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Hyperon-nucleon scattering and hyperon masses in the nuclear medium
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We analyze low-energy hyperon-nucleon scattering using an effective field theory in next-to-leading order.
By fitting experimental cross sections for laboratory hyperon momenta below 200 MeV/c and using informa-
tion from the hypertriton we determine 12 contact-interaction coefficients. Based on these we discuss the
low-density expansion of hyperon mass shifts in the nuclear medium.
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I. INTRODUCTION

The binding energy of hyperons in nuclear matter plays
important role in hypernuclei and in the equation of state
neutron stars. The most commonly used approach is that
starts from a two-body hyperon-nucleon potential ba
upon one-boson exchange~OBE! and SU~3!-flavor symme-
try and then computes the binding of hyperons in matte
the Brueckner approximation. It has been shown that un
tainties in the two-body input may lead to large differenc
in the resulting hyperon potentials and in particular in t
binding of the sigma hyperons@1#. Therefore it is appropriate
to see whether other approaches, e.g., a low-density ex
sion based on vacuum scattering amplitudes can provide
ditional insight.

Alternatively, Savage and Wise@2# have analyzed hy-
peron mass shifts in nuclear matter using chiral perturba
theory by expanding in the Fermi momentum. The inter
tions were determined by a chiral Lagrangian with SU(
3SU(3) symmetry; the hyperon mass shifts could be
pressed in terms of six coefficients related to the strengt
the four-baryon contact interactions and the pseudosca
meson couplings to baryons and were computed at the
loop level. However, the unknown values of these six para
eters prevented them from obtaining numerical results for
energy shift at zero momentum.

More recently, applications of effective field theory~EFT!
in nuclear physics have received a renewed interest~for a
review see Refs.@3,4#!. So far, most investigations have be
devoted to the two-nucleon system, which is characteri
by anomalously large scattering lengths. The existence
quasibound states introduces an additional scale in the p
lem, complicating the power counting required in EFT.
remedy was recently proposed@5–8# in the form of a selec-
tive resummation. The leading-order amplitude of this a
proach reproduces the effective-range expansion with a
ishing range parameter@8#. Inclusion of the next-to-leading
order terms produces a nonzero effective range.

It is tempting to study whether a similar approach can
applied to the hyperon-nucleon sector which involv
coupled channels, i.e., the scattering length and the effec
range are represented by matrices. Since our region of a
cation ~center-of-mass momenta below 100 MeV/c) is be-
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low the pion cut, and in view of the problems@9# encoun-
tered with perturbative pions@5#, we use an approach
without explicit mesons. Thus the two-baryon interaction
leading order involves six constant contact terms, sin
SU(3)3SU(3) can be decomposed into the sum of six ir
ducible representations of SU~3!. For thes waves we con-
sider, the next-to-leading~NLO! order introduces six addi
tional SU~3!-symmetry respecting coefficients for the term
of orderp2. The absence of experimental information onJN
scattering means that the low-energy hyperon-nucleon
in the present approach depend only on ten~out of these 12!
parameters.

As discussed in the following sections, breaking of SU~3!
symmetry by meson masses has significant consequen
We model this symmetry breaking by incorporating terms
order p2 coming from one-pion exchange. The two coef
cients of these terms we treat as free parameters, resultin
a total of 12 parameters.

In Sec. II we formulate the coupled-channels formalis
based on effective field theory, for low-energy hypero
nucleon scattering. In Sec. III we present results of the fi
YN cross sections andLN scattering lengths. Some informa
tion on the latter is provided by the calculation of the hyp
triton binding energy@10#. Results for the hyperon mas
shifts in low-density nuclear medium and their comparis
to results obtained by other methods are presented in Sec

II. HYPERON-NUCLEON SCATTERING

We consider hyperon-nucleon scattering at low ene
and use the approach of effective field theory. In general
tree-level amplitude in next-to-leading order is written as

A052C02C2p2, ~1!

where C0 and C2 denote matrices whose elements are
relevant coefficients in the interaction Lagrangian.

The Kaplan-Savage-Wise~KSW! resummation @5,8#
gives, in leading order, a scattering amplitudeA given by

A 215A 0
212

Mr

2p
~m1 ip !, ~2!
©2001 The American Physical Society08-1
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with Mr the reduced baryon mass~for which we take a com-
mon value in all channels! andm the ~arbitrary! subtraction
point. Using the relation between theK matrix and the full
amplitudeA, viz.

pK215
2p

Mr
A 211 ip, ~3!

we obtain for the KSW resummation

pK2152m2
2p

Mr
~C01C2p2!21. ~4!

By expanding the term (C01C2p2)21 in powers ofp2 we
recover the effective-range expansion

pK2152
1

a
1

1

2
rp21•••, ~5!

where the scattering-length matrixa and effective-range ma
trix r are given by

a215m1
2p

Mr
C0

21 , ~6!

r 5
4p

Mr
C0

21C2C0
21 . ~7!

To accomodate possibly large values of the scattering len
in the momentum expansion of the amplitude one sho
keep all powers ofap. This leads to the following expressio
for the amplitude in NLO:

A52
2p

Mr
S m1 ip1

2p

Mr
C0

21D 21F11
2pp2

Mr
C0

21C2C0
21

3S m1 ip1
2p

Mr
C0

21D 21G . ~8!

This is a generalization of the single-channel expression,
Eq. ~2.18! in Ref. @5#, to coupled channels.

Next we turn to the relationship between elements of
tree-level amplitude matrixC0, corresponding to the two
baryon scattering amplitudes of interest. For the spin-
baryon octet it is convenient to express the six real par
eters determining the constant four-baryon contact inte
tions through coefficients corresponding to the six irred
ible representations of the direct product SU(3)3SU(3),
which is appropriate for baryon-baryon scattering. We wr
the coefficients of the terms in the Lagrangian forB1B2
→B3B4 in the form 2bS(B1B2→B3B4)/ f 2, where f
'132 MeV can be identified with the pion decay consta
andS50 or 1 denotes the total spin. Introducing the notat
s0 ,s1 ,s2 ,t1 ,t2 ,t3 for the coefficients of the representatio
@1#, @27#, @8s#, @10#, @10#, @8a#, respectively, we list thebS
values of interest~we note that some of them are given
Ref. @11#! below.

~i! For the single-channel caseS1p→S1p:

b0~S1p→S1p!5s1 , b1~S1p→S1p!5t2 . ~9!
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~ii ! For coupled channelsS1n, S0p, andLp:

b0~S1n→S1n!5
1

5
~2s113s2!,

b0~S0p→S0p!5
1

10
~7s113s2!,

b0~Lp→Lp!5
1

10
~9s11s2!,

b0~S1n→S0p!5
3A2

10
~s12s2!,

b0~S1n→Lp!52
A6

10
~s12s2!,

C0~S0p→Lp!5
A3

10
~s12s2!,

b1~S1n→S1n!5
1

3
~ t11t21t3!,

b1~S0p→S0p!5
1

6
~ t114t21t3!,

b1~Lp→Lp!5
1

2
~ t11t3!,

b1~S1n→S0p!52
A2

6
~ t122t21t3!,

b1~S1n→Lp!5
1

A6
~ t12t3!,

b1~S0p→Lp!5
A3

6
~2t11t3!. ~10!

We mention that coupling between above channels has b
neglected in Ref.@2#.

~iii ! Similarly there is coupling between channels conta
ing S2p, S0n, and Ln, with coefficients equal to those
given in Eq. ~10!, except for an overall sign change fo
bS(S2p→Ln) and bS(S0n→Ln), compared tobS(S1n
→Lp) and bS(S0p→Lp). All coefficients bS are
subtraction-point dependent.

The coefficients of thep2 term C2 in Eq. ~4!, which we
denote bys18 ,s28 ,t18 ,t28 ,t38 ~apart from the common factor 1/f 4

to make these coefficients dimensionless!, obey the same re
lationships as in Eq.~10!, since the latter are valid for the ful
momentum-dependent s-wave amplitudes@11#. Hence they
are valid for the momentum expansion terms and also
tree-level amplitudes, since the loop expansion correspo
to an expansion in powers of\.

Let us briefly discuss the breaking of the SU~3!-flavor
symmetry@keeping SU~2!-isospin symmetry#. In a study of
8-2
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its significance it is concluded@11# that, apart from conse
quences of the pseudoscalar-meson mass differences an
baryon mass differences the SU~3! symmetry is satisfied
quite well. The differences in baryon masses we take exp
itly into account. The symmetry breaking due to differe
meson masses is modeled by considering one-pion exch
~i.e., ignoring the kaon and the eta!. To be consistent with the
above NLO approach without mesons, we expand the
change amplitude and keep only the leading, orderp2, term.
This basically leads to addition of a symmetry-breaking te
2C28p2/ f 4 to tree-level amplitude, Eq.~1!, depending on two
parameters,u1 andu2. The relevant coefficients in the spin
singlet channel are the following:

C28~S1n→S1n!52u1 , C28~S1n→S0p!522A2u1 ,

C28~S1n→Lp!52A2/3u2 , C28~S0p→Lp!5
2

A3
u2 .

~11!

The spin-triplet coefficients are obtained by multiplying t
above values with21/3. For the channelsS2p, S0n, and
Ln the only difference is in the sign of the termC28(S

0n
→Ln) compared toC28(S

0p→Lp).

III. APPLICATION TO HYPERON-NUCLEON
SCATTERING DATA

We now turn to the available low-energy data on hyper
nucleon scattering. We consider only scattering with labo
tory momenta below 200 MeV/c, i.e., center-of-mass mo
menta less than 100 MeV/c. There is only a small amoun
of relevant data, corresponding to total cross sections
S1p→S1p, Lp→Lp, S2p→S2p, S2p→S0n and
S2p→Ln scattering~see, for example, Ref.@12#!. It has
been known for a long time@13# that these available data d
not allow a unique effective-range analysis. The most p
cisely determined quantity is the ‘‘capture ratio at rest,’’

r R5
1

4
r 01

3

4
r 1 , ~12!

with

r S5
sS~S2p→S0n!

sS~S2p→S0n!1sS~S2p→Ln!
, ~13!

where the cross sections are taken at zero momentum aS
denotes the total spin.

When fitting the calculated cross sections to the data
make two corrections, following Ref.@11#. First, theS2p
→Ln transitions are kinematically suppressed relative
S2p→S0n, as a consequence of the large momentum
lease, which at threshold is 290 MeV/c. According to Ref.
@11# this necessitates inclusion of a correction factorr F
'0.16 in the calculated cross section forS2p→Ln. The
second correction concerns the non-negligible contribu
of the 3S1→3D1 transition in the experimentally measure
cross sections1(S2p→Ln). Defining the ratior ds of 3S1
01520
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→3D1 to 3S1→3S1 cross sections forS2p→Ln, a value of
r ds'0.57 was estimated in Ref.@11#.

We first attempted a fit of 28 data points~the cross sec-
tions shown in Fig. 1. and the capture ratior R50.468
60.010) with the leading-order calculation involving the
parameterss1 ,s2 ,t1 ,t2 ,t3, varying the value of the subtrac
tion point m. In this leading-order calculation we could no
achieve a reasonable fit.

Then we turned to the next-to-leading-order computati
which added the five SU~3!-symmetry respecting paramete
s18 ,s28 ,t18 ,t28 ,t38 , as well as the two symmetry breaking one
u1 andu2. As further constraint we used the existence of t
hypertriton bound state@10#, which is compatible with the
OBE potential NSC97f of Ref.@12#. The advantage of this
@13# is that while the scattering data are mainly sensitive
the 3S1 LN interaction, the hypertriton is more sensitive
the 1S0 LN interaction. Thus we imposed as requirement
the fit that it had to lead toL-nucleon scattering lengths o
aLN

(0)'22.5 fm for the singlet, andaLN
(1)'21.75 fm for the

triplet state, respectively.
Several fits of the same quality,x2 being around 13~for

16 degrees of freedom! could be obtained. If a fit was ob
tained for a certain value of the subtraction pointm, it is
possible to varym in the range of 0.1 to 0.3 GeV, leading t
practically unchanged scattering amplitudes and thus
same medium effects. We do not consider members of su
family of fits as different. The slight change inx2 corre-
sponds to variation~in a certain range! of the parameters o
terms proportional top2 in the tree amplitudes, thus chang
ing the effective-range values. This is not surprising cons
ering the rather large error bars on the measured cross
tions. As a consequence, the paramet
s18 ,s28 ,t18 ,t28 ,t38 ,u1 ,u2 are not very well determined allowing
fits with different effective-range values. Our experien
shows that all these fits lead to quite similar scattering a
plitudes and predictions for in-medium mass shifts.

Our strategy in dealing with these fits is to accept on
those which do not imply spurious~quasi!bound states~‘‘hy-
perdeuterons’’! near threshold. For example, a fit with th
lowestx2 led to negative effective range in the spin-sing
S1p channel,r S1p

(0)
522.32 fm. Together with the corre

sponding scattering lengthaS1p
(0)

52.64 fm it would imply
@14# a bound state with binding energy of 3.3 MeV, which
known not to exist. Therefore we rejected this fit.

With x2513.5 we obtained a fit with reasonable values
the range parameters andLN scattering lengths close to va
ues of model NSC97f in Ref.@12#. The corresponding se
~denoted by A! of parameters is the following
m50.15 GeV, s151.00, s251.78, t151.21, t253.43, t3

51.87, s18520.447, s2851.82, t18522.42, t2851.05, t38
53.60,u1520.260, andu2520.0998. The resulting cros
sections are shown in Fig. 1. The calculated value of
capture ratio isr R50.4670, theLN scattering lengths and
range parameters areaLN

(0) 522.50 fm, r LN
(0) 51.61 fm,

aLN
(1) 521.78 fm, r LN

(1) 51.42 fm. ForS1p→S1p scatter-
ing we then obtainaS1p

(0)
50.55 fm, r S1p

(0)
50.36 fm, aS1p

(1)

50.94 fm, r S1p
(1)

50.35 fm. These values are quite differe
from those of model NSC97f.
8-3
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FIG. 1. Results of the fit~line!
to YN cross sections with param
eter set A.
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Our results high-light one of the main problems with t
available hyperon-nucleon scattering data~apart from the
large error bars!: the absence of truly low-energy cross se
tions. Figure 1 shows that the lowest hyperon~laboratory!
momentum is larger than 100 MeV/c, which means that the
reciprocal of the scattering length and the range term1

2 rp2

can be of the same order. This leads to results for the s
tering lengths and effective ranges that are not unique.
mention that we could not obtain a satisfactory fit to the d
with bothL-nucleon andS1-proton scattering lengths bein
close to the values given in Ref.@12#.

IV. HYPERON MASS SHIFTS IN THE NUCLEAR
MEDIUM

Since we have dealt only with the low-momentu
expansion of the hyperon-nucleon interaction, we can o
consider hyperon self-energies in the nuclear medium i
low-density expansion@15#. A simple expression relates th
in-medium mass shift~i.e., the self-energy at zero mome
tum! to the hyperon-nucleon scattering lengths@2#, viz.
01520
-

at-
e
a

ly
a

DMY5
2p

Mr
F S aYn

(0)

4
1

3aYn
(1)

4 D rn1S aY p
(0)

4
1

3aY p
(1)

4 D rpG ,
~14!

where Mr is the reduced mass andrn (rp) is the neutron
~proton! density.

A better approximation is obtained when one takes i
account the Fermi motion of the nucleons, which amounts
integrating the momentum-dependent forward-scattering
plitude in the nucleon Fermi sea. In this case one has

DMY

52
1

4 F2E
0

pFn
@A Yn

(0)~0,pW ;0,pW !13A Yn
(1)~0,pW ;0,pW !#

d3p

~2p!3

12E
0

pFp
@A Y p

(0)~0,pW ;0,pW !13A Y p
(1)~0,pW ;0,pW !#

d3p

~2p!3G ,

~15!
8-4
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FIG. 2. Hyperon mass-shifts in
isospin-symmetric matter~a! and
neutron matter~b!, calculated with
parameter set A.
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with A (0) (A (1)) being the singlet~triplet! amplitude,pW is
the nucleon momentum and that of the hyperon is zero.

Since our fits to cross sections extend only up to mome
of 200 MeV/c, that leads to a maximum density of 0.4r0 for
the case of isospin-symmetric matter and 0.2r0 for neutron
matter (r050.17 fm23 is the saturation density!. Results for
hyperon mass shifts for the parameter set A are shown in
2 for isospin-symmetric matter~a!, and pure neutron matte
~b!.

The results for theL mass shift in Fig. 2~a! are similar to
those obtained in Refs.@16–19# using the Brueckner-
Hartree-Fock~BHF! method with the OBE potential from
Ref. @20#, except that there the linear behavior holds up
0.2r0, after which nonlinear behavior, leading eventually
saturation, sets in. For theS mass shift the results differ
since in Ref.@16# a small mass decrease is found at sm
nucleon density. We mention that the hypertriton calculat
@10# shows that the hyperon inL

3 H is a L with probability
greater than 95%, thus the behavior of theS in nuclear me-
dium has a very small effect on the binding energy.

Results for neutron matter cannot be compared dire
with those of the BHF method~and potentials used!, since
only larger densities were considered in Refs.@16–18#, as
well as in Ref.@21#. Low-density results@22# show linear
behavior until about 0.2r0 and striking differences for differ-
ent potentials. Mass shifts based on parameter set A,
2~b!, show similar behavior to these BHF results@16–18,21#,
with the difference that the latter predict theS0 curve below
that ofS2. We mention that in this case, because of isosp
symmetry violation in the neutron matter, the nondiago
mass shiftDMLS is nonzero and quite large for our param
an

d
T.
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eter values, leading to strong repulsion of theL and S0

curves. Without this repulsion we would recover the ‘‘nat
ral’’ ordering ~in increasing mass shift! of the S1,S0,S2

curves. Also, the BHF calculations seem to prefer a m
decrease for theS hyperons~except forS2 and, depend-
ing on the potential, also forS0), compared to our
repulsion.

We conclude that due to the scarce scattering data
predicted hyperon mass shifts in the nuclear medium
somewhat uncertain, but the uncertainty can be partly eli
nated using conclusions from the existence of the hypertr
bound state and imposing a constraint of reasona
effective-range values, thus avoiding spurious hyper
nucleon bound states. Computations in the BHF scheme
vide more reliable results for larger densities, but they su
from serious ambiguities stemming from the use of differe
potentials, all of which describe the scattering data equ
well.
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