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Abstract. We treat the propagation of a nucleon in nuclear matter by evaluating the ensemble average of the
two-point function of the nucleon currents in the framework of chiral effective field theory. We first derive the
effective parameters of the nucleon to one loop. The resulting formula for the effective mass has been known
since before and gives an absurd value at normal nuclear density. We then modify it following Weinberg’s
method for the two-nucleon system in the effective theory. Our results for the effective mass and the width
of the nucleon are compared with those in the literature.
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1 Introduction

Chiral perturbation theory is the effective theory of the
strong interactions, based only on the approximate chiral
symmetry of the QCD Lagrangian and on the assump-
tion of spontaneous breaking. While this theory is emi-
nently successful in dealing with pionic processes [1-3],
and also, to a great extent, with those of pions and a sin-
gle nucleon [4], its direct application to processes involv-
ing two or more nucleons is problematic (for a recent re-
view, see [5]; see also an earlier review in [6]). As first
pointed out by Weinberg [7,8], the contribution of the
graphs for such processes grow with increasing number of
loops, in gross violation to the power counting rule. This
failure of power counting is, of course, only to be expected,
as precisely the sum over such (an infinite number of)
loop graphs would give rise to bound states such as the
deuteron and the virtual bound state in the two-nucleon
system.

A better analysis of the graphs can be made in the old
fashioned perturbation theory [7, 8]. Here it is the loop di-
agrams containing one or more pure-nucleon intermediate
states that lead to a divergence of the perturbation ex-
pansion, while those with intermediate states containing
at least one pion obey the power counting rule. Accord-
ingly Weinberg [7, 8] proposes to construct first the effect-
ive potential from those connected graphs of the T-matrix
that do not contain any pure-nucleon intermediate state.
Then the graphs with pure-nucleon intermediate states are
summed over by the Lippmann—Schwinger integral equa-
tion for the T-matrix with this effective potential.
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In this work we apply this procedure to find the effect-
ive mass of the nucleon in nuclear matter. The one-loop
formula has long been known [9], giving the mass-shift as
the nucleon number density times a constant, depending
on the parameters of the effective Lagrangian to leading
order. When expressed in terms of NN scattering lengths,
this constant, and hence the mass-shift, becomes too large
to be acceptable.

What goes wrong with the one-loop result is clearly
the approximation of the appropriate NN scattering am-
plitude that is present in the formula by merely the
s-wave scattering lengths. To improve this amplitude
within the effective theory, the Weinberg analysis sug-
gests that we regard the constant NN amplitude as
the effective potential to leading order and solve the
Lippmann—Schwinger equation for the complete ampli-
tude. Replacing the constant amplitude in the one-loop
formula by this solution, we get a greatly reduced value
for the effective nucleon mass. We also find the effect of
including phenomenologically the effective ranges in the
formula [10,11].

We first derive in some detail the old result for the ef-
fective mass of the nucleon, using the real time formulation
of field theory in matter (for a review, see [12]). We be-
gin with the ensemble average of the two-point function
of the nucleon currents [13, 14]. It is evaluated to one loop
with vertices from the effective Lagrangian [7, 8], using the
method of external fields [2,3]. The pole term of the nu-
cleon immediately gives the effective mass to leading order
in the usual power counting. (We also get the residue at
the pole, but it contains an unknown coupling constant.)
The constant scattering amplitude contained in it is then
improved upon as described above.
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In Sect.2 we obtain the pieces of the effective La-
grangian that will be needed in evaluating the one-loop
graphs. We use the Dirac, rather than the Pauli, spinor for
the nucleon. The advantage of this relativistic treatment is
a clear separation of the vacuum and the density depen-
dent parts of the nucleon propagator, the latter part con-
taining the on-shell delta-function. In Sect. 3 we evaluate
the graphs to obtain the leading terms for the effective pa-
rameters of the nucleon in nuclear matter. We modify the
mass-shift formula in Sect. 4. Finally, Sect. 5 includes some
comments on our work. In Appendix A we describe the dis-
persion integral method to obtain the density dependent
contributions from the one-loop graphs. Appendix B gives
the result of the partial wave expansion of the spin aver-
aged N N scattering amplitude in the forward direction.

2 Chiral Lagrangian

We study the propagation of the nucleon in nuclear matter
by analysing the two-point function of the nucleon current
n(x) [13, 14], built out of three quark fields so as to have the
quantum numbers of the nucleon. In this work we do not
need to spell out the form of this current; it suffices only to
note its transformation under the chiral symmetry group
SU(2)r x SU(2)L,

gr €SU(2)r, gL €SUQ2)L,

1)

where the subscripts R and L on 7 denote its right- and the
left-handed components, ng,1, = 3 (1 £75)7.

To get the low energy structure of vertices with the nu-
cleon current in the effective theory, we couple it to an
external (spinor) field f(z), thereby extending the original
QCD Lagrangian Eg))CD to

MR — 9RMNR, "L — GLNL

0 .
Lqcp = £§QéD+f77+77f- (2)
Writing in terms of R and L components,
fn=froL+ fuir

we see that such a term is chirally invariant if the external
fields f(x)g,1, transform oppositely to n(z)gr,r,

fL—9rfL. (3)

The transformation rules for the pion and the nucleon
fields are known [2, 3,15, 16]. One can define three different
quantities involving the pion triplet, namely U, u (u? = U)
and u,, = iu'(8,u)ul, transforming as

fR — 9LfR »

U — grUg},,
u — gruh’ = hug}: ,
u,, — hu,ht, (4)

where h is an element of the unbroken subgroup, h €
SU(2)y. The nucleon field ¢ (x) transforms according to
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the isospin 1 representation of SU(2)y,

Y= h.

We can now construct the effective Lagrangian for the
nucleon—nucleon system including pions in the presence of
the external field f. Its terms may be put into three groups,

Log =Ly + £¢4 +Ly, (5)

which we now write down one by one. Ly is given by the
familiar terms,

2
Ly = %@U@MUT +P(i —m)y + %gAvasw- (6)

Here g4 is the constant (g4 = 1.26) appearing in the neu-
tron beta decay. We choose the explicit representation
U = exp(i¢p*7®/F,), where ¢* are the hermitian pion fields
(a=1,2,3), 7%, the Pauli matrices and Fy, the pion decay
constant (Fr = 93 MeV). In the following we do not need
vertices with pion fields only.

The piece L£,4, giving the leading quartic interaction of
nucleons, has been written by Weinberg as [7, 8],

C
Lys=—2(NTN)? - TT(NTUN)Q +...

)

where Cs and Cr are constants, and N(z) is the Pauli
spinor (and isospinor) for the nucleon and ‘...’ refers to
terms with two and more derivatives. As we intend to work
with the Dirac spinor ¢ (z), we rewrite it as

L=~ Z (B0} - T o)+
@

In the piece L¢, dependent on the external field, we need
two couplings, namely, ones that are linear and cubic in ¢,

[,f = L‘fib + 'wa?’ .

Using the above transformation rules, the piece linear in v
may be written as

Ly =Aufr)v + N (uf fL) +h.c.

= 2 F sl + 3 Ft s he, (9

where invariance under parity requires A = \'. Following
the construction of £,,4, we write the other piece as

Aqg - _
Lys = 701 +0)¢F (L +70)9

Ap - _
+TT1/J(1+70)W5W(1 +70)7v5¢ +he. (9)

Two other possible non-derivative terms involving 7 do not
appear here for the same reason as they did not in (6),
namely that the anticommutativity of the nucleon field
allows each of these terms to be written as linear combi-
nations of the two terms written above. Clearly here also
there are terms with two or more derivatives on the nu-
cleon field.
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3 One-loop formula

We start with the ensemble average of the two-point func-
tion of the nucleon currents in symmetric nuclear matter,

zuwzi/d%ewwmmmmm (10)

where for any operator O, (O) = Tr[pO]/Trp, p=
e AH-uN) ' H being the Hamiltonian of the system, (3 the
inverse temperature, and N the nucleon number operator
with chemical potential p. In general, we deal here with
functions of two variables, namely gy = E and |q].

In the real time version of quantum field theory in
a medium, the two-point function assumes the form of
a 2 x 2 matrix. But the dynamics is given essentially by
a single analytic function, which is determined by the
11-component itself. Denoting the 11-component of the
matrix amplitude by F11(E, q), the corresponding analytic
function F(F,q) has the spectral representation in E at
fixed q (for a review, see [12]),

1 / coth(B(E' — 1) /2) Im Fy; (E', q)

F(E.q) =~ dE'
(B,a) = E—E—iE' ’

(11)

where the integral runs over the cuts of F11(F, q).

The simplest example of a two-point function in a nu-
clear medium is, of course, the free nucleon propagator. Its
11-component is given by [17]!

%amuzfﬁwmwwwwwn
o —

p2—m?2+ie
—{n7(Wp)8(po) + 1" (wp)8(—po) }

x 27m8(p? — m2)} : (12)

where the nT are the distribution functions for the nu-
cleons and antinucleons, n¥ (w,) = {e®“r¥) £ 1}71 with
wp = /M2 + p2. The corresponding analytic function S(p),
as given by (11), is

S(p) = —(ﬁ+m)ma

which is independent of nF and identical to the free propa-
gator in vacuum.

In the following we shall work in the limit of zero tem-
perature, when the distribution functions become n~ —

1 Going over to the non-relativistic limit and omitting an an-
tiparticle contribution, it reduces to the more familiar form [18]

0(pr —p)
po — wp — i€’

0(p—pr)
_S —
11(p) Po—wp +ie

where the vacuum and the medium contributions are mixed up.
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6(u— wp) and n™ — 0. Then the nucleon number density, 72
is given by

_ d’p 2p%
n_4/ (27T)39(:u’_wp) - 3?7

where pp is the Fermi momentum, related to the chem-
ical potential p by pu? = m? + p%. We want to calculate the
density dependent part of I7(q) in the low energy region
to first order in . To this end, we draw all the Feynman
graphs with one loop containing a nucleon line. In addition
to the single nucleon line forming a loop, we include also
the loop containing an additional pion line to account for
the singularities with the lowest threshold. They are de-
picted in Fig. 1 along with the free propagator of graph (a).

Before we work out the graphs, it is possible to simplify
the piece L;,3 in the Lagrangian, needed for the vertices
in graphs (c¢) and (d) of Fig. 1. As two of the nucleon fields
are contracted at the vertex itself, we can do so already in
Ly 3 and retain only the density dependent part in the con-
traction. Thus, referring to (2), we get from (8) and (9) the
complete expression for 7 to leading order in the effective
theory as follows:

im-

772)\{1‘*‘ 2FT’)’5+C7_L(1+’)’0)}¢,

3
= —(Ag—Ar). 13
¢= o (As— Ar) (13)
We shall work at q = 0, when the free propagation graph (a)
takes the form
)\2

I(E) ) =XS(E) = 71(1 +70) s

- 14
E—m-+ie2 (14)

in the vicinity of the nucleon pole. We now calculate the
corrections to it produced by the rest of the graphs.
To evaluate the self-energy diagram (b), we rewrite the
four-nucleon interaction term given by (6) conveniently as
1 o _
Lys=—5 D CilhplEp(Yavn)(Yoyp),  (15)
i=S,T

where I'S = (1 +7p) and I'" = (1 +70)77s. Then the two-
point function for this diagram is given by

II(E) ) = —A*S(E)oS(E). (16)

Here the self-energy o is a constant given by

i d*p
=1 26 o

i=S,T
X {—2tr(S(p)11Fi)Fi+F15(p)111ﬂ}a
(17)

where the tr(ace) is over the y-matrices. On inserting the
density dependent part of S1; from (12), o can immedi-
ately be evaluated to give

32 1 1
H(E)(b) = _T(OS - CT)T_Li—(l +’)’0) .

(E—m)’2 (18
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(a) (b)
(c) (d)
\W—m

(e)

\VAVAVAY/ / \VAVAVAW/ N aVAVAY N AV AU/

() (8) Fig. 1. Free propagator and
one-loop Feynman graphs for
the two-point function in the

B low energy region. The wavy

BN line represents the nucleon

/ | current, while the continu-

N aVaVaV U a VA VA VA ous and the dashed internal
lines are for nucleon and pion

(h) propagation

Note the absence of a simple pole in this contribution. where
From the constant vertex graphs (c) and (d), we get 5
* ga _
1 A :)\{1—< _2<)n} (22)
() c)4(a) = —4N*CR S(14+7%). (19 8m Iz ’
EF—-—m?2 2
~ - ~ c=mt 2 (cs—cort A \n 23
Graph (e) has the two-particle (7 and N) intermediate m-=m+ g\Cs—br + a2 )" (23)
T

state. It is evaluated in detail in Appendix A. As expected,
it does not give rise to a pole at ' = m. Following similar
steps, we get the contributions of the remaining graphs as
follows:

3X2gan 1 1

H(E)w)+@) = g0 2 Fomg L T+ (20)
3N%3n 1 1
I(E)m) =— 16F2 (E_m)2§(1+’)’0)+...,
(21)

where the ellipsis denotes non-pole terms. Again observe
that graph (h) does not give rise to a simple pole.

Collecting the results for the simple and the double
poles at E =m, we find the vacuum pole (14) to be modi-
fied in a nuclear medium to

A*2 1
]
E—m*—!—ieQ( +0),

The constant (Cs — Cr) can directly be related to experi-
ment, but no such relation appears to exist for . As is
known already [9], and as we shall also see below, the for-
mula for m* is unacceptable at normal nuclear density.

4 Modified formula

If we note that the nucleon mass-shift formula (23) is given
by graphs (b) and (h) of Fig. 1 and recall the presence of
the mass-shell delta-function in the density dependent part
of the nucleon propagator (12), it is easy to guess that the
coefficient of 72 in this formula must be related to some on-
shell NN scattering amplitude at threshold. To obtain the
actual relation, we evaluate the scattering amplitude in the
same chiral Lagrangian framework as that in Sect. 2. In the
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tree approximation the contributing Feynman graphs are
shown in Fig. 2.

We choose to calculate the spin averaged amplitude in
the forward direction,

M(plapz — p1,D2)

1
=1 > M(p1,015p2,02 — p1,015p2,02)

01,02

The propagating nucleon, say, a proton, may scatter with
a proton or a neutron in the medium. Thus, the isospin
structure of M in a symmetric medium must be given by

M= Mpp—wz’ + Mpn—wn .

With this spin and isospin structure, the amplitude M as
calculated from the graphs of Fig. 2 is (Q = p2 — p1),

M=3 3 Ot +m)Ti +m)
i=S,T

20 Ty (py +m) -t Ty (o +m)}

+3 <g—A>2tr(ﬁ1+m)@75

2F;
X (P2 +m)@s/ (Q* —m2)
2
= —6m2{(Cs - Cr) (Br +TZZ§§?2 tm) + 49?’47%} ;
(24)

E; and E5 being the energies of the two nucleons. (Graph (b)
in Fig. 2 does not contribute to M.) Thus, at threshold M
involves the same combination of constants as those in (23)
for m*.

As shown in Appendix B, the amplitude M at thresh-
old can be expressed in terms of the s-wave spin-singlet and
-triplet scattering lengths a; and as, so one gets

* T 7 25
m —m—%(al—kag)n. (25)
With their experimental values as quoted in the appendix
and at normal nuclear density (pp = 1.36 fm™1), it gives
m* —m = —620 MeV [9], which is unacceptably large.

To look for the source of the problem, it is suggestive to

rewrite (23) and (25) as

. 1 [PF d3p 3 94
" ‘m“E/o <2w>32m{‘6m (CS‘(’“E)}

1 [PF d3p
= — {12 .
m J, (27r)32m{ mm(ar+a3)}

ps P P3 p4/

(26)
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At this point we recall Weinberg’s method for the two-
nucleon amplitude. The constants in the curly brackets in
the integrands above represent the scattering amplitude in
terms of the s-wave scattering lengths. Clearly this approx-
imation is too bad in the low energy region, as it does not
reproduce the nearby poles due to the bound and virtual
states. But we can treat these constants as effective poten-
tials (to lowest order) and solve the Lippmann—Schwinger
equation with it to get a better representation of the par-
tial wave amplitudes. As Weinberg himself shows [7, 8], the
solution in this case turns out to be the unitarised version
of the potential. Accordingly we replace the constants by
the corresponding momentum dependent amplitudes satis-
fying (elastic) unitarity,

1
o (O = (-5 ) L i3 e

a;

Here k is the centre-of-mass momentum, to be distin-
guished from p, which is the momentum of the in-medium
nucleons in the rest frame of the nucleon under considera-
tion, the two being related by k? = m(y/m?2 +p? —m)/2.

An even better approximation of the scattering ampli-
tude is the effective range approximation that would result
from including derivative terms in the effective theory [10,
11]. The corresponding replacement would read

1 1 -t
—ai—>fi(2)(k):(—;+—rik2—ikz> , i=1,3,

2
(28)

where 71 3 are the effective ranges in the spin-singlet and
-triplet s-waves. Without trying to relate the effective
ranges to the coupling constants of the higher order terms
in the effective Lagrangian, we shall take their values as
well as those of the scattering lengths from experiment.

We thus get both the real and the imaginary parts of the
pole position:

PR 3
éng{mkwg(k)},

S| 6T
m ——-y=m-—
2 m Jo

(29)
where f;(k) stands for fi(l)(k) or fl@)(k), according to
our choice of the replacement (27) or (28). The width ~
is to be interpreted as the damping rate of excitations
with the quantum numbers of the nucleon. The numeri-
cal evaluation of (29) is shown in Figs. 3 and 4. In nor-
mal nuclear matter, we get Am =m* —m = —33 MeV and
~v/2 =110 MeV, with amplitudes in the effective range ap-
proximation (solid curves in Figs. 3 and 4).

D3 2

Fig. 2. Nucleon—nucleon
scattering amplitude in the
tree approximation
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the same amplitudes as in Fig. 3
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Our results may be compared with those in the liter-
ature. There have been a number of calculations of the
nucleon spectral function in terms of the (off-shell) NN
scattering amplitude evaluated with the available NN po-
tentials. We pick out from these works the real and the
imaginary parts of the on-shell nucleon self-energy in nor-
mal nuclear matter at zero 3-momentum. Thus, Baldo
et al. [19] give Am = —55MeV, v/2 =63 MeV (as repro-
duced in [22]). Benhar et al. [20] give Am = —68 MeV,
v/2 =16 MeV. Jong et al. [21] give Am = —65 MeV, v/2 =
25 MeV. Also, a phenomenological determination of the
width in terms of the differential cross-section for NN scat-
tering gives /2 > 25MeV [22]. Finally, we compare with
a calculation by us [23] based on the virial formula for
the nucleon pole position, which gives Am = —37 MeV,
v/2=112MeV.
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5 Discussion

The spectral function of a nucleon in nuclear matter de-
pends on the interaction in a two-nucleon system. To treat
this interaction in the framework of effective chiral field
theory [7, 8], one has to derive first the effective potential
from the effective Lagrangian, and then solve the dynami-
cal equation with this potential. In this way one can restore
the otherwise invalid power counting rule and accommo-
date at the same time the singularities of the scattering
amplitude in the low energy region.

The failure of the earlier calculation of the effective nu-
cleon mass [9] may now be understood in this framework
as due to the representation of the two-nucleon scatter-
ing amplitude by the (leading term of the) effective po-
tential itself. In this work we proceed to carry out the
next dynamical step, replacing the potential by the uni-
tarised scattering amplitude. By including the effective
range terms in the s-wave amplitudes, we actually in-
clude the next-to-leading order terms also in the effective
potential.

It will be noted that our mass-shift and width formulae
do not involve any Pauli blocking effect, our improved scat-
tering amplitude still being in vacuum and not in medium.
An estimate of this effect can be made from the work
of [24], where one finds a change of about 20% in the value
of the potential energy per nucleon in nuclear matter, when
the Pauli projection operators are withheld from the calcu-
lation. Incidentally, the phenomenological formula for the
width in [22] involves the differential cross-section in vac-
uum, the Pauli blocking factors appearing only for the final
nucleons. Such factors, however, do not appear in our for-
mula, as it depends on the forward scattering amplitude,
where the final particles occupy the states vacated by the
initial ones.

The formula (29) bears a close resemblance to the one
obtained from the virial expansion of the self-energy of
the nucleon to first order [25]. In the virial formula, it
is the full (spin averaged) forward amplitude that ap-
pears in the integral, which was evaluated in [23] using
the phase shift analysis of the experimental data on NN
scattering of [26], while the integral here includes only
the part of this amplitude corresponding to s-waves in
the effective range approximation. But in the low energy
region over which the integrals are evaluated, this ap-
proximation for the s-waves agrees well with the phase
shift analysis. Further, the higher partial waves con-
tribute negligibly to the virial formula. We thus expect
close agreement of the present results with those from
the virial formula, as stated at the end of the previous
section.

Appendix A

Here we describe the method to evaluate the density de-
pendent part of the amplitude for the one-loop graphs. In
this method we calculate the imaginary part of the Feyn-
man amplitude and construct its real part by a dispersion
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integral over it. Since we exclude the vacuum contribu-
tion and consider only the density dependent part, no
subtraction is necessary for these integrals. The same re-
sult can be obtained in a simpler way by retaining only
the density dependent part of the nucleon propagator
in the amplitude and using the mass-shell delta-function
in it to integrate out the energy component of the 4-
momentum. But the dispersion method is more transpar-
ent in that it shows the cut structures where the contribu-
tions come from.

We now evaluate graph (e) of Fig. 1 in some detail,
it being the prototype of all other graphs. It has the
amplitude

32

H(Q)(e) = Y]

I'(q), (A1)

where
: 4 . iqx 1 1
F(Q)ll =1 d xe TD(.%)11’Y5;S($)11’Y5 . (A2)

Due to the presence of 6(+pg) in (12) for S(p)11, it is
not convenient to transform the amplitude in momentum
space. Instead, we integrate out the py variable in S(z)11
itself, getting

1 d3p

5= [ G,
G070 5 mn o))
—{(+m)n"e P+ (p—m)(1 —n)e*}0(—x0)] ,
Po=Wwp . (A?))

The analogous expression for the pion propagator is

3
%D(:r)n:/@gi?’];%[{(l—kn)eikw—kne””}@(xo)

+{ne * + (1 +n)e' }0(—z0)] ,
ko = Wk (A4)
where n is the pion distribution function, n = (e®“s —1)71,
wi = y/m2 + k2. Though n™ (w,) and n(wy) are zero for the
medium we are interested in, we retain them at this stage
for generality and symmetry.

With these expressions for the propagators, we may
carry out both the 2° and x integrations in (A.2) giving the
energy denominator and the 3-momentum delta-function,
respectively. The imaginary part may now be read off and
put in the form

Im I(g)1y = 7 tanh(B(qo — 1)/2) ImI(q),  (A5)
where
d3p d3k
mI'(g) = = / (27)32w, / G P ™
x{(1-n~ —|—n)5(4) (g—p—k)
+ (" +n)sP(g—p+k)}. (A.6)
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Here the first term corresponds to n — 7N and the second
one to n+m — N, giving rise respectively to the discon-
tinuity across the unitary and the ‘short’ cuts [27]. With
go = E and for q =0, at which we work, these cuts ex-
tend in the E-planeover E>m+m,; and 0 < E <m—m.
Note the opposite sign before n~ in the two terms.

The complete result for Im I" has also another piece,
given by

d3p d3k
- / (27)32w, / G2 ™)
x{1=nT4+n)d® (g+p+k)+ (nt+n)s@B(g+p—k)},

which is non-zero for £ < 0 only and has no term propor-
tional to n~. Clearly this observation does not depend on
the structure of the vertices in the loop diagrams. We thus
have the general result that there is no spectral function to
one loop for F < 0 in a medium with nucleons only.

The 3-momentum integrations in (A.6) can be carried
out immediately so that we get

Im [(E) = i% :
£E) = Y2 (@), (AT)

where w = (E%2 +m? —m2)/2E is the energy of the nu-
cleon, wy, as restricted by the delta-functions. The =+ signs
correspond to the unitary and the short cuts, respectively.
Inserting this result in (11), we get the spectral representa-
tion for I'(E),

dE'f(E")

ro- [ wEen),  wE-s

E(E —E)
(A.8)

The range of the second integral can be mapped onto
that of the first one by the inverse transformation £’ —
(m? —m?2)/E’'. Noting that w and hence f(FE) is form in-
variant under this transformation, we have

F(E):/+ -

X (E’l—E_ (m2—m;)/E’—E>' (A.9)

F(E")

Once we are on the unitary cut, the kinematics is deter-
mined by the first d-function in (A.6). For g = 0, it gives

E':\/m2—|—p2—|—\/m3r—|—p2, (A.10)
so that E’ and p are the total energy and the 3-momentum
in the centre-of-mass frame of the intermediate 7N system.
The distribution function restricts the upper limit of the
integral to the energy given by (A.10) with p replaced by
the Fermi momentum pr. Now setting m, =0, (A.9) gives
I to leading order as
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1 /”F dpp®
w2 )y (E—m)?2—p?

which is finite at £ = m.

I'(E) = (1=7), (A1)

Appendix B

The result (24) corresponds to s-wave amplitudes. To get
the exact combination of these amplitudes, we recall the
partial wave analysis of M. Following the usual convention,
we write it in the centre-of-mass system as

M:&rW(gf(l_l)(k)—i— %f“—@(k)), (B.1)

where W and k are the total energy and momentum in the
c.m. frame. Each of the isospin amplitudes above has the
partial wave expansion [28]

FOm) =23 S @i+ VA H).

Jrsl

(B.2)

Here the factor 2 is due to the identity of the scattering par-
ticles. The total angular momentum j is obtained by coup-
ling the total spin and orbital angular momenta s and [. In
general, f17% is a 2 x 2 matrix in [ space, whose diagonal
elements enter the sum in (26). The quantum numbers of
the partial wave amplitudes are governed by the antisym-
metry of the total wave function,

(1) () () = 1
Thus, in the s-wave approximation, (25) reduces to

threshold

M = 6aW{fi(k)+ fs(k)} ——— —127rm(a; +a3),

(B.3)

where f1 3 are the spin-singlet and -triplet s-wave ampli-
tudes and a3 the corresponding scattering lengths. Ex-
perimentally a; = —23.74fm and ag = 5.31fm [29]. We
also need the experimental values for the effective ranges,
r1 =2.7fm and r3 = 1.70 fm [29].
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