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PION-NUCLEON INTERACTION IN FREE SPACE
AND ITS MEDIUM MODIFICATIONS*
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We report on a meson exchange model of the pion-nucleon interaction
which has recently been developed by our group. Our model accounts
for the # N phase shifts in the whole elastic region of the interaction,
the low energy parameters and — by an extrapolation of the model to
the Cheng—Dashen point — also the # N T term. Starting from a recent
model of medium modifications of the xr scattering amplitude we also
investigate medium modifications of correlated 2x—exchange in the =N
interaction. These modifications give rise to a considerable source of re-
pulsion in the isoscalar S—wave pion optical potential and thus tend to
resolve a longstanding puzzle.

PACS numbers: 25.80. Dj
1. Basic features of the N interaction model
Recently, our group has developed a meson exchange model of pion-

nucleon interaction [1]. It consists of two parts. First, there are direct
and exchange nucleon and delta pole diagrams ((a) ... (d) in Fig. 1). The
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second part of the interaction model is given by potentials for the correlated
exchange of two pions in the 0(1) (’o”) and 1(~) (p) channels ((e) in Fig. 1).
These 2r—exchange processes have been approximated by sharp mass sigma
and rho meson exchange in previous models of # N interaction [2, 3].
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Fig. 1. Born term of the # N interaction model.

One essential advantage of our realistic treatment of correlated 27—
exchange is that we take explicitly into account the mass distribution of
the exchanged 27 systems which, in our opinion, should not be neglected.
Furthermore, our microscopic treatment of correlated 2r—exchange (see be-
low) allows us to investigate the effect of medium-modifications of the 7N
interaction, which are not capable of being addressed in more conventional
xN models.

Starting from our interaction model V the # N T-matrix is then ob-
tained as the solution of a three-dimensional relativistic scattering equation
of Lippmann-Schwinger type

T=V+VGT

within the framework of time-ordered perturbation theory.

2. The correlated 2#x—exchange

The 2r—exchange part of the 7 NV scattering amplitude kernel used in our
work is constructed from NN — xr partial wave helicity amplitudes fi (4]
in the pseudophysical region (¢ > 4u?), where J specifies the total angular
momentum of the two exchanged pions. (In this paper u denotes the pion
mass and m the nucleon mass.) These amplitudes can be obtained from two
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sources. First, they have been determined in an analysis of experimental
data of # N and n= scattering [5]. Furthermore, we are able to calculate
these amplitudes in a microscopic model. This model contains N- and A-
exchange and p-pole Born diagrams and a nx interaction model [6] which
is likewise based on meson exchange. The predictions of our free space 7 N
interaction model are of comparable quality for both choices of the input.
For the calculations in this and the following chapter the pseudoempirical
values of the fJ amplitudes [5] have been used.

From the J=0 and J=1 helicity amplitudes one may construct the cor-
responding contributions to the pion—nucleon potential, which has the fol-
lowing general structure:

ViR = Ca(p") A + @B(o)lulp) 1)

where C = —m/(167%\/wrw o ENEpns). Furthermore, § = v#Q, with
Q = '/2(¢ + ¢'), where ¢ and ¢' denote the four-momenta of the incoming
and outgoing pion.

For the scalar (¢ = ¢) and rho-meson (i = p) channels the amplitudes
A(;) and B;) are given by the dispersion integrals

v Im f0(¢')dt
4 t')dt
Ay = ASDN(t) = —(t — 212 /
W==29 | Gr—mnw—ow o)
"
By =0, (2)
and
4,=A(t,2)
502 50°
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4u? 4u3
12 % tm p (t")
—_ (_) —_— =N T
B, =B (t)_ﬁ/ =, 3)
4u?

where ¢; and p; are the momentum of the pion and the nucleon, respectively,
in the t-channel, and x is the cosine of the scattering angle in this channel.
AF) and A(-) (B(H) and B(-)) are the isospin even and odd invariant
amplitudes forming A and B. For the o channel only the isospin even part
contributes and for the p channel only the isospin odd part.
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In Eq. (2) a subtraction has been made in the dispersion relation at
the Cheng-Dashen point (¢ = 242?). In combination with the pseudovector
coupling used at the NN = vertices (Fig. 1(a),(b)), this subtraction ensures
that in Born approximation the scattering amplitude T(+) = A(+) 4 yB(+)
vanishes at the Cheng—Dashen point (consistent with chiral symmetry). In
fact, our result in Eq. (2) corresponds to a potential for scalar meson ex-
change in the # /N system using derivative coupling at the 7w vertex, and
it can easily be shown to give a repulsive contribution to the potential V,l(,fv)
(in the S—waves).

According to the Cheng-Dashen theorem, the full amplitude at the
Cheng-Dashen point is given by

T(+)(V =0,vg =0, q2 = #21 ql2 = l"z) =

(4)

IS

were fr denotes the weak pion decay constant and ¥ the 7 N ¥-Term. For
our full model, which is discussed in the next chapter, we have performed
an extrapolation below x N threshold to the Cheng-Dashen point. Using
Eq. (4) our model yields as the prediction for the # N Y-term ¥ = 69 MeV,
which is in good agreement with the empirical value ¥ = 64 + 8 MeV [7].

It is interesting to compare the potential resulting from Eq. (2) with
the potential for the exchange of a zero width p meson in the # N system.
In this case the invariant amplitudes A and B are given by [7]

GorxGY Gorn(GXN,+ GRNG)
- DigtZ Y prx I NN - PEE\M NN NN
At z) = -== g PO e

(5)
GX, N, and G%} N are the coupling constants for vector and tensor coupling
at the NNp vertex, x = G’}IG N p/ GX, Np' These coupling constants have been
determined from experimental data [7] to be G p”GK,N P/4w =24,k=6.6
at the rho pole (t = m2).

The resulting on—shell potentials are plotted in Fig. 2. Obviously the
potentials for the 1(~) correlation and zero width p exchange differ consid-
erably, especially in the S3; partial wave, which is of crucial importance for
the description of * N scattering data. This discrepancy can be understood
if one realizes that the coupling constants have been determined for t = mf,
whereas t is always negative in the kinematic range of * N scattering.

By setting the amplitudes (5) equal to (3) one can define effective, t-
dependent coupling constants which parametrize the correlated 2r—-exchange

in the 1(=) channel in terms of sharp rho exchange. For t = 0, i.e. at the TN
threshold, one then finds the values (GP**GKIN p)°“/41r = 5.0, k°f = 2.7
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Fig. 2. On-shell potentials for tho exchange: The full line denotes the potential for
correlated 2x—exchange in the 1{~) channel, the short-dashed line represents zero
width p—exchange using the parameters given in [7], the long-dashed line represents
gero width p—exchange using effective parameters.

As can be seen from Fig. 2, with these effective coupling constants the po-
tentials for correlated 2x —exchange and zero width p exchange agree much
better.

In conclusion, if one wants to describe the 1{~) correlation in =N inter-
action by a sharp p exchange, one needs much more vector and less tensor
coupling compared to the coupling constants extracted at the rho pole. This
result justifies the phenomenological findings of Ref. [2], where values for
in the range from 1.4...3.2 have been used for the fit of # N scattering data.
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3. Pion nucleon interaction in free space
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Fig. 3. S- and P-wave phase shifts obtained with our 7N interaction model com-
pared to the Karlsruhe phase shifts [9].

For this calculation coupling constants at the NN« and N A~ vertices
have been taken from the Bonn NN model [8]. The same cannot be done for
the formfactor parameters (cutoff masses) since, compared to NN scatter-
ing, we are now in a quite different kinematic region. Therefore the cutoff
parameters for the contributions to the pseudopotential (Fig. 1) have been
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treated as free parameters to be adjusted to the 7N scattering data. The
bare A mass and the bare N Ax coupling constant appearing in the A pole
diagram (Fig. 1(d)) are adjusted to reproduce the P33 phase shift. The
bare nucleon mass and the bare NN= coupling constant for the nucleon
pole contribution (Fig. 1(b)) are determined in a renormalization procedure
as function of the other parameters. This renormalization ensures that our
full T-matrix has a pole at the nucleon mass with the residue determined
by the physical N N= coupling constant.

Fig. 3 shows the resulting S— and P-wave phase shifts compared to the
values of the Karlsruhe analysis [9].

The rise of the P;; phase shift is obtained without an explicit pole
term for the N*. The description of this partial wave is based on the
cancellation between the strong attraction from correlated 2r-exchange and
a repulsive contribution from the nucleon pole term. Though we do not
need a contribution from a genuine N* for the description of elastic 7N
scattering, it is necessary to extend the energy range of our model to higher
energies to get a final answer to the question whether a contribution from
a genuine N* is needed to describe the P;; partial wave of 7N scattering.
Work in this direction is planned for the near future.

Furthermore, we have calculated the low energy parameters (scattering
lengths and volumes) within this model to investigate to what extent our
model is able to describe the threshold behaviour of 7N scattering. The
scattering lengths/volumes are defined by

. sin2ég

o = i e ©
where ¢ denotes the CMS momentum and L the orbital angular momentum.
These low energy parameters compared to the empirical values given in
Ref. [9] are listed in Table I. We find satisfactory agreement between our
model and the empirical data.

TABLE I

The scattering lengths and volumes. Units are m;25+1,
model Koch et al. [9]
S11 0.169 0.173 £ 0.003
Sa1 —0.084 —0.101 £ 0.004
Py —0.083 —0.081 + 0.002
Ps; —0.043 —0.045 £ 0.002
Pis —0.031 —0.030 £ 0.002
P33 0.210 0.214 £ 0.002
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4. Medium Modifications of N interaction

Our microscopic model of correlated 2r—exchange, which contains an
explicit #r scattering amplitude, enables us to calculate the modifications
of the potentials for ’o’— and p—exchange in the medium in a well-defined
way [10].
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Fig. 4 The NN — xx amplitudes in the pseudophysical region: The full line
denotes our vacuum model, the short-dashed line represents medium modifications
due to softening of the pion dispersion relation (for p = pg) and the long—dashed
line represents additional inclusion of the effect of dropping rho meson mass. The
squares denote the values given in [5].

Medium modifications of the wx scattering amplitude arise from the
softening of the pion dispersion relation given by w? = u? + k% + II(k,w),
where II(k,w) is the (density—dependent) pion self-energy [11]. This model
of medium modifications can be extended to include changes of the chiral
vacuum condensate {0|g|0). As was shown in Ref. [12], these changes result
in a linear decrease of vector meson masses with density (meaning that the
p-meson mass appearing in the wr pseudopotential is lowered by about
18%p/po). These medium modifications of the 7n scattering amplitude
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lead to modifications of the amplitudes Im f(oil), which are the input for our

calculation of correlated 2x—exchange (¢f. Egs (2), (3)).

The various medium modifications are shown in Fig. 4, for p = po,
compared to the values of the vacuum f-amplitudes given by the Karlsruhe
analysis [5]. The solid line denotes the result of our model for the vacuum
f-amplitudes, which is in good agreement with the empirical data. In our
first medium-modified model we only take into account the softening of the
pion dispersion relation (short-dashed lines in Fig. 2). In addition, the effect
of dropping rho mass is implemented in the second model (long-dashed lines
in Fig. 2).
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Fig. 5. Medium modifications of the S;;—wave potentials for correlated 2x—exchange
in *N scattering (for p = pp). The description of the curves is the same as in Fig. 4.
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Fig. 6. Medium modifications of * N S—wave phase shifts due to modifications of
correlated 2x-exchange (for p = py). The description of the curves is the same as
in Fig. 4. Empirical data points are taken from [9].
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After calculating the medium-modified # N potentials (1), which are
plotted in Fig. 5, again for p = pg, corresponding medium-modified * N
phase shifts are obtained by iterating V,n in the scattering equation, cf.
Fig. 6. Note that we have now adjusted the free parameters of the model to
reproduce the empirical values of the S—-wave scattering lengths [9] exactly
for our vacuum calculation, because we want to discuss their modifications
in the following.

As one can see from Figs 4-6, there are considerable effects, especially if
the effect of dropping p—mass is implemented. If the p-mass is not dropped,
V() remains essentially unchanged whereas the repulsion in V{,) is increased
due to the accumulation of strength near threshold in Im f_?, (cf. Figs 4,5).
The additional effect of dropping p—mass is drastic: There is an enormous
downshift of strength in both Im f_?_ and Im f] leading to a strong increase

of the (repulsive) Vﬁ;,) as well as the (attractive) Vi:} .

5. The S—wave pion optical potential

The isoscalar S—wave pion-nucleus optical potential, Ug a ), is determined
by the isoscalar S—wave scattering length by, b = /3(2a31 + a11), through
the relationship

UE = —ambo(1+ 22)p, (7)

where wy is the relativistic laboratory energy of the pion and p is the sum
of the neutron and proton densities. However, the Pauli correction is also
important. In fact, it gives the major source of repulsion in the S-wave
pionic atom potential. This term is often taken to be a correction of by, the
net effect being called by

; 3k
Bo = bo — —‘?-(b +2b2), (8)

with by being the isovector S—wave scattering length, b3 = '/3(a3s1—a11), and
kr the Fermi momentum. Using the empirical values of the 7N scattering
lengths [9] one finds bo(p = po) = —0.035 fm and bo(p = l/2;)0) = —0.032fm
, respectively. On the other hand, from an analysis of pionic atom and low
energy pion-nucleus scattering data [13] the empirical value of by turns out

to be: b;mpmcal = —0.046 fm. So there is a considerable lack of repulsion
in these results determined from Eq. (8) compared to the empirical value.
The point now is that the medium-modifications discussed in the previous
chapter change the scattering lengths and thus also bo. Without dropping
the p—mass we find bg(p = po) = —0.069 fm and bo(p = Y2po) = —0.049 fm,
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respectively. If we drop the p-mass in addition, we get bo(p = po) =
—0.059 fm and bo(p = Y/2p0) = —0.086 fm, respectively.

Not surprisingly, the shift depends on the density as well as on the model
used. Nevertheless, as a common feature, we have an even more repulsive
bo than the phenomenological analysis requires. A precise agreement should
not have been expected however. First of all, additional modifications, e.g.
in the meson-baryon form factors, cannot be ruled out. Second, the amount
of dropping the p—mass is surely subject to a considerable uncertainty. It
should be noted in this context that experiments to check the hypothesis
of the dropping rho mass in the medium are in preparation [14]. In these
experiments the dilepton decay of p mesons produced in relativistic heavy
ion collisions will be investigated.

6. Summary

We have presented a meson-exchange model of the 7V interaction. It
consists, apart from conventional direct and exchange nucleon and delta
pole diagrams, of correlated 2r—exchange processes, which replace the (to
a large extent) fictitious sharp mass o— and p-exchange contributions used
before. The model provides a quantitative description of 7 N scattering data
in the elastic region. Furthermore, it allows a well-defined investigation of
medium effects. Corresponding modifications lead to an additional source
of repulsion in the pion optical potential, apparently required for a precise
understanding of pionic atom and pion—nucleus scattering data.
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