Hadrons and Nuclei
EP].org

your physics journal

Eur. Phys. J. A (2016) 52: 358 DOI 10.1140/epja/i2016-16358-8

Three-body scattering problem in the fixed cen-
ter approximation: The case of attraction

Alexander E. Kudryavtsev, Vakhid A. Gani and Alexander I. Romanov

N Springer




Eur. Phys. J. A (2016) 52: 358
DOI 10.1140/epja/i2016-16358-8

THE EUROPEAN
PHYSICAL JOURNAL A

Regular Article — Theoretical Physics

Three-body scattering problem in the fixed center approximation:

The case of attraction

Alexander E. Kudryavtsev!'»®, Vakhid A. Gani®»?® and Alexander I. Romanov?°

! National Research Center Kurchatov Institute, Institute for Theoretical and Experimental Physics, 117218 Moscow, Russia
2 National Research Nuclear University MEPhI (Moscow Engineering Physics Institute), 115409 Moscow, Russia

Received: 11 September 2016 / Revised: 27 October 2016
Published online: 12 December 2016 — © Societa Italiana di Fisica / Springer-Verlag 2016

Communicated by A. Ramos

Abstract. We study the scattering of a light particle on a bound pair of heavy particles (e.g., the deuteron)
within the fixed center approximation in the case of light-heavy attraction, solving the integral equation
for the three-body Green’s function both in the coordinate and in the momentum space. The results for
the three-body scattering amplitude appear to be ambiguous —they depend on a single real parameter.
This parameter may be fixed by a three-body input, e.g., the three-body scattering length. We also solve
the integral equation for the three-body Green function in the momentum space, introducing a finite cut-
off. We show that all three approaches are equivalent. We also discuss how our approach to the problem
matches with the introduction of three-body contact interaction as done by other authors.

1 Introduction

The three-body problem in quantum mechanics and quan-
tum field theory has recently been extensively discussed,
in particular, in relation to weakly bound states of three
particles —the trimers [1, 2]. Various approaches giving
rise to the three-body problem have been used to study,
e.g., some of the highly excited states in charmonium [3-6]
and bottomonium [7] spectra, see also review [8] and ref-
erences therein. For example, the resonance X (3872) is
often considered as a weakly bound DD* state [9-12]. A
more long-studied system where one also needs to describe
three-particle dynamics is the lightest hadronic atoms,
in particular, pionic deuterium [13-15] and kaonic deu-
terium [16], see also review [17].

The three-particle dynamics can be treated by the Fad-
deev equations that give the exact answer for the three-
particle scattering amplitude. However, one in general has
to know the full two-body t-matrix t(p, p’; ) in order to
solve the Faddeev equations. Such information is not avail-
able for many systems: one has to use approximations. The
above examples all share a common feature, namely, one of
the particles being light compared to the other two that
form a bound state. The dynamics of such systems can
be studied within the fixed center approximation (FCA),
which treats the two heavy particles as infinitely heavy.
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This approach has been applied to such systems as pK K,
nKK, KNN and so on, see, e.g., [18-23].

Another approximation often used to solve the three-
body problem is the Skornyakov-Ter-Martirosyan (STM)
equation [24]. This equation uses only two-body inputs,
namely, the two-particle scattering length. It is clear, how-
ever, that in order to describe three-particle dynamics
such as the (low-energy) scattering phases and the three-
particle bound states one needs to complement this in-
formation by three-body inputs, e.g., the three-particle
scattering length.

The standard approach to solve the STM equation is to
introduce ultraviolet cut-off with the cut-off parameter A
in the integral equation in the momentum space [25]. The
dependence of the three-particle scattering length az on A
is eliminated by adding a contact three-particle interaction
with the A-dependent strength H (A). The functional form
of the latter is chosen such as to make a3 independent
of A. However, a new parameter A* emerges, such that
az = az(A*) and H = H(A, A*).

In this article we discuss the details of the dependence
of the three-particle scattering length a3 on A, using an ex-
actly solvable model as an example. This model considers
scattering in the three-particle system of a light particle
(the m-meson, having the mass m,) interacting with two
heavy particles (the nucleons, having the mass my) that
form a bound state (the deuteron). Within the fixed cen-
ter approximation, we find an exact analytic solution for
a3 in this system, and clarify the nature of the cyclic de-
pendence of az on A. We also discuss the relation of our
solution to the results of [25].
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Our paper is organized as follows. In sect. 2 we write
out and solve the FCA equation in the coordinate space.
In sect. 3 we solve the FCA equation in the momentum
space and demonstrate that the two solutions coincide. In
sect. 4 we introduce the cut-off parameter A and show that
the absence of a definite limit of the resulting solution at
A — +00 is connected with the ambiguity of the solution
of the problem without the cut-off. The parameter A can
be viewed as a physical parameter, and the three-particle
scattering length a3 depends on A. We conclude with a
discussion of the results in sect. 5. Selected technical de-
tails are presented in the appendices.

2 Fixed Center Approximation in the
coordinate space

The multiple scattering series (MSS) plays an important
role in the description of interactions of mesons with nu-
clei. The expression for the sum of all terms that corre-
spond to the rescattering of a meson on a pair of fixed
nucleons was obtained by Foldy in 1945 [26]. This result
was applied to wd-scattering by Briickner in 1953 [27,28].
According to Briickner, the wd-scattering amplitude is the
FCA amplitude weighted with the deuteron wave function

fi+ fo+ Q%Bikr
Foa= [ oarpP 2 A O

Here f; and f; are the amplitudes of the pion scat-
tering on the first and the second nucleon, respectively,
and 14(r) is the deuteron wave function, normalized by
[ [¥a(r)|?dr = 1. Equation (1) can also be obtained by
summing up the multiple scattering Feynman graphs [29].
More recently the MSS terms have been discussed in the
context of the effective field theory (EFT) approach to
pion-nucleus scattering, starting from the first EFT cal-
culation of md-scattering made by Weinberg [30]. Various
aspects of MSS related to the EFT formalism have been
studied in the next twenty years, see, e.g., [31-35]. In par-
ticular, ref. [36] showed in the framework of the EFT that
the divergences of individual MSS terms cancel each other.

Here we work with the expression given by (1), concen-
trating on the case of pion-nucleon attraction. We assume
f1 = fo = a. This results in the following expression for
the scattering amplitude at zero energy (i.e., the scatter-
ing length):

as = F®) () + FO(a), (2)

where F(%)(a) = 2a/(1+£/2) is the single scattering con-
tribution, @ = a(1 + £), &€ = my/my, and FM)(a) is the
sum of all multiple scattering terms. Note that only the
rescaled scattering length a = a(1 + &) enters the expres-
sions from this point on, and we omit the bar for conve-
nience. The coordinate space expression for F(M)(a) reads
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In the case of pion-nucleon attraction, a > 0, the integral
in eq. (3) is divergent. As we will demonstrate, the inte-
gration kernel i in this case should be replaced by the
operator

A(r):p.V.i—i—B-é(r—a), (4)

where p.V. stands for the principal value of the integral,
and B is a dimensionless parameter undetermined by the
equations that needs to be fixed from experiment. This
gives

2a?

F() = 37 £/2

/ AW [pa() e, (5)

We conclude that for a given a > 0 the three-particle scat-
tering length a3 is ambiguous; it depends on the arbitrary
constant B. Knowing as one can determine B and in this
way predict the energy dependence of the three-particle
s-wave scattering phase.

3 Fixed Center Approximation in the
momentum space

Considering the Feynman graphs it is easy to obtain the
n-tuple rescattering amplitudes £ (a) within the FCA
(see, e.g., [27,28]):

f(")(a):/‘(p;gg)ﬂm( : ’)f;i’;;)d dp', n=2,3,...,
(6)

where ¢ (p) is the deuteron wave function in the momen-
tum space, normalized by [ |¢4(p)[*dp = (27)?, and

2a2 47
2 (p,p) = :
.7) 14+&/2(p—p')?
2a3 ds 4 4
2(3) y = / )
PP)=13¢7m | Grp - 92 (s - p)?

2a* dsdt 4r 47 4
@) N — /
PP en ] - - tP P
(7)
and so on. Taking into account only the leading s-wave

part of the deuteron wave function, we can integrate over
the angles in (6), obtaining

£(a)

T 11¢)/2

+oo
X / pea(p) - mln(p,p’) - pa(p’)p'dpdp’,
0

a3 )2 [t
1) = o o [ peats

e / dS / / /
([ mnlps) minGsp) 5y ) ear )

—~

27r)6

(8)

0
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and so on, where

o) =t (272 Q

The full multi-scattering amplitude F*)(a)
(a) in the momentum space is (see ref. [37])

= ZZ?E )

F(M)( ) =

14¢/2 (2m)°

+oo
X/ poa(p)-R(p,p')-pa(p’)p'dpdp’, (10)
0

where the function R(p,p’) is the solution of the following
integral equation:

a [T
/ /
R(p,p') = mln(p,p’) + ﬁ/ mIn(p, s)R(s, p’)ds.
(11)
First, we consider the integral equation (11) with the
infinite upper limit of integration. The corresponding so-
lution is given by the following integral (see appendix A
for the derivation):

Roo(p,p') =
o0 1
47r/ sin prsinp’r (p. V. +]B-6(r—a)> dr. (12)
0 rT—a
The amplitude F(*)(a) is a matrix element of the op-

erator R(p,p’), see eq. (10). From eq. (12) we see that
Roo(p,p’') can be represented as a sum

R (p7 ) Rln(p7 ) + RHom(pap/)a (13)
where the function
, T Sinprsinp'r
Ry(p,p') =4mp. V. ﬁdr (14)
0 _

is a solution of the inhomogeneous equation (11) as can
be checked by substitution. As shown in appendix B, the
function Ry, (p,p’) takes the following form for p > p’:

Rin(p,p') = 2w [cos(aPy) - ci(aPy)—sin(aPy ) - si(—aPy )]
—2m [cos(aP-) - ci(aP-) —sin(aP-) - si(—aP_)], (15)
and for p’ > p:

Rin(p,p') =27 [cos(aPy) - ci(aPy) — sin(aPy) - si(—aPy )]
—2m [cos(a|P_]|) - ci(aP-) + sin(aP-) - si(—a|P_])], (16)

where P, = p+ p/, P~ = p — p/, with ci(z) and
si(z) being the integral cosine and the integral sine, re-
spectively [38]. It follows from egs. (15) and (16) that
Rin(p,p’) = Rm(p',p). The asymptotic expression for
Ri(p,p’) at p > p’ can be obtained from eq. (15) (see
appendix B) and reads

R (0, 0/

) = 472 cos pasinpa. (17)
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The general solution of the homogeneous equation, Ryom
(p,p'), is

Ryuom(p,p’) = 4nBsinapsinap’. (18)
The integral equation (11) in the momentum space yields
the same solution as obtained above in the coordinate
space. Below we compare these results with those obtained
by solving the integral equation introducing a finite cut-off
A, and discuss the A-dependence of the solution.

4 The problem of A-dependence in the
momentum space

The function R (p,p’), defined by (12), is a solution of
the integral equation (11). This equation could be solved
(e.g., numerically) by replacing the infinite upper integra-
tion limit by a finite cut-off A. References [36,37] showed
that the function R.(p,p’) obtained in that way strongly
depends on the value of A, see also [39,40]. There seems
thus to be no way to get a solution of eq. (11) that would
not depend on A asymptotically in the limit of large A.
We will try to solve this problem.

First of all, we have to assume that the solutions of
eq. (11) with and without the cut-off coincide at large A, at
least asymptotically. It means that the solutions Ry, (p,p’)
and Ryom (p, p'), see egs. (15) and (18), fulfill the equation
with the cut-off at large A.

From the analysis of the numerical solution of eq. (11)
with the cut-off one can see [41] that in the limit p > p/,
p < A the function R4 (p,p’) takes the form

Ra(p,p') = A(A) - sin(a(p — A) + ¢o) - sinp'a,

where g does not depend on A. Let us show that the
sum of the functions Ry, (p, p’) and Ryom(p,p’) at p > p/,
p S A is consistent with the asymptotic expression (19).
The asymptotic of this sum is

(19)

R (p,p') = 4n%(cos pa + bsin pa) - sinp'a, (20)

where b = B/. It is convenient to rewrite (20) in the form

2

in ¢

where sing = 1/v1+b% and cos¢ = b/v1+b%>. No-
tice that RS (p,p’) coincides with R4 (p,p’) (19) if ¢ =
a(AE? —A) and A(A) = 472/ sin a(AE? —A). One thus gets

RE)(p,p) =

sin(pa + ¢) - sinp’a, (21)

R (p,p') =
472

— sin[(p+ 4D —
sin a(/lglr) —A)

A)a]sinp'a. (22)

This expression is only valid in the limit p > p/, p < A.
The parameter A in (22) is the critical point near-
est to A, i.e. the point where R,(p,p’) goes to infinity,

see, e.g., [37]. Any two adjacent critical points Agr are
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Fig. 1. Solution of the integral equation (11) with the cut-
off A = 700MeV (solid line) and without the cut-off for b =
0.07 (dashed line, A2 = 1000 MeV). Here p’ = 50MeV, a =
0.005 MeV 1.

separated by approximately the same distance on the A
axis [41], i.e.
AY = AL + AL (i - 1). (23)
A in eq. (22) can be replaced by any Ag), and, in par-
ticular, by Ag).
So we obtained the general solution for R4 (p,p’) in the
asymptotics p>p’, p < A

Rilum(p7p/) = Rln(p7p/) + RHOm(papl)7

where b = B/m is connected with the cut-off A through
the parameter ¢, see above. As we shall see later from the
numerical analysis, this expression is valid for all p,p’ < A,
not only at p > p'.

We thus arrive at a conclusion that the solution
Ru(p,p’) can at arbitrary A be expressed through the sum
of the solutions of the homogeneous and inhomogeneous
main equation (11) with infinite upper integration limit.
This means that the solutions of eq. (11) with the cut-
off A do not bear any new information. One can, in fact,
eliminate the parameter A by substituting

(24)

cota(Al) — A) = b, (25)

where the parameter b is chosen to reproduce the empirical

value of a3, and the nearest critical value A‘(fr) > /A should
be used. This connection between A and b leads to a good
agreement between the solutions for all p,p’ < A, as we
shall see later.

We solved the integral equation (11) with the cut-off
numerically, using a rectangular grid in the (p,s) plane,
while p’ was fixed to p’ = 50 MeV. The grid spacing was
adjusted in order to achieve the desired accuracy (we used
the grid spacing 5 MeV).

Eur. Phys. J. A (2016) 52: 358
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Fig. 2. Solution of the integral equation (11) with the cut-
off A =3800MeV (solid line) and without the cut-off for b =

0.20 (dashed line, AT = 4075 MeV). Here p’ = 50MeV, a =
0.005 MeV 1.
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Fig. 3. Solution of the integral equation (11) with the cut-
off A = 1050MeV (solid line) and without the cut-off for b =
—3.05 (dashed line, A, = 1615MeV). Here p’ = 50 MeV, a =
0.005 MeV 1.

In figs. 1-3 we compare the solutions of eq. (11) ob-
tained with and without the cut-off. Our choice of the
upper integration limit A for the numerical solution is dic-
tated by the positions of the critical values /12;). In par-
ticular, @ = 0.005 MeV ! corresponds to Ag) = 385 MeV,
A2 = 1000 MeV, AD) = 1615 MeV, and so on.

In fig. 1 we show the function R4 (p,p’) for p’ = 50 MeV
and A = 700MeV. The latter value is roughly halfway
between the first and the second critical values of A. The
corresponding parameter b, which is given by eq. (25),
appears to be small (b = 0.07).



Eur. Phys. J. A (2016) 52: 358

Figure 2 demonstrates the oscillating character of the
asymptotic of the solution. In order to do so, we selected
a rather large value of the cut-off, A = 3800 MeV, which is
also roughly at the midpoint between two adjacent critical
values of A.

Furthermore, fig. 3 shows the results corresponding to

A = 1050 MeV, which is close to Ag). In this case the
absolute value of the parameter b appears to be large (b =
—3.05).

Figures 1 and 2 show that the numerical solution of the
integral equation (solid curve) almost coincides with its
analytical solution (dashed curve) if A is far from critical
values. However, the agreement becomes worse if A is close

to a critical value, see fig. 3. This may be a consequence

of the finite accuracy of the numerical extraction of /1( ).

5 Conclusion

We have studied the process of scattering of a light par-
ticle on a pair of heavy particles within the fixed center
approximation. We have shown that the summation of the
multiple scattering series gives the same results both in the
coordinate and in the momentum representation. In the
momentum representation the general solution R(p,p’) of
the integral equation (11) for the Green’s function can be
expressed as a sum of the general solution of the corre-
sponding homogeneous equation and a partial solution of
the inhomogeneous equation. The solution of the homo-
geneous equation is defined up to a constant factor. We
have obtained analytical expressions for a partial solution
of the inhomogeneous equation and for the general solu-
tion of the corresponding homogeneous equation. We have
also obtained an analytical expression for the solution of
the inhomogeneous equation at p > p’ (17).

We have solved the integral equation (11) by introduc-
ing a finite integration cut-off A. We analyzed the corre-
sponding numerical solutions in the limit p > p’, p < A
and identified the dependence (19) of the solution on the
cut-off. This dependence being periodic has been argued
to be a consequence of the ambiguity of the solution of
eq. (11) without the cut-off. Within this approach, we
have obtained a relation between the cut-off A and the
constant b (or B) which is incorporated in the solution
of the homogeneous equation without the cut-off. Apart
from that, in the numerical calculations we observed that
the correspondence between the solutions with and with-
out the cut-off holds for all p,p’ < A, i.e., not only in the
asymptotic limit p > p/'.

The obtained results can be interpreted in the follow-
ing way. The periodic dependence of the solution (19) on
the cut-off A (i.e., the absence of a limit at A — +00)
is connected to the ambiguity of the solution of eq. (11)
with the infinite upper limit of integration. This ambigu-
ity does not allow one to predict the three-body scattering
length az. On the other hand, the single parameter that
each of the solutions depends on —B (or b) without the
cut-off or A with the cut-off— can be fitted to the empiri-
cal value of a3. After adjusting the parameter, the theory
provides a unique answer. The procedure proposed by us
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is in that sense different from that used in, e.g., [25], where
a three-body contact interaction is introduced in order to
eliminate the dependence of a3 on A.

We would also like to briefly comment on the STM
equation. Unlike the STM, the FCA equation is exactly
solvable, however, the solutions of the two equations have
much in common. The solution of the STM equation
with the infinite upper limit of integration is ambiguous
because of the solution of the corresponding homogeneous
equation. After introducing the cut-off A, the same cyclic
dependence of the answer on A appears in the STM equa-
tion, as in the FCA. So we can assume that the solutions
of the STM with the cut-off can be expressed through the
solutions of the STM without the cut-off, and after that,
the free parameter (the cut-off A or another constant if
the equation is solved with the infinite upper integration
limit) should be fixed in order for the theory to reproduce
the empirical value of the three-body scattering length as.
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Appendix A. Solution of the main integral
equation (11) with the infinite upper
integration limit

Let us check that the function (12)
Roo(p,p) =

+oo 1
471'/ sin(pr) sin(p'r) <p. V. — +B-46(r— a)) dr
0 —

is a solution of eq. (11):

/ a e /
R(p.p)) = 7o) + 575 [ #ln(p o) Rls.r/)ds.

Plugging in the first term of the function R (p,p’) into

the integral in eq. (11), we get

+o0 2 +oo (]
/ +ln (W) ds-4rp. V. / sin(sr) sin(p'r)
0 0

p—s r—a

42 /+°° ds 4/+°° sin(pr’) sin(sr’) &

7,/

<.V, /sm sr) sin(p'r) dr —
r—a
p.V./ sin(pr) sin(p'r)
0

o —a) dr. (A1)
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Here we used the following identities:

- <z i’ i)z B 4/0+o<> sin(pr)rsin(sr) dr, (A2)
+oo
2/0 sin(sr’) sin(sr)ds =
“+o0
/0 [cos(s(r —1")) — cos(s(r +r"))]ds =
7[6(r—r") = 8(r+17)]. (A.3)

Then the L.h.s. and the r.h.s. of the integral equation (11)
yield

+oo 3 : /
4Wplvl/ sin(pr) sin(p'r) | _
0

r—a
+oo i : /
47r/ sin(pr) sin(p'r) dr
0 T
+0oo o ; /
+4ma p.V./ sin(pr) sin(p'r) dr, (A.4)
0 r(r—a)
or ) )
S R (A.5)
r—a 1 r(r—a)

This confirms that (12) is a solution of eq. (11).

Appendix B. The particular solution of the
inhomogeneous equation (11), and its
asymptotics

Equation (14) for Ry, (p,p’) can be rewritten with the
help of the integral sine and integral cosine. Substituting
sinprsinp/r by 3 [cos(P_r)—cos(Pyr)], where Py = p+p/,
P_=p—p', we obtain

Mp_v_/*“ﬂn(lﬂsin(fmd_
0 r—a

27 {p V. /+00 coslP-(r — a)] dr - cos(P_a)

r—a
—+oo
blIlP
_pv/

r—a

—27 [p.V. /0+<>C Wdr -cos(Pyra)

—p. V. /O+OO Mdr : sin(P+a)] .

SnlP (" = ] g in(p_a )]

(B.1)

rT—a

Taking into account that
+oo _
p. V. / cos P(r a)]d = —ci(—aP),
r—a

and

(B.3)

r—a

T sin[P(r —a
p.V./O Mdr = —si(—aP),
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we finally get for P_ > 0:
R(p,p’) = 27{ci(aPy ) cos(aPy) — si(—aPy ) sin(aPy)}
—2m{ci(aP-)cos(aP_) — si(—aP_)sin(aP_)}. (B.4)

In the case P_ < 0 the second term in the right-hand side
of the previous equation is replaced by

—2m{ci(—aP-)cos(aP_) + si(—a|P_|)sin(aP-)}. (B.5)

Using the identity —si(—z) = si(x) + m, we finally get for
P_>0:

R(p,p')=
—2m{ci(aP-)cos(aP-) + [si(aP-) + 7| sin(aP-)}.

2m{ci(aPy) cos(aP+) + [si(aPy) + 7] sin(aPy )}
(B.6)

In case of P_ < 0 the second term in the right-hand side
has the form
—27{ci(—aP_) cos(aP-) — [si(a|P-|) + 7] sin(aP-)}.

(B.7)
This yields the correct answer for Ry, (p,p’). To obtain the
asymptotics at p > p’ we rewrite R(p,p’) in the following

form:

R(p,p’) = 2m{ci(aPy} ) cos

(aPy) — ci(aP-)cos(aP-)}
+27{sin(aPy)[r + si(aP4)] — sin(aP_)[r + si(aP

)1}
(B.8)

Here we again used the identity — si(—xz) = si(z) 4+ . The
term in the first curly braces vanishes at p > p’. The term
in the second curly braces turns into

R (p,p') = 272 - (sin(aPy) — sin(aP_)) =

4% cos pasin p'a. (B.9)
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