1 3
— §t20T20(9,7) — \/;tQOTQQ (‘977)0082¢n] (47)

with 60, the polar angle and ¢, the azimuth angle of the emitted 7 meson.
Equivalently, in Cartesian notation:

(;Z—?Z(en’ (bn))pol - (Z_?Z(H”)>mpol [1 + gAy(en)poOSﬁbn
- ipzz (A(0)(1+ c0s26,) + A,a(0,)(1 = cos26) ). (48)

The relations between the analysing powers in polar coordinates Eq. (@)
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and in Cartesian coordinates Eq. (48] are

Ay(en) = %iTll(en)> (49)
Ayy(en) _\/§ %T%(‘gn) + \/§T22(977) ) (50)
Age() = —V2 %T%(‘gn) - \/§T22(977) J (51)

while the relation between vector and tensor polarisation in spherical and
Cartesian representation is as follows

3
tig = \/;pm (52)

1

2.2.3 The Reaction dd — na

We will first discuss the reaction dd — na. The two deuterons have positive
parity like the a particle. The 1 meson has spin and parity 0~. In deriving
the possible transitions and corresponding amplitudes we apply the following
symmetries or conservation laws:

L+ S even Bose Einstein symmetry, (54)
J=L+S=J=I+35 total angular momentum conservation, (55)
P=P parity conservation, (56)
T=T isospin conservation. (57)

Since in the entrance channel we are dealing with two identical particles the
total wave function has to be symmetric and Bose Einstein statistics requires
S+ L =even. The two deuteron spins can couple to .S = 2, 1, 0. Bose Einstein
symmetry requires then L = 2 or 0 for the S =2, L =1 or 3 for the S =1
and L = 2 for S = 0. In Table Bl we give these quantum numbers together
with the parity 7, and the total angular momentum .J. Since both particles

in the exit channel, i. e. the a particle and the n have spin zero, the relation
L' = J holds.
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Table 5: Allowed transitions and the corresponding partial wave amplitudes.

S|L| x | J|S|L | wave | amplitude
212(+1(3101]3 f ay
212|4+1 1101 P ai
113]-1(12|0] 2 d as
11 (-11]2]0]2 d as
1{1(-1]0]01]0 s ag

In the range of angular momenta shown in the table only five partial
waves amplitudes exist. For the energy range of interest we can safely ignore
the f wave amplitude a4 so that s, p and two d waves remain. In the above
discussion we have ignored isospin conservation so far. The initial state has
T = 0 as the final state 7" = 0 whereas in 7° production 7" = 1 and hence
the cross section in this case is strongly suppressed.

We now will derive the amplitudes given in the table. For that let us
consider a general case of two-body scattering

a+b—c+d, (58)
where a denotes beam particle, b target, ¢ and d reaction products. With
s; we denote the spins of the particles. In case of an unpolarised beam and
target, the differential cross section can be expressed in the following way

do e | 2
(@) - > |Em
unpol

, (59)

MagMpMeMyg

where mg, my, m., mg are the magnetic quantum numbers of the particles
in a suitable frame. The scattering amplitude is written as

Fmems — Z (Say Ma; Sp, Mp| S, Mg + Mp) (S, My + mep; L, 0|, mg + my)
SLS'L'J
Scy Mes Sa, My , e mgq
( 1S, me + ma)
(8", me 4+ mg; L', mg + my, — me — mg|J, mq + my)
q Y matme=me=ma, (60)

The first Clebsch-Gordan coefficient is to couple the spins of the two par-
ticles in the entrance channel to a total spin .S, the second to couple this
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spin with the angular momentum L to the total angular momentum J.
The next two account for the same couplings in the exit channel. a; with
i = {S,L,S" L', J} denotes the partial amplitude (see Table [l and the
Y et meT™Md are the usual spherical harmonics.

In the following Tables [l and [7] the decomposition of the observables
do /d cos Oynpor and Ty and Thy for complex partial wave amplitudes a; is
given. The tables should be read as

do/dcosf, = Z CGyRe(a;as|YY™)
j
with C'G;; the Clebsch-Gordan coefficients and Y the spherical harmonics.
Table 6: The decomposition of the unpolarised cross section into partial

wave amplitudes. The values in the first column give the Clebsch Gordan
coefficients, the last column the spherical function.

(w7,)
dcos Oy unpol
5 |aol” YoYo'
Toome v
9 |a2|2 YéYé*
7 |az? YoYy*
@ |as|? Y35
51 |as? YoYy*
—% Re(agaz)  YOYY*
26—‘? Re(aga)  YOYY*
2t Re(aa)  YHYY
~ZG0 Refagay)  Y§YY

In order to establish the functional dependence of the amplitudes on emis-
sion angle we rewrite the cross section as

dQ (25, + 1)(2s5 + 1) pa

1
do Pe| a2 (61)

with a = d =deuteron and ¢ = 7. The elements of the scattering amplitude
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Table 7: Same as Table [ but for the analysing powers.

(dcigen ) unpolTZO (dcigen ) unpolT22

L2 ol YOV | 0 jar | Yivy
—¢ Jay|? Yivie| ¥ |az? Yive
-y |az|? Yivh | |as|? Y5 Y5

2 |ay|? YOYy | w Re(aya3) Yiyl
2 |as)|? ViV | Y0 Re(ayas) yiyls

4£§ |as)|? YOY9 | Y2 Re(ayas) Y1yl
—5 Re(apa3) YoYY

% Re(aga}) YoYY

30 Re(aya3) Ylyls

o Re(a;a3) YiYy*

— Re(asas) Yiyl:
—26—‘? Re(aga}) YYYY

A can be denoted by b; and we get the relation

b = & e (62)
"o3y/arL+ 1)V pe
The amplitudes (a; and b;) should not be mixed with the particles a and b

(no index) in the entrance channel.
The angle dependence of the scattering amplitude is

9 d 15
4B = [bof? + S1o1]? + Sl + = o]

—5\/§Re(b2b§) + 1/(10)Re(bob’) — V15Re(bob)
+ cos(6,) [30\/6Re(bgb§) — 3VI0Re(bob) + 3v/I5Re(bsb)

I ATART I S IPANC S L PR
Q\bl\ +5 |ba| 5 |bs ] }
75 3
+ cos'(6,) [Z|bg|2—75\/;Re(bgb§)] | (63)
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Although we have limited ourselves to only s, p and d waves we have in
total four complex parameters. That is by far too many to extract them
from the total cross section. This will be discussed further in section B.2.2]
If data do not show a cos*(6,) dependence then the amplitude b3 is either
very small or zero. In that case we have

9 b}
A = ool + 51 + S baf? (64

+cos?(6,) [~3v/T0Re(bob) —g|bl|2+1—25|b2|2 |

The term proportional to cos?(6,) depends on a p wave and a d wave and
s — d wave interference.

Another possibility to account for the observables is to apply helicity
amplitudes. The cross section is given similar to Eq. (&1l) by

do (25,4 1)(2s4+ 1) p.

— = TR
dQ (25, +1)(2s,+ 1) pa| | (65)

with a, b, ¢, d the projectile, target, and the two ejectiles, respectively. For
the present reaction a = b =deuteron, ¢ = n, and d = «. Due to the identical
nature of the incident deuterons only one spin factor is in the denominator
and the spin degeneracy ratio first fraction bar is 2/3. Because of the same
reason only three independent scalar amplitudes are necessary to describe
the spin dependence of the reaction. These three helicity amplitudes A, B
and C correspond to helicities +1, 0, and —1 [72]. If we let the incident
deuteron cms momentum be py and that of the n be p,, then one choice for
the structure of the transition matrix [73] M is

M = A€ X &) - pa+ B(€r x &) - [pa x (Py

+C (€1 - pa) €+ (Py X Da) + (€2 - Pa) €1+ (Dy X Pa)] (66)

where the € are the polarisation vectors of the two deuterons and p; =

p;/p; the unit vector. The matrix |I]? which is essentially the unpolarised

cross section is then obtained by averaging over the spin directions of both
deuterons .

2_ - T
1P =5 > MMt (67)

miy,m2
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If we restrict ourselves up to d waves in the final system, then B and C' do
not depend implicitly on the emission angle. This leads to the expression:

11(60,)]* = (JA]* + |B?sin* 6, cos® 0, + |C|* sin*6,) (68)
1 .
11(6,)]” Tao(6,) = 232 (21Af* — | B| sin® 6, cos? 6,
—|C|*sin® 4, — 6 Re{B*C} sin* 6, cosb,),  (69)
V3

11(0,)* To1(6,) = —5 Re {A*(Bcosf, + C)}sinb,, (70)
3 .

|[(9,7)|2 T (0,) = % | B cos 6, — C|2 sin? 0, (71)

|I((977)|2 iTy,(0,) = ? Im{A*(Bcosb,+ C)}sinb,, (72)

1 1(0,)|* Tho(6,) = 0. (73)

The helicity amplitude A contains an angular dependence which can be
accounted for by
A(6,) = Ay + Ay Py(cos b)) (74)

if we still restrict ourselves up to d waves. Then |AJ? in Egs. [68]-[73] has
to be replaced by |Ag|? + 2 Re{AgA;} Py + |A3|*PZ. So far only one data set
exists. If one wants to study n production, it may be useful to treat the
energy dependence of the amplitudes explicitly: Ay — p,As, B — p%B and
C — p,C.

Thus, measurements of the angular distributions of the unpolarised cross
section do(6,)/dSY, of T5(6,), and of iT11(6,), would allow one to extract
the values of |Ag|?, Re(AjAs), |C)?, Im(A;B), and Im(A5C). This would
then lead to two two—fold ambiguities that could only be resolved by the
measurement of 7Th;.

Inspection of Eq. (B8) yields two terms proportional to cos*6, (when
sin?@ = 1 — cos? @ is applied): one proportional to |B|? and one proportional
to |A|?>. Hence, these two amplitudes are related to the two d waves. If
we restrict ourselves to only s and p waves we have the following relations

'We use here capital letters for the analysing powers according to the Madison conven-
tion [68] although the authors of the original publication used small letters.
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between partial wave amplitudes and helicity amplitudes:

A= \/gbo (75)

V27
C =—"10. (76)
4
In Ref. [73] the relations between analysing powers and invariant ampli-
tudes are given in polar coordinates. They can be converted into Cartesian
coordinates employed here by the transformation Eq. (&I). We can then
write

do
(- Au) 5 = 7;_2 [|Ao[? + 2Re(Ag A5) Pa(cos 0,) + | As|? (Pa(cos 6,))?]
(77)
do _ 6Py 2 i 2 2 2 2
(14 24,,) == = 2= (|B?sin® 0, cos® 0, + |C|*sin” 6,,) |, (78)
ds2 Pad

where the results have been expressed in terms of convenient linear combi-
nations. From these it is seen that both the cross section and A,, are even
functions of cos 0.

2.2.4 pd — n*He Reaction

The reaction pd — n3He is studied quite extensively. Here we follow the
prescription discussed in the previous section. In order to dig out possi-
ble transitions from initial states, indicated by unprimed quantities, to fi-
nal states, indicated by primed quantities, we make use of conservation of
total spin J, parity m and isospin 7. The isospin in the entrance chan-
nel is T'(p) + T'(d) = 1/2+ 0 = 1/2 while in the final channel we have
T(n) +T(*He) = 0+ 1/2 = 1/2. The particles in the incident channel
can couple to total spin 3/2 and 1/2. In the exit channel the total spin is
S = 0-+1/2 =1/2. The particles in the entrance channel have positive parity
as has the *He. The n has parity m, = —1. Hence we have

m= (-1 = (- (79)

or AL = I/ — L = odd. All allowed transitions are given in Table In
summary we have two independent s waves and five p waves in the exit
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Table 8: Allowed transitions and the corresponding partial wave amplitudes
for the reaction pd — n>He.

S |L| x| J | S |L | wave | amplitude
3/2|0 [ +L|3/2]1/2] 1] »p a5
3/2| 1| -1|5/2]|1/2] 2] d as
120 +1|1/2]12 1] p a
1201 -1]3/2]12] 2] 4 ar
3/21 1] -1 1/211/20]| s @
1211121210 s ag
3/2| 2| +1|3/2|1/2] 1] » a
122 +1]3/2]1/2| 1| »p as
3/2 2 +11/2 1721 » as

channnel. This is much more than in the case of the dd — na reaction.
Similar to Eq. [63] we can write down the scattering amplitude squared:

|AJ? = 2]bo|* + 2[b1|? + 4]bo|* + 2]bs|* + 2]ba]? + 2]b5]* + 4|bg/?
+cos(6,) [—4\/§Re(blb§) + 4v2Re(byb5) + ARe(bob?) + 8Re(bob?)
F4Re(bobt) + ARe(byb2) + 2v2Re(bsb) — 2v/2Re(byb?) — ARe(bsb?)
+cos*(6,) [—12Re<b2bg) — 6V/2Re(bsb;) + 6v/2Re(bobs) + 12Re(bsh?)
+6]by?] . (80)

This corresponds to thirteen observables. It is clear that so many pa-
rameters together with their energy dependencies can not be extracted from
experiments. In order to solve this complicated problem one has to apply
approximations which reduce the number of parameters. The simplest ap-
proximation is to reduce the number of waves considered. If the data do
not show a cos?(6,) dependence, the amplitudes by, bs and bg are either very
small or zero. Then one is left with

A2 = 21b0[2 + 2Jb1[? + 4J6a]? + 265 + cos(8,) [4V2Re(brb3) + 4Re(bob3)|
(81)
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The angle dependence is then only due to interference between the s and p
waves.

Instead of the partial waves in Table [§ one can again make use of the
related helicity amplitudes. The transition operator in the non-orthogonal

basis is given by [74],[75]
M =ET = Ae - p, +iB[g x 5] - p, + CE- p, + iD[E x 5] - p;
VB )G py) + iF (- 7)(G - ), (82)

where ¢ is the Pauli matrix, £ is the polarisation vector of the deuteron,
Dp = DPp/|pp| is the unit vector along the proton beam direction, p, and
py are the cms momenta of the proton and the n—meson, respectively, and
1 = [py X Pp). These vectors define a coordinate system with 77 x p,, the x-axis,
7 the y-axis and p, the z-axis. The helicity amplitudes are named by A to
F. The s waves are contained in A and B only. Close to threshold the terms
A and B could contain mainly an admixture of p-waves, like A'(p, - p,) (€ D)
and i B'(p, - py) [Ex F]-Pp. These two p waves and the £ amplitude correspond
to the transitions with L = 2. The amplitudes C' and D correspond to the
two transitions with L = 0, F' to the d wave and higher partial waves (see
Table ).
The unpolarised cms cross section is given by

1
1] =5 ) LTl (83)

with the spin degeneracy factor 1/3. This leads to the angular dependence
of the unpolarised cross section

|11 = |A] + 2| BI* + py(IC|* + 2| DI*)
+2p,Re(AC™ + 2BD*) cos b, + pf](pf?|F|2 + |E|*) sin? 0, +
+2p;Re(DE* — BF* + p, EF* cos 0, sin® 0, (84)

with 6, being the angle between the vectors pj, and p,. In the following we
ignore the amplitudes £ and F'. Then the remaining p waves depend linearly
on cosf,. Nine unknowns remain to be extracted from experiments. The
measurement of the unpolarised cross section is not sufficient. In principle
one can make use of vector polarised protons and/or deuterons and/or tensor
polarised deuterons and measure spin dependent observables in order to ac-
cess information on the the amplitudes. In practice only polarised deuteron
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beams have been applied so far. The reason is that in cyclic accelerators
deuterons have only very small depolarising resonances due to their small
magnetic moment. We will therefore concentrate on mainly tensor polarised
deuterium beams.

Now we express the spin dependent observables in terms of the four am-
plitudes A, B, C, and D discussed above. The analysing powers of the
deuteron are given by [75]

V2IIPTo =2 (|BI* = |AP) + (D = CP?) (3056, ~ 1)

+cos b, Re (B*D — A*C') (85)
[I|* Ty = V3 [Re (A*C' — BD*)sing, + (|C|* — |D|*)sind, cosb,] , (86)
21> Th, = V3 (|D)* — |C|?) sin 0, , (87)
[1|%iTy; = V3Im (A*C — BD*)sind),,, (88)
[T Ty =0 (89)

and the one of the proton by
[I|?A? = 2Im (A*D — B*D + CB*) sinf, . (90)

It is interesting to note that T5; and Tj; are sensitive, respectively, to the
real and imaginary parts of an s — p interference. Another combination is to
be found in the forward/backward asymmetry of Thy. The measurement of
this interference would allow one to deduce the sign of the scattering length
and thus prove or disprove the existence of a bound n—3He state. There are
more observables esp. when proton and deuteron are polarised. In addition
to polarisations one can measure spin transfer coefficients from the polarised
proton to the *He, the vector polarised deuteron to the 3He, and the tensor
polarised deuteron to the *He. Furthermore there are proton-deuteron spin-
tensor correlation parameters as well as proton-deuteron vector correlation
parameters. Not all observables are independent of each other. In order to
determine four moduli of the amplitudes and their relative phases one has to
measure ten observables. The number is even larger for all s and p waves.
General formulae are given by Hanhart [76], specific ones for the present
reaction by Uzikov [77].

For completeness we give the relations between partial wave amplitudes
and helicity amplitudes similar to the previous section. In the limit of only
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four partial waves without any admixtures we have

A= V2 (91)
B=1 (92)
C = V2bs (93)
D = V2b,. (94)

2.2.5 The Reaction p + 5Li — n + "Be

Finally we will discuss the S wave dependence of the cross section for the
p + SLi — n + "Be reaction. From the conservation laws similar to the two
reactions discussed above we obtain the transitions given in Table[ Here we

Table 9: Allowed transitions and the corresponding partial wave amplitudes.

S |L| x| J | S |L | wave | amplitude
27210 [+1|2/2]2/2] 0] s o
3/212|4+113/2]13/2|0 s a
3/21 1] -1 3/213/2]1| » a
3/21 1] -1 5/213/2|1| » ay
3/23 ] -1(3/2|3/2|1]| d as
3/2 13| -115/213/2]| 1 P ag
121 -1 |1/2]3211]| p ar
121 -1(3/2]32|1]| p as
1231|5232 1] p a
3/21 1] -1 1/213/201| » aro
122 +1]3/2]3/210]| s a

restrict ourselves to only s and p waves. There are three s waves and eight
p waves. This means that there are 21 independent observables. In other
words: it will be impossible to deduce them all from data. The p waves give
rise to terms proportional to cosf, and cos?6,. The terms proportional to
cos 0, are all s — p wave interferences.

39



3 Experiments

3.1 Production Experiments
3.1.1 Searches with (7, p) reactions

The number of experimental searches is small compared to the number of
theoretical papers. The most favourable method produces the meson with
almost zero momentum ¢ relative to the nucleus. This can be seen from the
probability distribution which is typically

f(q) = exp[—(¢*/2uB,)] (95)

with g the reduced mass and B, the binding energy. At first we will mention
some inconclusive searches.

Chrien et al. [78] applied the (7, 7) reaction employing the pion beam at
a momentum of 800 MeV /c at BNL. They made use of different targets: "Li,
120, 160, and ?"Al. Let us concentrate for the moment on the carbon case.
The experiment is thought to proceed

7r++<11nc)—> <an> +p (96)

with 1'C acting as a spectator. The emerging proton was detected with a
magnetic spectrometer at a laboratory angle of less than 15°. However, at
this angle the n had a momentum of ¢ =200 MeV /c relative to the nucleus
and therefore the form factor f(q) is small. Hence, no effect was seen. The
data are shown in Fig. [I8 Exponential slopes of the spectra are shown.
Possible bound states should show up as enhancement near the arrows. The
enhancement at low proton energies was attributed to quasi free n production.
Data for carbon are shown after subtraction of the exponential in the Fig.
19, There is indeed no sign of a bound state, which would show up as
some strength below the threshold energy. Also shown is a detailed study
[51] within the two models discussed in the theory section. Neither of these
models shows an enhancement expected for a bound state although these
models do so for more favourable kinematical conditions. From this study one
can learn that recoil free production of the 7 is mandatory for the production
of a bound state.

Another experiment employing the same reaction on the same targets as

in the BNL experiment was performed at the Los Alamos Meson Physics Fa-
cility (LAMPF) accelerator at the Los Alamos National Laboratory (LANL)
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Figure 18: Differential cross sections for the 77 + A — p + X reaction with
A indicated in the figure next to the appropriate data set. The detection
angle was 15%in the laboratory system. The straight lines indicate the non
resonant yield, the arrows the expected position of binding (from Ref. [7§]).

[79]. The pion beam momentum was 657 MeV/c. The detector used was
the Los-Alamos BGO ball which covers almost 47 of the solid angle. The
ball consists of 30 crystals with scintillators in front as AFE detectors to iden-
tify protons. The most forward five elements detected the proton from the
reaction (@0)). The reaction is thought to then have a second step

n+N—=N"—-7+N. (97)

If the nucleon in this step is a neutron the decay of the resonance can be
7~ + p. This is the only channel with two charged particles in the final
state. Fig. shows events with a threefold coincidence, i. e. a proton
in four of the five forward crystals, another proton and a pion detected at
conjugate directions. The fifth forward crystal showed a spectrum not in
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Figure 19: The data for the case of carbon from Fig. [I8 after subtracting the
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Figure 20: Combined spectrum of protons from the reaction 7+ + 60 —
p+ (m+p)+ X [79]. The solid curve indicates a possible non resonant cross
section. The area to the right of the arrow should contain the bound state.

accord with the other four. The arrow indicates the nuclear threshold for
free n production. The region to the right of the arrow is the region where
a bound state is expected. Indeed a peak is visible. However, it is not clear
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whether the decrease of the count rate above ~120 MeV is due to detector
efficiency [80] for which the data are not corrected.
3.1.2 Pion-nucleon back to back experiments

A Lebedev Institute group [81] performed an experiment in a similar spirit to
the LAMPF experiment. Instead of incident pions they used bremsstrahlung
photons with the maximum energies below and above the n production
threshold. The first step is assumed to be either

7+<11p3)—>(11773)+p (98)

7+<11n0)—><11no)+n. (99)

In both cases the second step can lead to

or

n+p— N =7t 4+n (100)

with an intermediate nucleon resonance excited similar as Eq. ([@7). In their
experiment the mass of the bound state and its width is not measured by
the energy of the emerging nucleon in step ([@8) or (@9]), but from the decay
of such a tentative state into particles number 1 (= 7) and number 2 (= n)
(see reaction ([[00)). In such an experiment the mass of the decaying system
is given by

mig = \/m% + m% + 2 [ElEg — 2]91]92 COS (91 + 92)] (101)

with F; the total energy of particle 7. Still some theory is needed to de-
duce from the mass mi, the binding energy of the n in the A ® n system.
If m(**A®n) is a broad peak on top of a huge background, excellent mea-
surement of momenta or velocity and particle identification is required. For
a particle decaying in the laboratory system at rest into two particles, the
total angle between the two has to be #; + 6, = 180°.

In the experiment [81] this case was biased: the detection system consisted
of two time of flight (TOF) arms: a neutron arm in one direction and a pion
arm in the opposite direction. The neutron arm consisted of several plastic
scintillators behind a veto counter, suppressing charged particles. Both arms
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had a flight path of 1.4 m. Although they can distinguish between pions
and protons in the pion arm they do not measure the charge. Therefore the
pions can be 7 or 7~ stemming from quite different reactions. In reality
they measured

Y2 C ot n+ X, (102)

In Fig. 211 the measured velocities § = v/c in the two arms are shown.
This is for the case of E, ,,,4, = 850 MeV which has a portion extending above
the n threshold at 708 MeV. The strongest yield is observed for £,,cuiron & 0.42
and Beparged &~ 0.50. This can not be attributed to a decay of an 1 bound
state. For both velocities § ~1 a second enhancement is visible. This will
be most probably
events. The cross
n+n— 7t +p

10 | 5
08 |- )]

R

06 |-

Bneutron

04 E.--------J

<

0.2

0.0 -

Bcharged
Figure 21: Contour plot of the neutron velocity versus the velocity of the

charged particle. The solid lines indicate the velocities of fully relativistic
particles, the dashed lines possible decay of 1 bound state.
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Figure 22: The projection of the events from Fig. BIlonto the charged particle
axis. The shaded areas are from Monte Carlo simulations, the histogram is
the measured velocity distribution [82].

Fig. the velocity spectrum measured in the pion arm is shown. Also
shown are simulations for proton and pion emission. At the high velocity
end relativistic particles show up, which can be electrons or positrons. From
this part of the spectrum we can see that the leptons have a distribution with
FWHM = 0.2. This indicates that the momentum resolution is only 20%.
In Ref. [82] it is claimed that the enhancement of measured pions compared
to the simulation at § &~ 0.95 + 0.05 is just the indication of the decay of
the bound state. However, a momentum resolution of 20% does not allow
one to distinguish between quasi-free 7 mesons and a state bound by only a
few MeV. This resolution transforms into Am(*A @ n) ~ 0.15 * 1486 MeV
~ 225 MeV. The velocity g =~ 0.95 for a pion corresponds to a momentum of
431 MeV /c which is expected. At a velocity of § ~0.7 there is a gap between
the calculated pion distribution and the proton distribution. Also at this
velocity an enhancement is seen which is without explanation. So far no
spectrum of the invariant mass is shown. In summary the resolution of the
experiment is not sufficient to confirm the position and width of a tentative n
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bound state. We therefore state that this experiment is not conclusive. The
choice of the angle between the two detectors selects decay of a system at
rest, assuming a two body decay. Such a system can only be formed if one
or a group of several particles has carried away the beam momentum. The
remaining system without linear momentum has an excitation energy of up
to ~ 600 MeV.

A group with large overlap with the Lebedev group repeated the experi-
ment at the NUCLOTRON accelerator at Dubna [83]. They used a deuteron
beam of 2.1 GeV /nucleon. This time one arm detected protons and the other
pions. Again no charge selection was made nor was the particle emitted in
the first step of the reaction measured. But the masses of the two particles
were measured. From the TOF measurement the velocity [ of the particles
were determined and then the mass of the decaying system is

. e —I— mp
CV1I-E IR

in the effective mass spectrum a peak was found on an exponential back-
ground. The count rate remaining after subtracting the background is shown
in Fig. A fit of a Gaussian plus exponential to the data yielded a peak po-

m(mp) (103)
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Figure 23: Count rate minus background for the reaction d+2C — 74+p+X
[83]. The solid curve is a Gaussian fitted to the data, the dashed curve a
Breit-Wigner distribution.
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sition at 1447.843.6 MeV/c? and a width (FWHM) of 38.8410.4 MeV /c?. In
the experiment the angle between the two arms has been 180°. This implies
that the decaying system was at rest. From momentum and energy conser-
vation we can then calculate that the struck nucleon in the target must have
had a Fermi momentum of 393 MeV/c which is not impossible. However,
a total cross section for the peak of 11 4+ 8 ub was reported, which is quite
large with respect to the strong constrains applied the experiment. From the
reported uncertainties and repeating the fit to the data we can extract the
uncertainty in the background, which is of course given by the fit. Assum-
ing a statistical dependence of this uncertainty and the background counts
we can extract the significance of the peak which is then only 2.50. This
indicated a quite low significance of the peak.

3.1.3 Formation experiments with photons

Another photoproduction experiment was performed at the MAMI acceler-
ator in Mainz making use of the TAPS spectrometer [84]. The experiment
differs from the one at the Lebedev Institute in the that a tagged photon
beam with 800 MeV maximum energy, a *He target were used. Furthermore
it differs in the possibility of measuring charged particles and photons, thus
allowing to reconstruct neutral pions.

The reaction studied was

y+3He =71 +p+ X (104)

as a function of W, which is the CM energy reduced by the deuteron mass
and the 3He binding energy

W = /2B mope +miy, = ma— Bope. (105)

Contrary to the Lebedev experiment the emerging 7° and proton were
not measured to reconstruct the missing mass, but to capture the signature
from the decay of an n-mesic nucleus. An enhancement was found in the
difference spectrum between the angular range 180° to 170° and 170° to 150 .
This difference spectrum after subtraction of the background of quasi-free 7°
production is shown in Fig. 24l The authors [84] claim to have seen a bound
7 state which implies that the first step

v+ He — n ®® He (106)
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Figure 24: Left panel: The cross sections for the inelastic y+3He — 7%+p+X
decay channel as function of W Eq. (I03). Right panel: Cross sections for
the elastic v + 3He — 1 + 3He decay channel. The histogram is a Flatté fit
to both data sets [85].

occurred followed by
n+p— N™—=at+p. (107)

A resonance position Wi = 1483 + 3 MeV was obtained from a fit with a
Breit—Wigner form times phase space. This corresponds to a binding energy
of the n of B, = Wr—(m,+m,) = 4.4£4.2 MeV. A full width I, = 25.6£6.1
MeV was fitted. The significance of the peak is &~ 3.50.

In a comment Hanhart [86] pointed out that also the non-resonant channel

v+ *He — 1 + *He, (108)

which will be strongly affected by the bound state, is open. The width of the
Breit—Wigner will be changed to I' = I';,,01. + 'ejase. While 'y, is constant in
the momentum range of interest, I',s. is momentum dependent I';,.;. = gp
with p the momentum of the n relative to the 3He and g the coupling constant.
Pfeiffer et al. [85] repeated their analysis by fitting simultaneously both
channels with a Flatté distribution. They found the fit insensitive to the
coupling constant g. The results for position and width did not change very
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much from the previous analysis. Both spectra together with the fits are
shown in Fig. 241

So far it seems that a bound state *He ® n had been experimentally
seen. However, almost the same group repeated the experiment with again
the TAPS spectrometer plus the Crystal Ball detector [87]. The experiment
benefitted not only from the now almost 47 acceptance but also from much
higher statistics. The photon energies ranged from 0.45 GeV to 1.4 GeV.
The results of this measurement are shown in Figs. and 26 The strong
rise of the 7'p cross section above the 1 production threshold is similar to
the previous experiment and supports the possibility of a resonance in the
threshold region. However, the structures visible at higher energies have
not been seen in [84]. They are in the so called second and third resonance
region and their walk with angle is purely kinematical. Fig. compares
the elastic channels measured in the two MAMI experiments. They have
the same binning of 8 MeV. The minimum in the earlier data around 620
MeV is not visible in the newer data. A direct comparison between the two
experiments is done in Fig. The structure seen in the first experiment
was also seen in the second experiment with much better statistics. But it
could be shown that it is an artefact of the complicated behaviour of the
background. So again there is no convincing result for a bound state.

3.1.4 Formation experiments with hadrons

The WASA collaboration [88] studied the reaction d +d — 7~ + p + *He
reaction. The idea is that an intermediate na bound state might exist. The
whole reaction chain is then

d+d—n®a— N*(1535) + *He — (7~ + p) + *He. (109)

The deuteron beam momentum varied between 2.185 GeV/c and 2.400
GeV/c. This interval covers the n production threshold at 2.336 GeV/c.
Thus the variation is in terms of n production from -51.3 MeV< @ < 22
MeV with @ the excess energy. The angle of the decay N* — 7~ p has to
be ~180?in the N* rest frame. Furthermore one expects more bound events
at small relative momenta than at large relative momenta. The WASA col-
laboration could not find an anomaly in the excitation function for beam
momenta below and above threshold (see Fig. 27). A bound state would
result in a peak like structure on top of a smooth continuum. This was
approximated by us with a polynomial ¢ = ag + a1Q + a2Q?* which is also
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Figure 25: Similar as Fig. but for the experiment Ref. [87]. Note that
E, o W? (see Eq. (I05)). Excitation functions of 7°p back-to-back pairs
for different ranges of the opening angle 0,0 + 6, after removal of the overall
energy dependence o< £ 6. From top to bottom opening angle ranges of:
165°- 1807, 150°- 165, 140°- 150°, 130°- 140°, and 120°- 130° . The vertical
line indicates the n-production threshold.

shown in the figure together with a 95% confidence interval. There is surely
no peak above that limit. From a detailed analysis the authors conclude
an upper limit for the decay of a possible intermediate 7 mesic system into
this particular channel of 20 nb. However, this experiment suffered from
unfavourable boundary conditions [89]. The experiment was repeated with
much higher statistics. In addition another isospin channel was also studied:
d+d— a®n— N*(1535) + *He — (7 + n) + 3He. This new experiment
has taken much more data and will be sensitive to a total cross section for a
peak of a few nb.

Is this upper limit excluding the existence of a bound state? It should
be mentioned that at threshold the relative velocity between the n and the
a particle is zero and hence the formation of a bound state is favoured. On
the other hand at just this energy the cross section for producing a free n
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Figure 26: Same as Fig. but for the experiment Ref. [87]. Note that
E, o W? (see Eq. (I07)). Excitation function of the total cross section for
the v + 3He — n + ®He reaction. The dots are data from Ref. [87)], the
triangles are data from [84]. The two vertical lines indicate the coherent and
the break up thresholds. The solid curve is a PWIA calculation with realistic
angular distribution for the elementary reaction, the dashed curve with an
isotropic angular distribution.

is zero. We can therefore conclude that the cross section in the vicinity of
the threshold is very small and may be undetectable on top of a larger cross
section for the same final state without a bound state in between. Recently
Wilkin [90] presented a model where an iformed guess for cross sections for the
formation of bound 7 mesons on light nuclei is given. The relevant numbers
were extracted for the excitation functions of real 17 production in hadron and
photon induced reactions. The guess for the present case is above the upper
limit cited here. However, a form factor for the *He in the final state has still
to be considered which might bring the numbers to better agreement.

The same group [89] has recently performed a similar experiment on the
reaction

d+p—=*He®n — N*(1535) +pp — (7~ +p) + pp. (110)

The upper limit for this reaction so far is 270 nb [91] and about 70 nb for
the reaction d + p — 3He ® n — w°4+3He. As pointed out above the cross
section for a bound n—3He system might be too small to be detected. The
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Figure 27: The excitation function for the reaction dd —3Hepr~. The data
[88] are shown with error bars. A polynomial fit up to second order is shown
as solid curve. The dashed curves indicate the 95% confidence interval.

higher statistics experiments will allow a smaller upper limit for this process
to be determined.

3.1.5 Charge exchange experiments

Also in a pion double charge exchange (DCX) experiment
™t + A% = 1 +4(Z2+2) (111)

close to the n threshold the n has small momenta relative to the nucleus.
Haider and Liu [92] had predicted the occurrence of an 7 bound state in
DCX. This process is thought to proceed via 7™ + N — 7%+ N — 7~ + N.
However, the process 7t + N — n+ N — 7~ + N is also possible. In addition
to an unbound 7 a bound one may exist. More specific they predicted a
resonance in the reaction 77+*C— 77+0 at a momentum transfer of
q = 210 MeV /c. The possible formation of such a process is sketched in Fig.
28 Two possible reactions are shown which lead to a final double isobar
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Figure 28: Diagrammatic representation of the formation of 7 bound states
in DCX. The bound state may be the (A,Z+2)®n (first graph) or (A,Z+1)®n
(second graph) with a final capture of the proton.

analog state (DIAS) with the following steps:

n +p +n _
at+ (170) — (nnO ) — (187]F) — (nNF ) — 71 4+ ¥Ne

0 0
Tt + (17710) — (ngp) — (71'17—;72,) — 7 +¥Ne

Such an experiment has been performed at LAMPF in Los Alamos [93]
at an incident 7" beam of 350 MeV to 440 MeV kinetic energy. Examples
of missing mass spectra are shown in Fig. for fixed momentum transfers
q of 0, 105, and 201 MeV /c. Then the ratios between the lowest spectrum
(¢ =0 MeV/c) and the highest spectrum (¢ = 210 MeV/c) for the indicated
areas are plotted as a function of the pion beam energy T, in Fig. While
for the continuum region the ratio shows an almost linear dependence on the
pion energy, it shows some enhancement for the DIAS region, which might
be an indication of an 1 bound state. We can investigate the significance
of the enhancement. For this purpose we fit a linear curve to the data
excluding those in the enhancement. This dependence is shown in the figure.
In a second step we extract the number of counts above the background by
fitting a Gaussian to the remaining part. From this procedure we find a
significance of only 1.60, so the peak is not significant. This is supported by
the finding that the mean of the data is < do(0)/do(210) >= 5.90 £+ 0.33
with a x?/free=1.3. So the "peak” is most probably a statistical fluctuation
of the background. Unfortunately this experiment was never repeated with
better statistics and other nuclei.

3.1.6 Transfer reactions

Experiments employing transfer reactions are favourable; in such experiments
the whole beam momentum can be transferred to a nucleon or a cluster
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Figure 29: Missing mass spectra for fixed momentum transfers ¢ of 0, 105,
and 201 MeV /c for the reaction %O + 7+ — 7~ + Ne at 420 MeV kinetic
beam energy. The 7 MeV wide interval is the double isobaric analog state
DIAS. The 23 MeV wide bin contains continuum states [93].

of nucleons. The remaining system then does not carry linear momentum
and thus favours the probability that a produced 7 is bound to the residual
nucleus. This method, originally developed in the production of hypernuclei
[94], was successfully applied in the study of pionic atoms [05]. In order to
transfer the beam momentum almost completely to the emerging particle
it has to be emitted in the forward direction close at zero degrees. The
momentum transferred from the beam to 3He being emitted at zero degrees
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Figure 30: The ratios of spectral ranges for different momentum transfer
measurements. The upper part is for the DIAS, the lower part for the con-
tinuum states. The dashed line is a straight line fit, the solid line a Gaussian
fit on top of the straight line.

for two different reactions
d+"2C = He+"B®n (112)

and
p+2"Al = 3He + Mg ® 1 (113)

are shown in Fig. 3] and for different assumptions of the 1 binding energy.
The proton transfer reaction at recoil free kinematics was already successfully
applied in the production of pionic atoms [95]. There, the detector employed
was the GSI fragment separator [97]. The experiment [98], [96] to search for
a bound 7 mesic state used the same apparatus. It is schematically shown
in Fig. The first half of the 76 m long apparatus consists of two dipole
magnets, allowing a high resolution momentum analysis in a dispersive mode.
The second half allows particle identification via two different TOF and AE
measurements. The spectrometer is flooded by break up protons having beam
velocity and therefore the same magnetic rigidity p/Z as the *He particles of
interest and are thus undistinguishable. The protons and *He particles were
differentiated in part by an additional Cerenkov counter. A deuteron beam
of 5040 MeV /c was used. This momentum is indicated in Fig. BIl At this
momentum 7 mesic states with binding energies —40 MeV < B, < 0 MeV
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Figure 31: Linear momentum transfer from the incoming deuteron (left
frame) or proton (right frame) onto the 7 mesic system. The vertical marks
indicate the beam momenta in the corresponding experiments [96] and [63].
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Figure 32: Typical layout of the GSI fragment separator. Each half consists
of two dipole magnets and several quadrupole magnets. A typical length
scale is indicated.

can be produced with a momentum transfer ¢ < 30 MeV/c. So far no final
result is published [99].

One nucleon transfer guarantees a rather large cross section. This is not
the case for two nucleon transfer reactions (II3)). However, it is just this
experiment by the GEM collaboration [63] which claims to have observed an
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1 mesic bound state with sufficient significance. We will therefore discuss
this experiment in more detail. The experiment made use of both techniques
discussed above simultaneously: transfer reaction with recoil free kinematics
and back to back emission of a pion and a nucleon. The magic kinematics
for the present reaction is shown in the right panel of Fig. BIl A proton
beam from the COSY accelerator with momentum of 1745 MeV /c was used.
This momentum is also indicated in Fig. BIl At this momentum 7 mesic
states with binding energies —30 MeV < B, < 0 MeV can be produced with
a momentum transfer ¢ < 30 MeV/c.  Again a high resolution magnetic

focal plane detectors dipole exit detectors
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Figure 33: Layout of the magnetic spectrometer BIG KARL Refs. [100] and
[101I]. D and Q denote magnetic dipole and quadrupole magnets, MWDC
multi wire drift chambers and four layers of scintillator paddles with a TOF
measurement between the PQ) and RS layers in the standard focal plane (used
in the discussed experiment) and between K and L in the dipole exit. The
former bends protons up to 1080 MeV /c while the dipole exit bends protons
up to 3240 MeV/c, although with a smaller acceptance. A typical length
scale is indicated.

spectrograph was utilised. The *He ions were identified by the focal plane
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Figure 34: The ENSTAR detector [102] surrounding the target. It consists
of wedges from scintillating material. Read out is performed by scintillating
fibres collecting the light in grooves milled in the wedges and transporting it
to photo tubes. One half of this detector is shown. The inner two layers are
extruded for clarity. A typical length scale is indicated

detectors of the BIG KARL spectrometer (see Fig. B3) and their momenta
measured with the same device [100]. The decay nn — N*(1535) — 7 p
with the two final particles emitted almost back to back to each other was
measured with a dedicated detector ENSTAR [102]. It surrounds the target
and one half of it is shown in Fig. B4l By construction it is capable of
determining azimuth and polar angle.

In Fig. B3 time spectra between the scintillation layers in the focal plane
(FP) and the ENSTAR detector are shown measured under different con-
ditions. The spectrum upper left is obtained if only a coincidence between
FP and ENSTAR is required. The broad structures correspond to different
extracted beam particles usually separated by three revolutions in the syn-
chrotron (slow or resonance extraction). On top of one structure are needles
corresponding to physical coincidences with particles registered in the focal
plane. The TOF is given by t = ImZ/p with [ the flight path, m and Z
the mass and charge number of the particle and p its momentum. If out of
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Figure 35: Time measurement between the focal plane detectors (FP) and
the ENSTAR detector under various constraints [I03]. Note the reduction in
count rate with increasing boundary conditions.

identified particles only *He is selected, the lower left spectrum emerges. So
the remaining needle is due to *He coincidence. The counting rate for the
accidental coincidences is reduced. Requiring now a 7~ p close to back to
back in the ENSTAR detector gives the time spectrum shown in the upper
right part. We now define two background intervals left (L) and right (R)
of the needle and produce a background energy spectrum. This spectrum is
subtracted from the upper right one and the remaining spectrum is shown in
the lower right part of Fig. B8l The latter is now almost free of background.

We want now to discuss the effect of the conditions applied not only
to the time spectrum but also to missing mass spectrum or binding energy
spectrum. The momenta measured in the FP are shown in Fig. 6], converted
to binding energy. The upper part corresponds to the upper right time
spectrum. The background spectrum due to the two intervals L and R in
the time spectrum yields the binding energy spectrum shown in the lower
part of Fig. Bl Finally this background spectrum is subtracted from the
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Figure 36: Binding energy spectra. Upper panel: data with the requirement
of a coincidence (a gate on the range between L and R indicated in the time
spectrum B5]) between a *He in the focal plane and a 7~ and proton being
back to back (bb) emitted recorded in the ENSTAR detector. The solid curve
is a fitted Gaussian together with a constant. Lower panel: Same as upper
panel but for non resonant events in L and R (see Fig. Bal). The solid line is
a fitted constant.

upper spectrum and the result is the spectrum shown in Fig. B7 which is the
final spectrum of Ref. [63]. This spectrum shows a peak on a continuum.
This continuum was parameterised by a constant as well as polynomials
while for the peak a Gaussian was assumed. In addition fits were performed
applying Poisson statistics. The significance of the peak is around 50 [63].
The centroid Fp and Gaussian width o were found to be -12.0£2.2 MeV and
4.7+1.7 MeV.

The procedure applied by the GEM collaboration [63] to assume a further
background below the peak was questioned by Haider and Liu [104]. The
final state can also be reached by a non resonant reaction for which they used
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Figure 37: The final binding energy spectrum. Note the expanded view and
the different binning compared to Fig. The data are shown with Poisson
error bars. A fit to the data with a Gaussian and a constant background
are shown (solid curve). A fit with a Breit-Wigner form with a coherent non
resonant fraction is shown as dashed curve (from [104]).

a microscopic-theory based nearly energy-independent amplitude. The need
of adding non-resonant amplitude is further discussed in [105]. Then there
will be an interference between this amplitude and the one for the resonant
production. They fitted the corresponding amplitudes to the experimental
data and found indeed a serious interference effect which shifts the calculated
Breit-Wigner maximum towards the experimental maximum. The same is
true for the width. One such fit is also shown in Fig. 37l For this curve the
NN scattering length is (0.250 + 0.123i) fm, corresponding to an imaginary-
to-real ratio R of 0.49. This is in agreement with the values given in Table
M except for the Green Wycech (GW) model [35]. If the interference is
neglected a scattering length a = (0.292 £+ 0.077¢) fm is necessary to get the
experimental peak parameters. The ratio is then R = 0.24. This is in accord
with the Green Wycech result although then the real part of the scattering
length is much larger, almost 1 fm. Such a large value was found necessary
by Friedman et al. [I5]. It should be mentioned that both values obtained
for the imaginary part of the scattering length violate the condition Eq. ().

61



3.2 Final State Interactions

Another method proposed to search for n bound states is to study the final
state interaction (FSI ) between the n meson and a nucleus.

3.2.1 The reaction d + p —3He+n

The system most intensively studied is the d + p —3He+n reaction. Data,

are from Refs. [106], [107], [108], [L09], [110], [III], [112]. Those close to

threshold are shown in Fig. B8 In this figure the published data are compiled.

700

Q (MeV)

Figure 38: Published total cross sections for the reaction p + d — n+3He.
The fat triangles down are from [106], triangles up from [I10], diamonds with
error bars in both directions from [I13] and [I14], squares from [I11], and
those with small dots from [I12].

Obviously there are differences between the different data sets. This leads of
course to different results for the final state parameters. Here we will ignore
the data sets which are completely different to the bulk of data.

COSY 11 [I11], quoted also as Smyrski, and ANKE [112], quoted also as
Mersmann, measured at COSY applying the internal deuteron beam. The
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momentum of the beam increased linearly with time. Data were taken con-
tinuously and later put into bins with widths AQ). The strong nonlinearity
of the cross section may lead to a deviation of the measured cross section,
assumed to be the one in the middle of the momentum bin, relative to the
real one. The relation between both is

meas Loemen oo perer real 114
Q) =5 [ 10 /Q o 1@ @)@, (11

with 0Q) the width of the beam distribution and w the distribution function
normalised to one. COSY 11 used an inverted parabolic distribution while
ANKE made use of a Gaussian. Such a smearing was found sufficient by the
ANKE collaboration to bring the points measured below the threshold to
above. COSY 11 assumed in addition a downward shift of the mean beam
momentum by 3 MeV /c. This is in agreement with a precision determination
of the beam momentum at 1930 MeV/c, where the beam momentum was
found to be 2 MeV/c lower than its nominal value [I15].
COSY 11 [I11] applied Eq. (B0) to their data and obtained

e = £(2.942.7) +i(3.241.8) fm. (115)

This corresponds to a possible bound state at B, = —0.2 £ 0.8 MeV. So
this result points more to a virtual than to a bound state. The half width is
['/2 =194+ 0.4 MeV. This result is close to the one of earlier data [110]:

e = +(3.8 4 0.6) +4(1.6 + 1.1) fm. (116)

However, when we repeated the fit for the data from Ref. [I11] we found
different values and moreover they depend on the fit interval. While the
value for a; is quite stable, a, varied from 0.0 + 6000 fm, when the full
data set is included in the fit, to 2.1 £ 2.7 fm, when the range is limited
to 2.2 MeV. The large error is an indication that the option of fitting the
full range is useless, because the assumption of pure s wave is wrong. The
imaginary part is 3.6 £ 1.2 fm. These numbers are in agreement with the
published values. The corresponding curves are compared to the data in
Fig. This finding is an indication that already for excess energies above
2.2 MeV Eq. (B0) is no more applicable and the effective range has to be
considered in addition to the scattering length as has been stressed in Ref.
[43]. We have therefore tried to fit the full expansion Eq. (B8] to the data.
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Figure 39: Cross sections for the reaction d + p — n+3He from Ref. [111]
(COSY 11 collaboration, squares with error bars). The solid curve is a fit to
the data assuming FSI to be represented by a scattering length only in the
range up to @) =~ 2.2 MeV while the dashed curve is a fit to all data points,
which results into useless numbers (see text).

However, even in this case the fit curve drops similarly to the results in Fig.
B9, while the data increase slightly with energy. Therefore no satisfactory
result could be obtained.

On the other hand the ANKE data show after the rapid rise a gentle
decrease with increasing energy. Mersmann [116] has performed a corre-
sponding fit to the ANKE data including the smearing as discussed above.
This fit yielded

e = [ (0.000 + 2.416) + i - (6.572 + 0.501)] fm (117)
rouspe = [(0.000 £ 2.416) + i - (1.268 + 0.212)] fm. (118)

The scattering length and the effective range are thus determined by the
imaginary parts alone. The data and the fit curve are shown in Fig. 40 In
order to make the curve visible we have not shown the data as in Fig. B8]
but added five consecutive channels together. The bin width thus comes to
the same order of magnitude as the beam width: AQ/2 = 150 keV and 170
keV, respectively. In addition the error bars become compatible with those
from the COSY 11 experiment. The fit results do neither fulfil the criterion
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|a,| > |a;| nor the more general relation Eq. (39)
The ANKE collaboration [I12] applied in addition another fitting form.
They assumed a two pole representation of the final state interaction

o
i-2)1-2)

with p; and py two complex pole positions. By comparing with Eq. (B8] one

fs(p) = (119)

gets
1 1
a=—1 (— + —) (120)
P1 P2
and 9
)
ro = . 121
’ p1+ D2 (121)

The second pole is assumed to have no physical meaning. It will just represent
the additional energy dependence. For py — oo the relation (31)) is regained.
The fit results for the poles were [112]

pr=[(-5£77)£i-(19£2+1)] MeV/c (122)
po = [(106 £5) i (76 £13%})] MeV/c. (123)

This result yields the low energy parameters
pme = [ (10.7£0.8705) +4- (1.5 £ 2.6759) ] fm (124)

and
opre = [(1.9£0.1) +i- (2.1 £ 0.2593)] fm. (125)

In obtaining these values a smearing of the energy scale due to a finite beam
momentum distribution was applied. This results in a pole (if exists) at
B, = 0.30 £ 0.15 £ 0.04 MeV and I',)/2 = 0.21 £ 0.29 £ 0.6 MeV. The fit
curve is also shown in Fig. @0l Although the FSI parameters differ drastically
from those of the fit (I17) the two fit curves are practically indistinguishable
especially in the strong rising part which is decisive for the scattering length.
It is somewhat surprising that two fits with five parameters each and a one to
one correspondence give so different results. As stated above, the data from
COSY 11 have the tendency to rise while the ANKE yields drop (see Fig. BS]).
This might be due to different acceptance corrections in the two experiments.
Another difference between the two experiments is that COSY 11 corrected
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Figure 40: Excitation function for the d + p —3He+n reaction. The total
cross sections are from [I12] (ANKE collaboration, full dots with error bars).
The uncertainty of the beam energy leads to an uncertainty in @ of 9 keV.
For visibility of the curves we have combined five data points together. The
solid curve is a fit with scattering length and effective range, while the dashed
curve is one applying the two pole expansion (I19).

the beam energy with thus almost no need to apply the smearing, while
ANKE get rid of data below threshold by the smearing method.

The extraction of FSI parameters is valid only if the total cross sections
are all due to s wave. This can be proven by checking if the emission is
isotropic. Such a test case is shown in Fig. Il The angular distribution is
clearly not isotropic and hence p waves contribute to the cross section already
close to threshold. We can define an asymmetry as

da(en) _ Otot
ds? 4m

(1+ acosb,). (126)

This ansatz yields a linear dependence on cos#, and a fit of (I20]) is also
shown in the figure. The fit does not require partial waves higher than p
waves. Fig. shows the asymmetry a as function of the 7 momentum.
The asymmetry a can be deduced from the data via
do(cos B, = +1) — do(cos b, = —1)

= . 12
“ do(cos B, = +1) + do(cosf, = —1) (127)
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Figure 41: The angular distribution of 7 mesons in the dp — n*He reaction
at p, = 97.0 £ 0.6 MeV/c, adapted from Ref. [I12].
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Figure 42: The asymmetry parameter o (Eq. ([I20])) as a function of the
n momentum. The data are from [I10] (open triangles up), [106] (open
triangles down), [I11] (full squares) and [112] (full dots). Shown are the
statistical errors only. The solid curve is a fit with the model from Ref. [75]
(see text).

Insertion of Eq. (B4]) into this equation and limiting ourselves to only the
two s wave amplitudes A and B and the two p waves with amplitudes C' and
D which have a linear dependence on cos 8, yields

) Re(A*C +2B*D)
o = .
Do TAP 2| B + p2|CP + 202 DP

(128)
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We are now left with only two observables for four complex amplitudes. It
should be remembered that A and B contain admixtures of p waves (see
227). In Ref. [75] it was argued that the rapid change in size of the cross
section is due to FSI in the s wave and not to fast changes in the p waves
which were believed to vary smoothly. With the assumptions A = B = f;
and C' = D the cross section and the asymmetry parameter « reduce to

4
o= p_pﬁ (152 + p2ICI7] (129)

p

Re(f:C)
PR+ p2ICP

A fit of Eq. (I30) to the ANKE data as performed by Wilkin et al. [75] is also
shown in Fig. @2l It reproduces the data quite nicely. Also an excellent fit
was obtained with negative a’s for small momenta p,,, when a phase variation
caused by the s wave pole was considered. At this point we want to stress
the impact of high quality data. In Ref. [65] it was stated, based on the then
existing data, that the asymmetry parameter « is practically zero although
the data showed an increase. However, the statement was valid at that time
because of the huge error bars.

If the assumptions made above are reasonable then the tensor analysing
power Ty should be very small (see Eq. (8H)). Indeed Berger et al. [106]
measured this quantity and the results are shown in Fig. B3l The authors
found that the variation with angle is smaller than the error bar of the mean.
So only the mean (angle average) is shown in Fig. Recent measurement
of the tensor analysing power by the ANKE collaboration [I17], which will
be discussed below, shows a similar behaviour and therefore also the values
averaged over cos(6,) are shown in Fig. @3l These values vary around Ty ~
—0.2. This implies C' ~ D and |A|* Z |BJ?.

The question is, how well are the assumptions made? If this is the case
we have from the fit the s wave amplitude f; and one can deduce the FSI
. However, one cannot from the data base discussed so far deduce that the
p waves in the amplitudes A and B are negligible. Recently Papenbrock et
al. [I17] (ANKE collaboration) have measured the differential cross section
using a vector and tensor polarised deuteron beam again in the acceleration
ramp. They made use of Eq. (A7) to extract the vector and tensor analysing
power T1; and T5y. They find T7; < 0.04 for excess energies below 10 MeV.
This implies that the amplitudes C' and D must be very small (see Eq. (88])).

a=2 (130)
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Figure 43: The angle averaged tensor analysing power Ty, for the reaction
d + p — n+3He as function of the excess energy (). The data are from [100]
(full dots) and [117] (open squares).

This means that it will be impossible to extract from the interference between
s and p waves the sign of the scattering length (see section 2.2.4]). On the
other hand the asymmetry parameter « has then to be zero which is not the
case. The only possibility is then that the p wave fractions in A and B are
not necessary small and the assumption A = B is not quite right.

In the following we then treat only the amplitudes A and B. In this limit
the tensor analysing power is

B0~ JAG
Toolfn) = V2 4G T 2B (131)

Papenbrock et al. [I17] found that Ty does not depend on angle. Hence
the angular dependencies of |A|? and |B|? have to be the same. Furthermore
Ty is fairly constant over the measured range. Fitting a constant to all data
shown in Fig. yields Ty = —0.205 4 0.016 with a y?/free=1.2. It seems
therefore natural to assume A o« B which then yields from inserting into Eq.
@3D) |A]* = 3/2|BJ*.

The present data body is not sufficient to extract the s wave part on an
amplitude base. However, the asymmetry of the differential cross section is
practically zero for momenta p, up to 40 MeV/c. Therefore, it is safe to
extract FSI parameters within this near threshold interval.
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3.2.2 The Reaction d + d — n+*He

Measurements of reaction d + d — n+*He were reported in [118], [119], [73]
and more recently in [I20]. The last one is here sometimes also called GEM
data. The cross section is much smaller than for the previously discussed
reaction d + p — n+3He (see Fig. ).

In a simultaneous analysis of the d + p —3He+n reaction and the d +
d —*He+n reaction in terms of a simple optical model approach [119] it
was found that for the possible binding energies the relation B, (*He + 1) <
B, (*He +7) holds. However, in the measurements with a polarised beam on
which the analysis was based, the full polar angle could not be measured.
The s-wave cross section was extracted by assuming isotropic emission. This
isn’t true for the data measured at the higher momenta as can be seen by
comparing to the data from Ref. [73]. The anisotropy could be either due
to s waves plus p waves or to a s — d wave interference. The problem could
be only solved by applying polarised deuterons. Such an experiment was
performed by the GEM collaboration at COSY Jilich [120] which will be
discussed now in some detail.

The experiment was performed at a deuteron beam momentum of 2385.5
MeV /c corresponding to an excess energy of 16.6 MeV. Recoiling «v particles
were identified and their four momentum vector measured with the magnetic
spectrograph Big Karl (see Fig. B3). The experiment made use of polarised
as well as unpolarised deuteron beams. The tensor polarisation p,, of the
tensor polarised beam was obtained by measuring the polarised cross section
of the elastic d + p scattering and comparing to the known analysing power
of this reaction. Later in the experiment it was monitored by detecting
reaction particles in a scintillator disc consisting of 16 wedges. The angular
distribution of the unpolarised cross section is shown in Fig. 44l From the
fit with Legendre polynomials it becomes clear that partial waves up to [ = 2
contribute to the cross sections. From this fit, which is also shwon in Fig.
[44] we obtain a total cross section which can be compared with the world
data (see Fig. @H). The cross section rises almost linearly with momentum
from threshold and seems to saturate above 100 MeV /c.

The GEM experiment Ref. [120] had full polar angle 6, acceptance only
in the range (m — 1)/2 to (m + 1)/2. Integration over this range leads to
f cos ¢, dp, = —0.03, i.e. vanishing of the term proportional to cos ¢, and to
-0.84 for the integral over cos2¢,. We can therefore integrate Eq. (48] over
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Figure 44: Comparison of the angular distributions of the unpolarised differ-
ential cross sections from Ref. [73] (ANKE collaboration, upper part) and
Ref. [120] (GEM collaboration, lower part). The data in the upper part
were taken at a deuteron beam momentum of 2.358 GeV/c corresponding
to an excess energy of Q = 7.7 £ 0.8 MeV, the data in the lower part at
2.385 GeV/c corresponding to ) = 16.6 MeV. The solid curves are Legendre
polynomial fits up to [ = 1 and [ = 2, respectively.

this range without any efficiency term. This leads to

(m+1)/2 do
—= . ¢ ) d¢
\/(;T—l)/2 (dQ( ! 77) pol !
do

1
= (% )) {1+—pzz (Ayy (6,)0.16 + A, (6,) 1.84)
(dQ 7 -~ 4 yy \Un n

do 1.84
~ (E(en))unpd |i1 + szzA:c:c(en)} . (132)

So the polarized cross section depends practically only on A,,. For the
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Figure 45: Excitation function of the total cross section for the reaction dd —
na close to threshold. The data points are from Frascaria et al. [I18], Willis
et al. [119], Wronska et al. [73], and the GEM collaboration Budzanowski et
al. [120]. The solid line is to guide the eye.

representation in tensor coordinates we have

D2 [ 4y
—o (0, & )) do
/(;—1)/2 (dQ " pol !
do 1 3
= (m(en)) [1 - §t20T20(977) + 0-86\/;t20T22(9n)
unpol

The data could, therefore, in principle fix the magnitudes of the ampli-
tudes Ay, Ag, B, and C, and the interference between Ay and A,, while being
completely insensitive to all of the other phases (see Eqs. (68 to (74)). Fur-
thermore, the linear combination of Eqs. (7)) and (Z8)) shows that the fitting
of |B| and |C| is decoupled from that of Ay and As. The parameters resulting
from fitting the data in this basis are given in Table [I0, with the fit curves
being shown in Fig. 46l From this it is seen that the amplitudes Ay and As
are dominant, with C' being consistent with zero within error bars. If |B|
also vanishes, it would follow from Eq. ([8) that A,, = —% for all angles.
On the other hand, even the small contribution from the B term changes the
angular dependence of A,,, as is evident in Fig.

(133)
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Figure 46: Angular distributions of the unpolarised cross section and the
analysing power A,, (from Ref. [120]). The solid curves represent a fit with
four partial waves with amplitudes ag — ag (Tabldd); the dotted curves show
fits with invariant amplitudes Ay, A2, B and C Egs. (68) and (7). The

dashed line A,, = —1/2 represents the case with A = B = 0.

Table 10: Fit results of invariant amplitudes squared of Eqgs. (7)) and (78]
to the data of Ref. [120]. Since |C| was found to be zero within error bars,

it was put exactly to zero.

fit parameter | value (nb/sr)
A 66E1.7
9Re(AZAs) | —25.0+£9.5
| Ay|? 48.4 4+ 14.5
|B|? 9.3 +5.1
[el 0

73



The s wave amplitude f; can now be extracted.

11

ﬁﬂ|a0|2. (134)

dos Py, 2 2py 2
= — s = — A =
o = A =

Using the values given in Table [0, we find that |f,]* = 4.4 + 1.1 nb/sr.
Very close to threshold only the s wave contributes to the cross section.

Then

f2 =22, (135)

Dy 4T

is a good approximation. For the two highest energy measurements from Ref.
[119] d wave contributions have to be considered. It is a good approximation
to assume the d wave amplitudes As and B to depend on the n momentum
as pf? and apply the results discussed here. This yields |fs|*> = 13.8 1.2
nb/sr and |f,|*> = 10.6 £ 1.3 nb/sr for the momenta at 73 MeV/c and 91
MeV/c, respectively. For the Wronska result we find |f|> = 14.3 + 2.4
nb/sr at 86 MeV/c. We are now in a position to make a comparison of
the world data for the s wave amplitude. This is done in Fig. @7l In a fit

dd-n*He

60

50

N
g

2
|fs| (nb/sr)
8

N
2

Frascaria
Willis
Wronska L
GEM s

10

Jloli>{im &

0+— ——— 77— —— — :
0.00 0.02 0.04 0.06 0.08 0.10 0.12
pn (GeVic)

Figure 47: The s wave matrix element squared as function of p,. The symbols
have the same meaning as in Fig. The data sources are the same as in
Fig. @5 The solid curve is a fit with Eq. (28] to the data.

the production amplitude and the scattering length were fitted to the data
yielding a,, = [£(3.1 = 0.5) + (0.0 £ 0.5)] fm. This result corresponds to

74



a bound state - if it exists - of B, = 3.71 £0.09 MeV and I'/2 = 0.0 £ 0.2
MeV.

In Fig. we compare the excitation functions for the present reaction
with the one for d + p — n+3He. The latter reaction shows a much more

600

500 5

400

o
£ 300 7
= Smyrski

200 e 7

| Mersmann
dd - na (x25)

100 7
dp%q3He 2 pole fit
P dd - na fit

L Y T T T T ! ! ‘ ‘ ‘ ‘ -
; 7 12 14

Figure 48: Comparison of the excitation functions for the two reactions d +
p — n+*He and d + d — n+*He. The total cross sections for the former
reaction are from [110] (diamonds), [111](squares), and[I12] (dots, five points
together). The solid curve is the two pole fit. The data for the latter reaction
(triangles up) are given in Fig. @5l The dashed curve is the scattering length
fit to these data.

rapid rise than the former. This is an indication of the larger scattering
length in case of the lighter system.

3.2.3 The Reaction p+5Li— n+"Be

The next heavier system studied is the Li+n system. In hadronic reactions
it can only be reached via the d+*He reaction. However, a *He target is
complicated to handle. Another possibility is the photoproduction on °Li.
Because of the small production cross section in photoproduction one needs
a rather thick target and measures y+°Li— n+5Li— 2y+°Li or to 6y+°Li,
depending in the decay n — 2v or n — 3x°.

The reaction is dominated by the excitation of the S;;(1535) resonance
via the £0+ multipole, which involves a spin-flip of the participating nucleon.
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From this it follows that coherent n production is practically forbidden for
nuclei with spin J = 0 ground states. So candidates for coherent production
where target nuclei with ground state spin J and isospin T different from
zero. However, SLi has the same quantum numbers as the deuteron (J = 1
and 7" = 0) where the cross section was found to be very small [I121]. For the
nucleus *He (J = 1 and T' = 0) even only upper limits for the cross section
have been extracted from the experiments [122]. Therefore, experiments were
performed on “Li [123]. The total cross section was measured to be below 20
mb. No unexpected threshold behaviour as in the case of the *He was found.
More details will be given in section B.2.41

Two experiments have been reported leading to the mirror nucleus "Be.
The experiments were performed at SATURNE Saclay [124] and COSY
Jilich [125]. Both studies employed the reaction

p+°%Li —n+ Be. (136)

At Saclay the n was measured through its two + decay at a beam energy
of 683 MeV corresponding to a beam momentum of 1322 MeV/c or to an
excess energy of ) = 19.13 MeV. After applying all cuts eight events remain.
They are shown in Fig. 49 and are converted into a differential cross section
of do/d2 = 4.6 + 3.8 nb/sr or into a total cross section of o = 57.8 +47.8
nb. Also shown in the figure are kinematical curves for "Be ground state
and an excitation of 5 MeV. Clearly the events are scattered to the whole
kinematical range. "Be has in the range up to 6.73 MeV four states: two with
L=1 aJ=23/2gs. and a J = 1/2 excited state at 0.429 MeV, and two
with L =3,a J =7/2 at 4.57 MeV and a J =5/2 at 6.73 MeV. The exited
states with L = 3 are particle unstable. Al-Khalili et al. [126] have analysed
these data. They assumed that the target nucleus consists of a deuteron and
an « particle. The latter acts in the reaction as a mere spectator. The cross
section is then

do(p°Li — 1n"Be)

2J +1 __,
a9 i

2 77

(137)

p*
=C2|f(pd — 1°He) [y
Py 5

with J the total angular momentum of the final states in "Be and F; their
form factors. C is the overlap of cluster wave functions, p; and p; the centre
of mass momenta of the final and initial system, and |f| the spin averaged
matrix element of the underlying more elementary reaction p + d —3He-+n.
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Figure 49: Scatter plot of the measured events (open squares) for the in-
dicated reaction as obtained at SATURNE [124]. The solid curve is the
kinematical curve for the "Be being in its ground state while the dashed
curve is the one for a typical excitation of 5 MeV.

Al-Khalili et al. derived the form factors from other reactions. Close to
threshold they can be assumed to be constant.

The other experiment [125] was performed at a beam energy of 673.1
MeV, corresponding to 1310 MeV/c momentum or an excess energy of @) =
11.28 MeV. The recoiling "Be nuclei were detected in the spectrograph Big
Karl. Since the L = 3 states are particle unstable only the two L = 1 states
contribute. The standard detectors in the focal plane were not adequate
for this experiment since the recoiling particles have rather low energies of
~100 MeV. The MWDC’s were replaced by multi-wire avalanche-chambers
to measure the track, followed by two layers of scintillation detectors one
metre apart. They allow particle identification via TOF measurement. All
these devices were housed in a large vacuum box made of stainless steel. The
7 meson events were identified via the missing mass technique. Finally the
counts were converted to cross section. The angular distribution is shown in
Fig. B0 If the cross section is assumed to be isotropic

;Z—g = (0.69 £ 0.20( stat.) 4+ 0.20 (syst.)) nb/sr. (138)
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Figure 50: Angular distribution of reconstructed 1 mesons from the reactions
p+°Li — n+"Be(E, = 0MeV)) and p+°Li — n+"Be(E, = 0.429MeV))[125)].
The horizontal line represent the isotropic cross section deduced with uncer-
tainty.

was deduced and is also indicated in the figure with the statistical and sys-
tematical errors added in quadrature.

Together with the form factors from Ref. [126] and the amplitude f(pd —
n*He) extracted from the two data sets discussed above, the cross section for
the reaction leading to the “Be ground state could be extracted. The two
data are shown in Fig. 51l Also shown is the energy dependence of the Al-
Khalili model normalised to the cross section of the GEM collaboration [125].
Also the normalised phase space dependence is shown. In addition model
predictions [127] with and without FSI are shown. A measurement even
closer to threshold preferably below the first excited state could distinguish
between the different models and could answer whether strong FSI exists in
this final channel. Upadhyay et al. [127] got from a,y = (0.88 +0.41) fm a
value a,p, = (—9.18 +48.53) fm.

3.2.4 Photoproduction on Light Nuclei

As is discussed above, n mesons can also be produced by photons. In order
to extract an s wave contribution from an excitation function the final state
has to be 1 plus nucleus, i.e. v+ A — n+ A. Such a process is called coherent
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Figure 51: Excitation function for the p +°Li — 7 +7 Be(g.s.) reaction.
The two data points are from Refs. [124] and [I125]. The dashed curve is
the Al-Khalili model and the dashed-dotted is the phase space behaviour,
both normalised to the GEM data point. The solid and the dotted curves
are calculations [127] with and without final state interactions. The arrow
indicates the region where only the ground state is involved in the reaction.

production in contrast to quasi-free production or inclusive production. For
the measurement of coherent production the struck nucleon is measured in
coincidence with the decay products of the n. In the latter case only the 7 is
measured irrespective of other reaction products.

Coherent n production was studied so far only on *He [84], [87] and on
"Li [123]. In Ref. [84] production amplitudes for the two reactions p + d —
n + 3He and v + *He — 7 + 3He were compared to each other with some
modest agreement. Since then, newer and better data were published for
both reactions. We therefore repeat this comparison making use of the new
data. For the p 4 d reaction we took the data from Ref. [I12] and for the
photoproduction those of Ref. [87] (see left panel in Fig. £2). The cross
sections of the photoproduction are already shown in Fig. 23l In both cases
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we know that both are two body final states and we assume further S-wave
production. The coherent photoproduction data do not cover the range where

2000 I I I I I 0.002
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Figure 52: Left panel: Comparison of the scattering amplitudes squared for
the indicated reactions. The cross sections for the p+d — n -+ 3He are those
given in Fig. and for v + 3He — 7 + *He those of [87] have been used.
The latter have been multiplied by 0.5 in order to reach the height of the
previous data. Right panel: Same as left panel but for the v + "Li — 7 + "Li
reaction. Cross sections were taken from [123].

the strong influence of the FSI is visible, thus making this comparison not
very useful. It would now be natural to also compare the final n+*He system
from hadron and ~ induced reactions. As was stated earlier 17 production via
the N*(1535) is a dominant channel. However, due to the quantum numbers
of *He (S=0, I=0) photoproduction involving the resonance will be strongly
suppressed by angular momentum conservation. So coherent production is
small compared to incoherent processes.

The next heavier system studied is coherent photoproduction on "Li. We
have extracted the scattering amplitude from data [123]. Tt is also shown in
the right frame of Fig. The momentum dependence of the amplitude
squared is opposite to the one in the *He case, i.e. it is rising while in the
case of the lighter nucleus it is falling. Similar to the case of the "Be final
nucleus, there is also in “Li a particle stable state at 0.478 MeV excitation
energy with J™ = 1~ /2 which can not be resolved from the ground state.
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4 Conclusions

We have reviewed the theoretical as well as the experimental searches for
(quasi) bound 7 mesons in nuclei. Contrary to the pion, where the m neutron
strong interaction is repulsive and therefore also the 7 nucleus interaction,
the n nucleon strong interaction is attractive. This led to the conjecture
that n mesons can be bound to nuclei. 7~ binding is only via the Coulomb
force; they replace an electron. The orbit is outside the nuclear radius. On
the contrary a bound n which is uncharged will be embedded in the nuclear
medium. It may change its properties like its mass in the medium. This is
referred to as chiral restoration.

The weak point in theoretical calculations is the input of the n nucleon
strong interaction in the form of the n nucleon scattering length. Since it
is impossible to measure elastic 17 nucleon scattering, the derivation of the
scattering length is based on production data 7+ N — n+ N and v+ N —
n+N and theory. This leads to a large range of the real and imaginary parts of
the scattering length. However, the range below the production threshold is
very sensitive to the scattering length and thus extremely model dependent.
This threshold is very close to the pole position of the nucleon resonance
N7, (1535). Since this resonance is rather wide the n production threshold
overlaps with the resonance, the resonance can then play a dominant role in
the existence of  bound states.

On the experimental side different methods have been applied to search
for such a state. Inclusive experiments searching for n-mesic nuclei at BNL
[78] and LAMPF [79] by using a missing-mass technique in the (77, p) re-
action reached negative or inconclusive results. Later it became clear that
the peaks are not necessarily narrow and that a better strategy of searching
for n-nuclei is required as for instance applied in Ref. [63]. Furthermore, the
BNL experiment was in a region far from the recoilless kinematics, so the
cross section is substantially reduced [12§].

Most spectacular example of the effective mass method was the discovery
of the (J/1) meson: The effective mass of a pair of particles emitted from the
same point is obtained by measuring the momentum of each of the particles
p1, and po, and the angles 6, and 65, between their paths and the incident
beam direction, and by identifying the two particles simultaneously so that
their masses m; and ms can be determined. The effective mass m of the pair
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is defined by:
m =m? +m2+ 2[EEy — pip1 cos(6; + 6,)], (139)

where E; = total energy of the particle (from [129]). Such experiments search-
ing for n bound states were performed by the TAPS collaboration [84], [87]
with different findings. Also a Lebedev-JINR group [81] and [83] performed
this method. Only the work in the last citation shows some evidence for the
existence of a quasi bound state, although the weak significance raises some
doubts. For the only experiment published, searching for the quasi bound
eta mesic state the significance is even smaller.

One class of experiments produces the n-meson at rest in a quasi-free
transfer reaction. In a second step the 7 interacts with a nucleon thus forming
a resonance N*(1535), which can decay back to its entrance channel or, with
50% probability, into a nucleon and a pion. Since the 7 is at rest, these two
final state particles are emitted almost back to back. The experiment by
the GEM collaboration [63] claimed a 50 effect in studying the p + 2"Al —
SHe+2Mg®n — *He+ 7~ + p+ X reaction at a beam momentum for which
the intermediate 1 and then the quasi bound Mg ® 7 is almost at rest.

Formation experiments give an upper limit for the existence of the bound
state [88]. However, this limit does not exclude the existence of the state.

Another class of experiments searched for n-mesic nuclei in final state
interactions. Intensive studies were dedicated esp. to the p 4+ d — n+3He
reaction [IT1], [I12], [130]. It turns out that the new data do not fully agree
with each other and that still not enough observables are known to extract
the s wave amplitudes. The situation is slightly better for the n*He final
state, which has been studied in d+ d interactions making use of unpolarised
beams [73], [I19], [118] as well as polarised beams [120]. The number of
measured points is not sufficient yet to also extract the effective range with
sufficient certainty from the data. The very large momentum transfer tends
to make direct production of n mesons more difficult with larger nuclei. The
heaviest system studied so far for final state interactions is n”Be produced
in p+°Li reactions [124], [125]. In this case there are only two data points
at about 13 and 19 MeV above the threshold, so that no attempt for a final
state interaction is successful yet.

With reasonable assumptions of the Watson-Migdal theory [131], [132]
final state studies can give estimates for the imaginary value of the scattering
length and the absolute value of its real part [65]. However, the sign of the
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latter would be crucial as an indication of a bound state. Still, even |a,|
could give indications of the value of the binding energy, provided it exists,
useful for experiments searching for such states. Further useful information
would be expectations of the width of such states. This argumentation was
brought further in [43].

Search for decay products and reconstruction of the effective mass requires
excellent position and energy resolution to identify the bound state. Transfer
reactions in recoil free kinematics with additional measurement of the decay
products seem to be the most favourable choice when the binding energy
and width are deduced from the fast particle. Complex nuclear projectiles
produce too much background, while nucleon transfer - although clean -
suffers from small cross section. The reaction 77+ A — n+(A—1) @7 seems
favourable. Consider, for example A = '2C. The recoil free beam momentum
is 919 MeV /¢ which corresponds to an emerging neutron at zero degrees in
the laboratory of 375 MeV. The total cross section for the elementary reaction
m~p — nn is =1 mb and probably with a flat angular distribution yielding
~ 100pb/sr [24]. This has to be compared with backward *He which has a
differential cross section do(pd — n*He)/d2 < 1nb/sr (see [133]). Such an
experiment, very much in the spirit of the one of Ref. [63], has been proposed
[134]. The pion beam as well as other charged particles will be deflected by a
dipole magnet behind the target, so the neutron can be detected at forward
angles. The decay particles 7~ and p will be detected by a magnetic cylindric
detector set up surrounding the target.

In summary only one experiment has given so far a positive answer on
the question whether a quasi bound 7 nucleus system exists. The obtained
binding energy and width is plotted in Figs. @ and [0l The authors claim
a bo evidence. However, the experiment should be repeated with higher
statistics and on other target nuclei before a final decision on the existence
of n mesic nuclei can be made.

If the existence of n mesic nuclei is confirmed one can think of even more
exotica. The two nucleon transfer reaction p+ "Li — 3He + °He ® 1) can lead
to a Borromean system which is bound whereas the system He is unbound.
Scoccola and Riska [I35] have predicted a binding energy of 1 MeV for this
system.

The activity in 17 bound states has triggered searches for bound states of
n’ [I36], ¢ mesons [I37], and vector mesons [138], [I39]. The situation with
the KN interaction is similar to the nN situation: it is strong and also an
s wave resonance A(1405) plays a role. Recent reviews are [136] and [140].
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Also the binding of heavy quarkonium 7¢ to light nuclei was predicted [141],
[142], [143], [144] and [145]. Even the binding of the charmed D™, D°, and
DY mesons in 2%Pb was proposed [146].
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