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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 deid/ 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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[. INTRODUCTION low the pion cut, and in view of the probleni8] encoun-
tered with perturbative piong5], we use an approach
The binding energy of hyperons in nuclear matter plays anvithout explicit mesons. Thus the two-baryon interaction to
important role in hypernuclei and in the equation of state ofeading order involves six constant contact terms, since
neutron stars. The most commonly used approach is that orfgJ(3)xX SU(3) can be decomposed into the sum of six irre-
starts from a two-body hyperon-nucleon potential basedlucible representations of $8). For thes waves we con-
upon one-boson exchang@BE) and Sus)-ﬂavor symme- sider, the next-to-leadin(j\lLO) order introduces six addi-
try and then computes the binding of hyperons in matter irfional SU3)-symmetry respecting coefficients for the terms
the Brueckner approximation. It has been shown that unceif orderp®. The absence of experimental information®N
tainties in the two-body input may lead to large differencesscattering means that the low-energy hyperon-nucleon data
in the resulting hyperon potentials and in particular in thein the present approach depend only on (@ut of these 1P
binding of the sigma hyperoi4]. Therefore it is appropriate Parameters.
to see whether other approaches, e.g., a low-density expan- As discussed in the following sections, breaking of($U
sion based on vacuum scattering amplitudes can provide agymmetry by meson masses has significant consequences.
ditional insight. We model this symmetry breaking by incorporating terms of
Alternatively, Savage and Wisg2] have analyzed hy- order p2 coming from one-pion exchange. The two coeffi-
peron mass shifts in nuclear matter using chiral perturbatioients of these terms we treat as free parameters, resulting in
theory by expanding in the Fermi momentum. The interac2 total of 12 parameters.
tions were determined by a chiral Lagrangian with SU(3) In Sec. Il we formulate the coupled-channels formalism,
X SU(3) symmetry; the hyperon mass shifts could be exbased on effective field theory, for low-energy hyperon-
pressed in terms of six coefficients related to the strength ofucleon scattering. In Sec. lll we present results of the fit to
the four-baryon contact interactions and the pseudoscalaX N cross sections andiN scattering lengths. Some informa-
meson couplings to baryons and were computed at the onéion on the latter is provided by the calculation of the hyper-
loop level. However, the unknown values of these six paramtriton binding energy[10]. Results for the hyperon mass
eters prevented them from obtaining numerical results for théhifts in low-density nuclear medium and their comparison

energy shift at zero momentum. to results obtained by other methods are presented in Sec. IV.
More recently, applications of effective field thediFT)
in nuclear physics have received a renewed inteffesta Il. HYPERON-NUCLEON SCATTERING

review see Ref4.3,4]). So far, most investigations have been
devoted to the two-nucleon system, which is characterized We consider hyperon-nucleon scattering at low energy
by anomalously large scattering lengths. The existence aind use the approach of effective field theory. In general the
guasibound states introduces an additional scale in the proltree-level amplitude in next-to-leading order is written as
lem, complicating the power counting required in EFT. A

remedy was recently proposgs8| in the form of a selec- Ao=—Co—C,p?, (1)

tive resummation. The leading-order amplitude of this ap-

proach reproduces the effective-range expansion with a va
ishing range parameté¢8]. Inclusion of the next-to-leading

der t d focti relevant coefficients in the interaction Lagrangian.
Orcer terms produces a nonzero effective range. The Kaplan-Savage-Wised KSW) resummation [5,8]
It is tempting to study whether a similar approach can be

applied to the hyperon-nucleon sector which involvesglves’ in leading order, a scattering amplitudegiven by

coupled channels, i.e., the scattering length and the effective
range are represented by matrices. Since our region of appli- i e ﬂ( +ip) %)
cation (center-of-mass momenta below 100 MeYi/s be- o T og M ’

Where Co and C, denote matrices whose elements are the
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with M, the reduced baryon ma&er which we take a com- (i) For coupled channel® *n, %), andAp:
mon value in all channelsand u the (arbitrary) subtraction
point. Using the relation between tlie matrix and the full

1
+ oy
amplitudeA, viz. bo(X " N—327n)= (25, +3sy),

pK*l=2—7TA*1+ip 3) 0 o 1
M ’ bo(Z"p—2 P)=15(7s1+ 3s2),

r
we obtain for the KSW resummation 1
bo(Ap—Ap)= E(951+ S2),

-1 27 2y-1
PR =—p= 1 (Co+ Cop?) 4
r
bo(2 n—2%)= —NE
By expanding the term@,+ C,p?) ! in powers ofp? we o2 ' N=2"p)= =5 (517Sy),
recover the effective-range expansion

V6
1 1 t_, - e
pK-1=— =4 Zrp24 ..., ) bo(X"N—Ap)=—75(51-52),
a 2
where the scattering-length mataxand effective-range ma-

Co(2° A)—\/—E(s—s)
trix r are given by ol&"P—AP)=75(817S2),

71 2 -1 1
a z,u—l—M—rCo , (6) b1(2+n—>2+n):§(t1+t2+t3),

4

_ _ 1
r= M Colc,cot. (7) b,(2%p—3%)= g(t1+4t2+t3),

To accomodate possibly large values of the scattering length 1

in the momentum expansion of the amplitude one should bl(Ap—>Ap):§(t1+t3),
keep all powers o&p. This leads to the following expression

for the amplitude in NLO:

V2
20 2ar L 1 7Tp2 L L b1(2+n—720p):_ ?(t1_2t2+t3),
A:_M_, ,LL+|p+M—rC0 ) 1+ M, C,CoCy
1
2 o by (3 n—Ap)=—=(t;—t3),
r
This is a generalization of the single-channel expression, see 0 _ \/_§ _
Eg. (2.18 in Ref.[5], to coupled channels. b, (X°p—Ap)= 6 (—ti+1y). (10

Next we turn to the relationship between elements of the
tree-level amplitude matrixC,, corresponding to the two- We mention that coupling between above channels has been
baryon scattering amplitudes of interest. For the spin-1/2eglected in Refl2].
baryon octet it is convenient to express the six real param- (i) Similarly there is coupling between channels contain-
eters determining the constant four-baryon contact interadng =~ p, =°n, and An, with coefficients equal to those
tions through coefficients corresponding to the six irreducgiven in Eg. (10), except for an overall sign change for
ible representations of the direct product SU(RU(3), bs(2 p—An) and bg(3°n—An), compared tobg(="n
which is appropriate for baryon-baryon scattering. We write—Ap) and bg(3°p—Ap). All coefficients bs are
the coefficients of the terms in the Lagrangian B,  Subtraction-point dependent.
—B3B, in the form —bg(B;B,—B3B,)/f?, where f The coefficients of the? term C, in Eq. (4), which we
~132 MeV can be identified with the pion decay constantdenote bys;,sj,t;,t5,t5 (apart from the common factor f£/
andS=0 or 1 denotes the total spin. Introducing the notationto make these coefficients dimensionlesbey the same re-
So,S1,S2,t1,t2,t5 for the coefficients of the representations lationships as in Eq10), since the latter are valid for the full
[1], [27], [8], [10], [10], [8,4], respectively, we list thdg ~ Momentum-dependent s-wave amplitudiég]. Hence they
values of interestwe note that some of them are given in are valid for the momentum expansion terms and also for
Ref.[11]) below. tree-level amplitudes, since the loop expansion corresponds

(i) For the single-channel cad"p—3 p: to an expansion in powers &f.

Let us briefly discuss the breaking of the @Wflavor
b2 p—2Fp)=s,, bi(Z p—=2Fp)=t,. (9 symmetry[keeping SW2)-isospin symmetry In a study of
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its significance it is concludefl1] that, apart from conse- —3D, to 3S;,—3S, cross sections foE ~_p—An, a value of
guences of the pseudoscalar-meson mass differences and thg~0.57 was estimated in Rgfl11].

baryon mass differences the &)Y symmetry is satisfied We first attempted a fit of 28 data pointthe cross sec-
quite well. The differences in baryon masses we take explictions shown in Fig. 1. and the capture ratiq=0.468

itly into account. The symmetry breaking due to different =0.010) with the leading-order calculation involving the 5
meson masses is modeled by considering one-pion exchangarameters, ,s,,t;,t,ts, varying the value of the subtrac-
(i.e., ignoring the kaon and the &tdo be consistent with the tion point w. In this leading-order calculation we could not
above NLO approach without mesons, we expand the exachieve a reasonable fit. _ _
change amplitude and keep only the leading, opferterm. '_I'hen we turneo_l to the next-to-leadmg-order computation,
This basically leads to addition of a symmetry-breaking termiwhich added the five S{3)-symmetry respecting parameters
— C4p%/f* to tree-level amplitude, Eq1), depending ontwo  S1,52:t1,t2,t3, as well as the two symmetry breaking ones,
parametersy; andu,. The relevant coefficients in the spin- U1 andu,. As further constraint we used the existence of the

singlet channel are the following: hypertriton bound statgl0], which is compatible with the
OBE potential NSC97f of Refl12]. The advantage of this
CyS*tn—-3Tn)=2u;, CHZ n—3%)=-22u,, [13] is that while the scattering data are mainly sensitive to

the S, AN interaction, the hypertriton is more sensitive to
) the 1S, AN interaction. Thus we imposed as requirement on
CH(Z n—Ap)=2\2/3u;, CHZp—Ap)=—u,. the fit that it had to lead ta\-nucleon scattering lengths of
V3 1) ay~—2.5 fm for the singlet, ana{y~—1.75 fm for the
triplet state, respectively.
The spin-triplet coefficients are obtained by multiplying the ~ Several fits of the same quality? being around 13for
above values with-1/3. For the channel¥ ~p, 3°n, and 16 degrees of freedontould be obtained. If a fit was ob-
An the only difference is in the sign of the ter@,(3°n taineq for a certgin value of the subtraction pojint it' is
—An) compared teC}(3p—Ap). possible to varyu in the range of 0.1 to 0.3 GeV, leading to
practically unchanged scattering amplitudes and thus the
same medium effects. We do not consider members of such a
family of fits as different. The slight change i corre-
sponds to variatioriin a certain rangeof the parameters of
We now turn to the available low-energy data on hyperonterms proportional tg? in the tree amplitudes, thus chang-
nucleon scattering. We consider only scattering with laboraing the effective-range values. This is not surprising consid-
tory momenta below 200 MeV/ i.e., center-of-mass mo- ering the rather large error bars on the measured cross sec-
menta less than 100 Me¥/ There is only a small amount tions. As a consequence, the parameters
of relevant data, corresponding to total cross sections fos;,s;,t;,t5,t3,Us,U, are not very well determined allowing
Stp—3Tp, Ap—Ap, X p—3Tp, 3 p—3°n and fits with different effective-range values. Our experience
2~ p—An scattering(see, for example, Refl2]). It has  shows that all these fits lead to quite similar scattering am-
been known for a long timgL3] that these available data do plitudes and predictions for in-medium mass shifts.
not allow a unique effective-range analysis. The most pre- Our strategy in dealing with these fits is to accept only

IIl. APPLICATION TO HYPERON-NUCLEON
SCATTERING DATA

cisely determined quantity is the “capture ratio at rest,”  those which do not imply spurioyguasjbound state$‘hy-
perdeuterons)’ near threshold. For example, a fit with the
213 lowest x? led to negative effective range in the spin-singlet
I’R——r0+—r1, (12) + (0) _ .
4 4 %"p channel,ry? =—2.32 fm. Together with the corre-
with sponding scattering Iengtagolp:2.64 fm it would imply
[14] a bound state with binding energy of 3.3 MeV, which is
oo(3 p—3%n) known n02t to exist. Therefore we rejected this fit.
rs= — 5 — , (13 With y“=13.5 we obtained a fit with reasonable values of
o5 p—2°n)+og(X p—An) the range parameters andN scattering lengths close to val-

here th " tak ‘ uns dues of model NSC97f in Ref.12]. The corresponding set
where the cross sections are taken at zero momentun$and yooted by A of parameters is the following:

denotes the total spin. _ _ _ _ _
When fitting the calculated cross sections to the data wé’ 1%'715 ,G _eV,Oséll 471'09’_512 821 '72%’_'{1 214'1221’ t,z_ 13 _813, t?
make two corrections, following Refll]. First, theS p .o 517~ 0%l $3=2.92, t=—2.42, 1,=1.05, 15
' ' =3.60,u;=—0.260, andu,= —0.0998. The resulting cross

—An transitions are kinematically suppressed relative to_ "' e
_ 0 sections are shown in Fig. 1. The calculated value of the
3" p—2"n, as a consequence of the large momentum re=

lease, which at threshold is 290 Med/According to Ref. capture ratio igfo"‘“& theAN scatterir(‘log); lengths and
[11] this necessitates inclusion of a correction facter regl)ge parameters(l)araAN=—2.50 fn:, rANfl'Gl fm,
~0.16 in the calculated cross section BF p—An. The @in=—1.78 fm, FAN 1.42 fm. FO% p—X7p sca(tf)er-
second correction concerns the non-negligible contributiod"d we then i)btalra2+p=0.55 fm, ry+,=0.36 fm, ay<,

of the 3S,—3D, transition in the experimentally measured =0.94 fm, r(zlp=0.35 fm. These values are quite different

cross sectionr; (2~ p—An). Defining the ratior 4 of S;  from those of model NSC97f.

015208-3



KORPA, DIEPERINK, AND TIMMERMANS PHYSICAL REVIEW C65 015208

350 300
%001 Ap—>Ap 250 1 I"p->An
£ 250 '\_ [ £ 20 [T
c c
S 200 g 5 — +
g ‘ T T : ! g 150 1 T »—I—a
o 1% ] EFE 5 ) | T
@ 2100
5 100 S
50 50
110 120 130 140 150 160 170 180 190 200 100 110 120 130 140 150 180 170
PLaelMeVic] PLs [MeVic]
200 500
180 |
160 A J —
= & 400 T p—>zn
E 140 A B
S 120 S 300 1 S
B 100 | i FIG. 1. Results of the fifline)
Q . .
é 80 - Tp->Tp 9 200 1 to YN cross sections with param-
S 601 3 Mﬁa\ eter set A.
© S
40 4 100
20 -
0 ; : 0
140 150 160 170 100 110 120 130 140 150 160 170 180 190 200
P sz [MeV/ic] PLas [MeV/ic]
200
180
_. 160 fp>1*p
o
E 140
5 120 e _
B 100 .
3 i I
s 80 1 t
S 60
© 4
20
0 v T v v
130 140 150 160 170 180 180
P [MeVic]
Our results high-light one of the main problems with the 20 aﬁ,og 3ag(1r3 ag(og 3a§1g
available hyperon-nucleon scattering ddgpart from the AMY=M— T+ 4 nt T+ 2 |Pel
large error bars the absence of truly low-energy cross sec- ' (14)

tions. Figure 1 shows that the lowest hyperdaboratory
momentum is larger than 100 Met//which means that the
reciprocal of the scattering length and the range t¢r”  \here M, is the reduced mass ang (pp) is the neutron
can be of the same order. This leads to results for the scafproton density.

tering lengths and effective ranges that are not unique. We A petter approximation is obtained when one takes into
mention that we could not obtain a satisfactory fit to the dataaccount the Fermi motion of the nucleons, which amounts to
with both A-nucleon anc *-proton scattering lengths being integrating the momentum-dependent forward-scattering am-

close to the values given in Rdfl2]. plitude in the nucleon Fermi sea. In this case one has
IV. HYPERON MASS SHIFTS IN THE NUCLEAR AMy
MEDIUM 3
1

Since we have dealt only with the low-momentum 4
expansion of the hyperon-nucleon interaction, we can only
consider hyperon self-energies in the nuclear medium in a

PE, (0) P (1) > > d
2 TAYa(0p;0p)+3Ay,;(0p;0p)——
0 (2m)

PF N N N N d3p
low-density expansiofil5]. A simple expression relates the +2J’ "TAP(0,;0,0)+3A41(0,p;0p)] pyncit
in-medium mass shifti.e., the self-energy at zero momen- 0 (2m)
tum) to the hyperon-nucleon scattering lengf@$ viz. (15
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with A© (A4 @) peing the singlettriplet) amplitude,p is ~ €ter values, leading to strong repulsion of theand 30
the nucleon momentum and that of the hyperon is zero. ~ curves. Without this repulsion we would recover the “natu-

Since our fits to cross sections extend only up to momentgal” ordering (in increasing mass shjftof the *,3° %~
of 200 MeV/c, that leads to a maximum density of pgfor ~ curves. Also, the BHF calculations seem to prefer a mass
the case of isospin-symmetric matter andgg.for neutron ~ decrease for th& hyperons(except for>™~ and, depend-
matter (po=0.17 fm 3 is the saturation densityResults for ing on the potential, also for%°), compared to our
hyperon mass shifts for the parameter set A are shown in Figepulsion.

2 for isospin-symmetric mattee), and pure neutron matter ~ We conclude that due to the scarce scattering data the
(b). predicted hyperon mass shifts in the nuclear medium are

The results for the\ mass shift in Fig. &) are similar to somewhat uncertain, but the uncertainty can be partly elimi-
those obtained in Refs[16—-19 using the Brueckner- nated using conclusions from the existence of the hypertriton
Hartree-Fock(BHF) method with the OBE potential from bound state and imposing a constraint of reasonable
Ref. [20], except that there the linear behavior holds up toeffective-range values, thus avoiding spurious hyperon-
0.2p,, after which nonlinear behavior, leading eventually tonucleon bound states. Computations in the BHF scheme pro-
saturation, sets in. For thE mass shift the results differ, Vide more reliable results for larger densities, but they suffer
since in Ref.[16] a small mass decrease is found at smalifrom serious ambiguities stemming from the use of different
nucleon density. We mention that the hypertriton calculatiorPotentials, all of which describe the scattering data equally
[10] shows that the hyperon iRH is a A with probability well.
greater than 95%, thus the behavior of then nuclear me-
dium has a very small effect on the binding energy.

Results for neutron matter cannot be compared directly We acknowledge useful discussions with U. van Kolck
with those of the BHF methodand potentials usedsince  and T. Motoba, as well as helpful correspondence with H.-J.
only larger densities were considered in Réfs6—-18, as  Schulze and Y. Yamamoto. This research was supported in
well as in Ref.[21]. Low-density result§22] show linear part by the Hungarian Research Foundati®TKA) Grant
behavior until about 042, and striking differences for differ- No. T030855 and by the NWO-OTKA Grant No. 834012.
ent potentials. Mass shifts based on parameter set A, Fidthe research of R.G.E.T. was made possible by funds from
2(b), show similar behavior to these BHF resilt$—-18,21,  the Royal Netherlands Academy of Arts and Sciences. That
with the difference that the latter predict tB8 curve below  of A.E.L.D. is part of the research program of the “Stichting
that of 3 . We mention that in this case, because of isospinvoor Fundamenteel Onderzoek der MateriEOM) with fi-
symmetry violation in the neutron matter, the nondiagonahancial support from the “Nederlandse Organisatie voor
mass shiftAM ,s is nonzero and quite large for our param- Wetenschappelijk OnderzoeKNWO).
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