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Meson-baryon scattering lengths in heavy baryon chiral perturbation theory
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We calculate the chiral corrections to the s-wave pseudoscalar meson octet-baryon scattering lengths
ayg to O(p?) in the SU(3) heavy baryon chiral perturbation theory (HByPT). Hopefully the obtained
analytical expressions will be helpful in the chiral extrapolation of these scattering lengths in the future

lattice simulation.
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L. INTRODUCTION

Heavy baryon chiral perturbation theory (HB yPT) [1,2]
is widely used to study low-energy processes involving
chiral fields and ground state baryons. Its Lagrangian is
expanded simultaneously with p/A  and p/M,, where p
represents the meson momentum or its mass or the small
residue momentum of baryon in the nonrelativistic limit,
A, ~ 1 GeV is the scale of chiral symmetry breaking, and
M, is the baryon mass in the chiral limit.

Pion-nucleon interactions are widely investigated in the
two-flavor HB yPT. For processes involving kaons or hy-
perons, one has to employ the SU(3) HB yPT, where more
unknown low-energy constants (LEC) appear at the same
chiral order than in the SU(2) case. Determining these
LECs needs more experimental data which are unavailable
at present. Broken SU(3) symmetry results in large my and
m,,. In certain cases, the chiral expansion converges slowly
due to mg /A, ~m,/A, ~1/2 [3-6].

The scattering length is an important observable which
contains important information about low-energy meson-
baryon strong interactions. As an effective theory of QCD,
HB yPT provides a model-independent approach to calcu-
late meson-baryon scattering lengths. In this paper, we will
calculate all s-wave meson-baryon scattering lengths to the
third chiral order in the SU(3) HB yPT.

Experimental measurements of 7N scattering lengths
are relatively easier than those for other processes.
Recently, the results of precision X-ray experiments on
pionic hydrogen [7] and deuterium [8] were published.
These two experiments together constrain the isoscalar
and isovector 7N scattering lengths [9].

Since the prediction of 7N scattering lengths with cur-
rent algebra, chiral corrections have been calculated to
high orders in the two-flavor HB yPT prior [10,11]. There
were many theoretical calculations of 7N scattering
lengths [12]. As we will see below, N scattering lengths
play an important role in determining LECs in the SU(3)
HB yPT.
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Experimental data is very scarce for kaon-nucleon scat-
tering lengths. The recent DEAR measurements on kaonic
hydrogen gave the scattering length ag-, [13]. However,
the direct determination of the two scattering lengths in the
KN channel needs further experimental measurements.
Unlike the pion-nucleon case, there is the possibility that
measurements on kaonic deuterium are not enough to give
the two KN scattering lengths [14].

There had been efforts to extract the scattering lengths
from kaon-nucleon scattering data using various models
[15-18]. Kaon-nucleon scattering lengths were calculated
to order O(p?) in the SU(3) HB xPT in Ref. [5]. There were
large cancellations at the second and the third chiral order.
Recently two lattice simulations also tried to extract the
kaon-nucleon scattering lengths [19,20].

nN scattering is particularly interesting because the
attractive N interaction may result in m-mesic nuclei
which have a long history [21]. The formation of
n-mesic hypernuclei is also possible [22]. An early experi-
ment gave a negative result on the search for n-mesic
bound states [23]. However, a recent experiment signals
the existence of such states [24]. The experimental situ-
ation is rather ambiguous.

On the theoretical side, the existence of n->He quasi-
bound state is also controversial, mostly because it is hard
to determine the n-nucleus scattering length. In the optical
models, the scattering length can be obtained with nN
scattering length a,y. However, theoretical predictions of
a,y are different from various approaches (see overview in
[25]). It is worthwhile to calculate nN scattering length in
the SU(3) HB yPT.

There are very few investigations of pion-hyperon,
kaon-hyperon and eta-baryon scattering lengths in litera-
ture. Experimentally these observables may be studied
through the strangeness program at Japan Hadron
Facility (JHF) and Lan-Zhou Cooling Storage Ring
(CSR). In this paper we will perform an extensive study
of these scattering lengths to the third chiral order in the
framework of SU(3) HB yPT.

We present the basic notations and definitions in Sec. II.
We present the chiral corrections to the threshold
T-matrices of meson-baryon interactions in Sec. III. This
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section contains our main results. We discuss useful rela-
tions between these threshold 7-matrices in Sec. IV. Then
we discuss the determination of LECs in Sec. V. The final
section is a summary.

II. LAGRANGIAN

For a system involving pions and one octet baryon, the
chirally invariant Lagrangian of HB yPT reads

where ¢ represents the pseudoscalar octet mesons, B
J
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represents the octet baryons. The purely mesonic part
L4, incorporates even chiral order terms while the terms
in L ,p start from O(p).

Lo = tr(u#u“ + ﬁ—*) )
L), = t(B(idB + [Ty, B]) — Dtr(B{G - ii, BY)
— Fu(B[d - i, B)), (3)

_ _ _ D?* — 3F? _
L0 = by u(Blys, BY + by u(Blx+, BY) + by tr(BB) tr(x ) + (de + T) w(B{u2, BY)
0
DF\ - F?2—D* . 3F2 - D>\ -
where
i i .
Fp, = 5[51" a,ug]x u,u, = E{éﬁ-r a,u,é:}’ E = exp(l¢/2f)’ (5)
x+ = ExEN + Exé x = diag(m}, m%, 2my — m3), (6)
a4 M + + 30 A +
o K N j P
— - _ 0 — - _ 30 A
¢ =2 ™ S K2 B E_ f&:% Z : (7

f is the meson decay constant in the chiral limit. I',, is
chiral connection which contains even number meson
fields. u,, contains odd number meson fields. D + F =
g4 = 1.26 where g, is the axial vector coupling constant.
The first three terms in ng are proportional to SU(3)
symmetry breaking. Terms involving M|, are corrections
produced by finite baryon mass in the chiral limit. Others
are proportional to LECs dp, dr, d; and d,.

We calculate threshold T-matrices for meson-baryon
scattering to the third order according to the power count-
ing rule [1,2]. The leading and next leading order contri-

butions can be read from the tree-level Lagrangians £%
and £% respectively.

At the third order, both loop diagrams and O(p?) LECs
from Egg contribute. In principle, divergence from the

loop integration will be absorbed by these LECs. There
are many unknown LECs at O(p?®) which may reduce the
predictive power of HByPT. The contribution of these
O(p?) LECs to threshold T-matrix was carefully investi-
gated using the resonance saturation approach in the SU(2)
HByPT in Refs. [10]. Luckily, the counter-term contribu-
tions at @(p?) are much smaller than the loop corrections
and the chiral corrections at this order mainly come from
the chiral loop [10]. Therefore, these negligible counter-

term contributions were ignored in the calculation of kaon-
nucleon scattering lengths in Ref. [5]. We follow the same
approach in our crude numerical analysis because of the
lack of enough data to fix these small LECs.

III. T-MATRICES FOR MESON-BARYON
SCATTERINGS

The threshold T-matrix Tpp is related to scattering
length app through Tpp = 47(1 + ;(;_I;)QPB, where mp and
mp are the masses of the pseudoscalar meson and baryon,
respectively.

There exist many diagrams for a general elastic meson-
baryon scattering process. However, the calculation is
simpler at threshold due to & - § = 0 where § is the three
momentum of the meson. The lowest order contribution
arises from the chiral connection term in £E;,)9. Only meson
masses and decay constants appear in the expressions. At
the next leading order, the expressions are proportional to
the combinations of several LECs in Egg. At the third
chiral order, the loop diagrams in Fig. 1 have nonvanishing
contributions. The vertices come from £% and ﬁﬁfﬂb

There are two types of diagrams. The first six contain
vertices from the chiral connection, and thus contributions
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FIG. 1. Nonvanishing loop diagrams in the calculation of meson-baryon scattering lengths to the third chiral order in HB yPT.
Dashed lines represent Goldstone bosons while solid lines represent octet baryons. The fourth diagram generates imaginary parts for
kaon-baryon and eta-baryon scattering lengths.

from these diagrams do not contain the axial coupling  where the superscripts represent total isospin and f is the
constants D and F. Because the mass of an intermediate  renormalized kaon decay constant.

meson is always larger than or equal to m, no diagrams The second chiral order 7-matrices are

generate imaginary parts for the pion-baryon scattering

lengths. In contrast, the fourth diagram generates imagi- o my o _ my
nary parts for kaon-baryon or eta-baryon threshold Ty = f_2C1’ Tkny = — Co,
T-matrices. K K 9)
In the following subsections we list the expressions of T — m_%( (C, + Cy) 7O _ m_%( (3C, — Cy)
threshold T-matrices order by order for every channel. This KN 2f2 ! or KN 2f2 ! o»
is our main result, which may be helpful to the chiral
extrapolations of the scattering lengths on the lattice. where C  are defined in Ref. [5]
A. Kaon-nucleon scattering D? 4 3F?
For kaon-nucleon scattering lengths, we reproduce the  Ci = 2(dy — 2by) + 2(dp — 2bp) + d, — oM.
tree-level expressions of Ref. [5]. At the third chiral order, 0
our expressiops are slightly different [26]. Co = 2(dy — 2by) — 2(dy — 2by) — d; — D(D — 3F)‘
At the leading order, 3My
(10)
70 — "MK 7O — . - :
KN 2’ KN — We will express combinations of LECs in the other chan-
K (8)  nels with Cy and C,. This can reduce the number of
(1 _ Mk © _ 3mg f . hannel
o=, o = 5 parameters for a given channel.
kN 2f% 2fk At the third order, we have

2 m me + m2 _ m%r
T;(lj)\l_ nmy {mK<—3+21n%+1n|;/n—1<|+31n777>+2\/m1n K \{11:7

T 167t A
[ m o m%.
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mg + ,/mz — m%
{m,{(ln% - ln%> + 4/m% — m%In ul p” d

1

et gap +30m, | (12)

mg + A/m% — m%
31n%>+51/m%(—m3,(i77—1n o K )

ma

T%m + (D - F)mn”. (13)

n m

3m?2 m |l m mg + \/my — m%
0 _— K _ T _ Kl _ n 2 2
T = et {mK(3 7 — 21K 3 1n7> + 2 mﬂ<m I )
2
Y —-mg T m 1
[
In loop calculations, we have used dimensional regu- (1/2) m2 3 m, mg
larization and minimal subtraction scheme. A is the cutoff. aN = 167214 {2m,,<§ o ZIHT - lnT>
o

In deriving the expressions in square brackets, Gell-Mann-
Okubo relation was used. For the decay constants in the
loop expressions, we have used f in kaon processes in the
above equations in order to make the expressions more
compact. One may also use f, in 7 loops, fx in kaon loops
and f, in 7 loops. The differences are of high order.

B. Pion-nucleon scattering

With the isospin amplitude, the tree-level expressions
are

ma

GB/2) _ _ Mg (1/2) _
T = —— T = 15
Ny T W
and
(3/2) m%r
oy = F(Cl + Cy +4C,)
; (16)
1/2 mz
(W2 — ﬂ(q + Cy +4C,),
where
DF
C, = (dp — 2bp) — —. A7)
F F 2M,

At the third order

2
(3/2) _ Mz _ 3 _ My . Mg
N TemfL f;;{ ’”f(z 23 1“7)
— /m3 — m? <7T + arccos&>
K T
mg

+ 2[3(0 + FYm, — %(D - 3F)2mn”, (18)

3 .m
— y/m% — m%( =7 + 2 arcsin—"
2 mg

+ §[3(D + F)’m, — %(D - 3F)2mn}}- (19)

The isospin even and isospin odd amplitudes are also
widely used in literature.

m m? 3 m mg
7o = Ma M [ (5 5 e Mk
™ o2 T 16m2 {"“(2 AT M )
—yJm% — m% arcsin%}, (20)
K

my

1

o

3mZ
+ 647Tff,{_21/m% —m%+ (D + F)’m,

1
— §(D - 3F)2mn}. (1)

The above expressions agree with those in Ref. [5]. The
two conventions are related through the following equa-
tions:

TS{JZ) =Tin —Toy T;l](,Z) =Ty +2Ty. (22)
Sometimes a third convention with the isoscalar amplitude
7%, = T/, and isovector amplitude T., = —T,, are
used in the literature.

Most of the threshold 7-matrices for pion-baryon and
kaon-baryon scattering at the second order depend on the

above three combinations Cy, Cy and C,.. If Cy, Cy and C,,
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can be fixed from KN and 7N scattering lengths, many
predictions can be made.

C. Pion-Sigma scattering

T-matrices at the leading order:

@ _ _Mxg 1) _ My 0 _ 2myg
Tos=—— = =— (23)
CA A
At the next leading order we have
m% m%
TR = f—zcl, T = f_z(CI = 2Cy),
m
T = =7(C, +3C,),
I
where
D? — 3F?
Co=dy ———. 25
4 =d oM, (25)

The extraction of C,; needs additional inputs besides pion-
nucleon and kaon-nucleon scattering lengths. Because of
the lack of experimental data, one cannot determine it like
the determination of C|  ,. We will estimate its value when
we discuss numerical results.

At the third order, we have

m? 3 m mg
| (2= 2 K
8772f§‘7{ m”(z " A)

(2) _
TWE -

— Jm2% — m2 arccos™
K T

mg

T 1
7 [3F2mw - 3DZm,7“, (26)

2
ay . m 3 B My, . mg
T, s = 7 {m,,(a ZInT” ln—>

|
3
=
|
3
3 [\e]
[
=
o
(@}
Q
w2

+ g[(zm —3F)m, — %Dzmn}}, 27)

2

© _ Mz 3. omg, o mg

T gl {2’”77(5 2ty
3

—y/m% — m%( =7 — 2arccos—

2 mg

- g[3(D2 — 4F)m, + %Dan}}. (28)

D. Pion-Cascade scattering

Because both nucleon and cascade are isospin-1/2 bary-
ons, one expects similar expressions. At the leading order,
the expressions are the same as those for the 7N scattering,
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G/2) _ _ Mx 70/ _ M7 29
= 213 = @

The next leading order contributions read

1P = Mo v ey 192 =M gy
moag T TE
(30)

The expressions involve only combinations of LECs in
kaon-nucleon scattering. This is the relic of isopin and
U-spin symmetry (see the relations in Sec. V).

At the third order, we have

2
o2 = M [, (3 oMK
= T lemft 2 2 "M
— \/m% — m%,(w' + arccos%>
mg
7T 2 ! 2
2 3
T2 = T o, (2~ 21T — K
= " Temft 2 PR

1 —m
— \/m% — m%,(—w- + 2 arccos ”)
2 mg

+ 2[3(1) — F)’m, — %(D + 3F)2m,7”. (32)

The expressions are similar to 7N T-matrices at this order.
The difference lies in the factor F. One can get these
expressions from those for 7N scattering through replac-
ing F by —F. In fact, we can also get the second order
expressions from those of T,y through replacing by by
_bFs dp by _dp and F by —F.

E. Pion-Lambda scattering

The leading order contribution vanishes, which can be
understood through the crossing symmetry: 7.+, =
Tr-pA =Ty plm,——m, - Thus T,p = —T,, at the leading
order. This analysis is also available for the following
T-matrices, Txy, Tgy and T,z whose leading order con-
tributions also vanish.

The tree-level contribution appears only at the next
leading order

2
Ton = ;"’T’T(c1 +2C,+4C, +Cp). (33

2
T

At the third order, for a PA or nB scattering, only
diagram 4, 5, 10, 11 and 12 in Fig. 1 have nonvanishing
contributions. The expression for 7, at this order is
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m2 1
Ton = Tomft {—31/m%< - m% + D2<m7 - gmn>}
(34)

The above expression was first derived in Ref. [5].

F. Kaon-Sigma scattering

One expects the similarity between Tgs and Tks be-
cause both K and K are isospin doublets. The leading order
expressions are

76/ — _ MK (/2 _ Mk
K2, ’ K3 2
2fk Tk (35)
76/ - _ MK (1/2) _ "Mk
K3 2fK K> f%{
At the next leading order, we have
G/ _ M
Tys™ = ﬂ(cl +Cy +4C,),
2
TR = 3 (1 Gy =20,
K
36
6/2) _ Mk eo
Tes" = ﬂ(cl + Co),

2
(/2) _ Mk
Tes' = E(Cl + Cy +6C,).
At the third chiral order

{—mK<3 + ln% - 4ln@ ~3 ln%>

G/ _ M
K2 3 fk

5 3 mg + 1lm%( —m2
+ mK—m,,<2l7T—ln )
m7T
mg
— 3,/m3 — m} arccos—
m

n

+ 40D 2Fm737+(D+2F) (37)
|2 m |}

n T My

2
) _ Mg my o Amgl L my
Tys™ = T6m /L {mK<3 + ln—)t 41n—/\ 3ln—/\

1 my + \/m% — m?
+ 4/m% — m%(ziﬂ + In 7)

m7T
3
— 3ym3 — m%(<177 - arccosZ—j)
2 m?
+ = —QJF— 7 4 —
3 WD[ e, @ 4F)m’7”’ %)
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{—mK<3 + m% - 4ln@ ~3 ln%)

(3/2) _ my
K2 32772f‘]1(

; ; myg + A/m% — m%
+ 4 /my — mﬁ<2m' —In )
m7T
mg
— 34/m3 — m} arccos—
m

n

4D —2Fm—37+(D—2F) (39)
s |}

n T Mg

2
(/) _ Mg my o Amgl L my

[ 2 2
1 myg +./my —m
+ (/m% — m%(ziﬂ' +In K ﬁ)

m7T
3
— 3y /m} — m%((Z T - arccosZ—i)
+2oplap M + (D + 4F) (40)
e e |}

T;?éz) differs from T;{séz) in the sign in front of F at the third

order. The same property holds for T%z) and T %2). One

can also testify that differences between Txy and Tgy at
the second order are the signs in front of by, dr and F.

G. Kaon-Cascade scattering

The leading order contributions are

7 _ Mk 0 _ 3mg
KE 2f ’ KE 2f ’
K K 41)
n _ _ Mg 0 _
TKE = E TKE = 0.
At the second order, we have
1 _ Mk
Tyz = ﬂ(cl +Cy +4C,),
2
© _ "Mk . —
Tyz = 22 (3C, — Cy —4C,),
2 (42)
ny _ Mk
T.. =—C,
="

0 _ Mk
Ik

The third order expressions are
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2 + 2 = m2
ny _ Mk _ M || _ m _ R ¢ K ™
T8 = o ZfK{ (3 S22 10K 31n77’> + 5yfm2 m37<m In o
—-m T m%r
— 3,/m} — m} arccos m,,K +3D+ 3F)[2(D - F)m +(3D + F)mnﬂ, (43)
3m? m |mgl m mg + \/m%( - m;
0 __ K _ T Kl n _ s
Ty = 2L {mK<3 IHT ZlnT 31117) + \/m% m%(m’ In . >
2
—-mg ms, 1
— 3/m% — m arccos . - g(D + 3F)[2(D - F)m + §(5D - 9F)m7,”, (44)
2 + ([m>
1 _ mg | | _ mg K
TKE—MWQJ[%{ ( 34 2157 + 10K 4 30 >+21/m,( eV
m T m2
— 3ym3 — mi arccosm—: - E(D + 3F)[2(D - F)m + (D — 5F)m,,}}, (45)
3m3 |m | mg + 1/mK
(0) oMK _ K _
Tez = Ton2f { (1 n—= > \Jm% — m2 In
T30 -P—"7_ +Lap -3 (46)
— - — - m, (1.
F0 3R (0 =PI n}}
{
T 1[(sc + Cy — 4C,, — 4Cy)m>
= — T m
H. Kaon-Lambda scattering w6 1% ! 0 @7
Nonvanishing contributions start from the next leading —4(bp — 3b F)(m%] —m2)]
order. 1
T"’}E = F[(Cl + 2C0 + 4C7T + Cd)m%
Ten =T 5C, + Co+2C, —4C,] (47 ?
KA KA — 6](?([ 1 0 d] ( ) n 4bD(m%7 _ m%r)], (49)

At the third chiral order loop corrections are

Ty = Tga

2
9mz

~ Gdmfl

==

\/m - m% + —D2 }
(48)

Similarly, one may get Tz, from Tk, through the replace-
ment b — —bp, dp — —df and F — —F. However, bp
and dp disappear in the second order 7-matrices and F
disappears in the third order 7-matrix. Hence Tgy = Tkx.-

1. Eta-baryon scattering

The leading order contribution vanishes for every chan-
nel. With the Gell-Mann-Okubo relation the next leading
order contributions can be written as:

1
T”I]E = —2[(5C1 + CO + SCW - 4Cd)m%,
6/%
— 4bp + 3bp)(m3y — m3)],
1

3f%

These expressions rely on C| .4 as well as by and bp. bp
and bp are determined with the octet-baryon masses.
At the third chiral order, we have

1
W= 35 f4 {9zm 1/m%] - m%
3
— E(D — 3F)2(4m%7 — m%,)m,, — E(D + F)’m3.
2
+ g(SD2 +9F? — 6DF)m§(}, (50)

034003-7



YAN-RUI LIU AND SHI-LIN ZHU

1 (.. 1
Tys = m%”@x/”ﬁ = mg =3 D*(4my — m7)m,

1
— S (D2 + 6P + 2D + F2)m§<}, 51)

il

1
T,z = J|9im21/m2 — m%
K 3277]”?'7 K K
1 3
- E(D + 3F)2(4m%7 — m%,)mn - E(D — F)’m3

+ %(502 +9F? + 6DF)m§(}, (52)

1 : 5 |1
T'r]A = W{%m% m%] - m%{ - §D2(4m% - m%,)mn
n
2
- D*m3 + §(D2 + 9F2)m§(}. (53)
Again there is the similarity between T,y and T =.

IV. THRESHOLD T-MATRIX RELATIONS

In this section, we list the relations between kaon-baryon
and anti-kaon-baryon threshold 7-matrices according to
the crossing symmetry. We also present the relations of
these T-matrices in the SU(3) symmetry limit. These rela-
tions are used to cross-check our calculations.

Crossing symmetry relates KB processes with KB pro-
cesses. According to this symmetry, we have the following
relations:

W _ ey 0
Tix = 5T+ T

] (54)
0 1 0
T = 5[3T§()V L 2
1
Tg)g = E[T;(I)E + T;?)E]mkﬁ—mkr
) (55)
©0) _ 1) _ (0)
TKE - 5[3TKE TKE mg——mg>
6/ _ L6 (1/2)
Tgs _g[TKz + 275" Doy
| (56)
(1/2) _ (3/2) _ 4(1/2)
TkE _§[4TKE TKE ]mk—’*mk’
and
Ty = [TKA]mK—>—mK- (57)

In the SU(3) flavor symmetry limit, we derive the fol-
lowing relations using the isospin and U-spin symmetry:

PHYSICAL REVIEW D 75, 034003 (2007)
Ty = T% = TL,
7O = 192 = %mg;v + Ton)

1
Tk = L7007 + 275
1
_ Lep o ppas)
=317 +27)
1
T = g[ijéz) +21]
1
_ Lepe o ppap)
=37 + 21
() 4 7O _ ) 4 70
T8 + 19 =1L + 1)
1
= §[T% + 370 + 219,

T‘ITA’
1

T,s

1
(TR + T+ T, =

> 278 + TP + Ty

278 + TP ] + Tgy

TSP + TP+ T,y

W = W = W = W

782 + U1+ T2 (58)

V. DETERMINATION OF LOW-ENERGY-
CONSTANTS

There are seven unknown LECs in £%, bp ro> dp,Fos
and d,. The threshold T-matrices depend on four combi-
nations of them: (dy — 2by), (dp — 2bp), (dy — 2by) and
d,. After the regrouping, we defined another four combi-
nations: Cy, Cy, C, and C,. The values of Cy, Cy and C,,
can be extracted from the experimental values of Tk, and
T.y. With Cq, Cy and C,. one can predict most of pion-
baryon and kaon-baryon scattering lengths.

Threshold T-matrices ng, T;?;, Typ and T, 5 depend
on additional LECs C; and bp . The values of by, and bp
can be extracted from the octet-baryon mass differences. In
order to determine C; = d; — D26;430F *, one has to fix both
d1 and Mo.

For the sake of comparison, let us recall the procedure of
determining LECs in Ref. [5]. (i) First, Kaiser fixed the
energy scale parameter from the loop integration A to be
0.95 GeV using the experimental value of 7_; (ii) Then he
determined the LECs C ( using the experimental values of
7) and TO, [15]: €, = 2.33 GeV™!, C; = 0.36 GeV .
Throughout his analysis he used D = 0.8 and F = 0.5;
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(iii) The three LECs bp =0.042GeV™!, by =
—0.557 GeV™!, by=-0.789GeV! and M,=
918.4 MeV were obtained by fitting the octet-baryon
masses and the 7N sigma term o,y = 45 MeV from
Ref. [27]; (iv) Using the experimental value of 7, the
extracted parameters dr = —0.968 GeV™!, 2d, + d, =
—1.562 GeV™!, d; + dp = 1.150 GeV~! and the value
of dy = —1.0 GeV~! determined elsewhere [28], one ex-
tracts d;.

Our procedure is slightly different from Kaiser’s. We
take A = 4 f, as the chiral symmetry breaking scale,
which is widely adopted in the chiral perturbation theory.
The other steps are somehow similar. The meson masses
and decay constants are from PDG [29]: m, =
139.57 MeV, mg = 493.68 MeV, m, = 547.75 MeV,
f==924MeV, fx =113 MeV, f, =12f,. D=038
and F = 0.5.

We first determine the combinations C; and C,. Using
the experimental values of agl)\, = —0.33 fm and aﬁ?}v =
0.02 fm [15], we extract

C, = 1.786 GeV ™!, Co=0413GeV~L.  (59)

al from one recent experiment is —0.0001 £55097 m ;!
[9], from which C,, = 0.0967593% GeV ! is extracted. The
new value of a; indicates a larger o,y [9]. Theoretical
calculations of o,y lie in a large range [30]. For compari-
son, we use two values o,y = 45 MeV and 57 MeV for
the following calculation. The latter one is compatible with
Ref. [9]. We use o,y = 45 MeV to illustrate the fitting
procedure.

We now determine by, br, by and M, with the formulas
of the octet-baryon masses and o,y given in Ref. [2]. We
use f = f. in the 7 loops, f = f in kaon loops and f =
f» in m loops in these formulas. By fitting these four
parameters to baryon masses My = 938.9 = 1.3 MeV,
Ms = 1193.4 £ 8.1 MeV, Mz = 1318.1 = 6.7 MeV,
My = 11157 = 5.4 MeV and o,y =45 = 8 MeV [27],
we get

M, = 820.00 * 104.24 MeV,

bO = —0.819 = 0.103 GeV_l, (60)
bp = 0.044 = 0.008 GeV ™!,

br = —0.491 = 0.003 GeV !

TABLE 1.

PHYSICAL REVIEW D 75, 034003 (2007)

with x?/d.o.f. ~ 0.98. Both the up and down quark mass
difference and electromagnetic interaction contribute to
the baryon mass splitting within an isospin multiplet. The
typical electromagnetic correction is roughly around 0.5%
of the baryon mass, which is not considered in this work.
Therefore we have added some uncertainty to M . We take
the central value of My, My and Mz to be the average of
the isospin multiplet. The corresponding error is simply the
mass splitting of the isospin multiplet. We determine other
LECs and perform numerical evaluations with the above
LECs. The values we get differ from those in Ref. [5]
because we use a different f,.

From the above determined C ., My, bg p, r, we have

dp = —0.642 33 GeV ",
2dy + dp = —1.72279413 Gev !, (61)
dy + dp = 0.68972020 Gev~ 1.

We derived the errors with the standard error propagation
formula. The three LECs dp, d; and d; cannot be deter-
mined independently in the procedure. Of these LECs, d,
may have the minimum uncertainty. It is convenient to use
it as an input. Up to now, only the second order value is
available. With C;, Cy, C,., My, by, bp and dy =
—0.996 GeV~! [28], we get dp = 0.2707043 GeV !,
dy = 041970413 GeV~! and C; = 0.44175413 GeV 1.

We denote the parameter set corresponding to o,y =
45(57) = 8 MeV as Set I (Il), respectively, which is col-
lected in Table L.

VI. RESULTS AND DISCUSSIONS

The threshold T-matrices with the first and second set of
parameters are collected in Tables II, III, IV, V, VI, and VII
respectively. The corresponding scattering lengths are
listed in the last column of these tables. The scattering
lengths do not change significantly with a larger o 5. The
T-matrices at the second order are expressed with Cy, C,
C., C4, bp and bg. The errors of C; and C; can not been
extracted from known experimental sources. Therefore, all
the errors in these tables are estimated from C,., Cy, bp and
br with the error propagation formula.

Our a_, is consistent with the experimental value

0.125+3%0! fm [9] while our a% = 0.60 + 0.04 fm is
smaller than the value 1.10 £ 0.06 fm [31].

Two sets of parameters in the numerical analysis. Units are MeV for o,y and M, and GeV ™! for other quantities. The

variation of sigma term has no effect on b, = 0.044 + 0.008 GeV~! and by = —0.491 * 0.003 GeV~!. dp, d, and C, are deduced
with dy = —0.996 GeV~! [28]. The error of C,, is from the experimental scattering lengths. The errors of My, by, by, and by are given
by MINUIT. The errors of dp, dr, d; and C, are related to those of C, by, bp, by and M,,.

o.n C G Cr My

by dp dp d, Cq

Set 1
Set 2

458 1.786 0413 0.09670030 820.00 = 104.24 —0.819 = 0.103
57 =8 1.786 0413 0.09673%9 663.86 = 104.26 —0.973 = 0.102 —0.2827341> —0.58579.952 0.97479410 1.001+241¢

0.270*0412 —0.6427003% 0.4197041% 0.441%04M
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TABLE II. Pion-baryon threshold 7-matrices order by order with the parameter Set I in unit of

fm.
O(p) O(p?) O(p?) Total Scattering lengths

Tiy 0 0.5875% —-0.58 —0.002759:8 —0.00014*390437 (input)
Toy 1.61 0 0.26 1.87 0.13

(3/2) . . .
T/ —-1.61  05870%  —0.85 = —1.8870% ~0.130+0:001

1/2
(/2 3.23 0.58%002 —0.06 375500 0.260%9.90!
T -3.23 0.80 -1.03 —3.46 —0.25

1
T 3.23 0.41+937 -0.02 3.61+037 0.26 + 0.03

0 . 4
T 6.45 1407038 0.59 8.447038 0.60 = 0.04
92 —16l 0.49 -125 237 —0.17
(e 3.23 0.49 —0.46 3.26 0.23
T 0 0.52759¢ -1.52 —1.00+33¢ —0.071+0:004

TABLE III. Kaon-baryon threshold T-matrices order by order with the parameter Set I in unit

of fm.

O(p) O(p? 0(p?) Total Scattering lengths
TN ~7.63 673 —5.42 —6.33 —0.33 (input)
T, 0 1.56 ~1.17 0.38 0.02 (input)
T, 381 414 —0.32+6.95i 7.64 + 6.95i 0.40 + 0.36i
T 1144 931 796 +4.17i 28.72 + 4.17i 1.50 + 0.2
T —3.81 4.867015 —1.00+ 278 0.047013 +2.78i 0.0024739986 + (.16
T 7.63 3.7810% 299 4+ 0.69i 14.4070% +0.69i (0.81 = 0.01) + 0.04i
(e —381 414 —461+278  —428+2.78i —0.24 + 0.16i
T/ 763 5.22%0B 1020 + 0.69i 23.05%923 + 0.69i 1.30%394 + 0.04i
VL 381 4.867015  4.06 +6.95i 12.73%01 + 6.95i 0.74799% + 0.40i
T 11.44 8597015 512+4.17i 25.16%015 + 4.17 1.467001 + 0.24i
T¢L ~7.63 673 —4.66 —5.56 —0.32
) 0 3.00%93] 6.81 9.80793} 0.57+42
Tia(Tia) 0 488710 —176+625 311710 +625i (0.17 = 0.06) + 0.34i

TABLE IV. Eta-baryon threshold 7-matrices order by order with the parameter Set I in unit of

fm.

0(p?) O(p?) Total Scattering lengths
Ton 1.22+13 2.40 + 8.32i 3.637133 +8.32i (0.18 = 0.07) + 0.42i
T,s 5.787088 1.93 + 5.55i 7.70708% + 5.55i (0.42 + 0.04) + 0.30
T,z 10.98*133 0.77 + 8.32i 11757133 + 8.32i (0.66 + 0.08) + 0.47i
Toa 10.4672% 2.39 + 16.64i 12.8573%0 + 16.64i  (0.69 = 0.11) + 0.89i
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TABLE V. Pion-baryon threshold T-matrices order by order with the parameter Set II in unit

of fm.

O(p) O(p?) O(p?) Total Scattering lengths
T 3.23 -0.109% -0.02 3114037 0.22 + 0.03
T 6.45 216793 0.59 9.19+036 0.66 = 0.04
T 0 0.6075:9¢ -1.52 —0.92+00¢ —0.06575:904
TABLE VI. Kaon-baryon threshold 7-matrices order by order with the parameter Set II in unit
of fm.

O(p) O(p?) O(p?) Total Scattering length
Txa(Tia) 0 347718 —-1.76+6.25i L7111 +6.25i  (0.09 = 0.06) + 0.34i
TABLE VII. Eta-baryon threshold T-matrices order by order with the parameter Set II in unit
of fm.

O(p?) O(p?) Total Scattering lengths
TN —0.5713% 2.40 + 8.32i 1.83+13% 4 8.32i (0.09 = 0.07) + 0.42i
T,s 6.67+ 08 1.93 + 5.55i 8.6070%8 + 5.55i (0.47 = 0.04) + 0.30i
T,= 9.1971-3 0.77 + 8.32i 9.95%13 + 8.32i (0.56 = 0.08) + 0.47i
Tor 13.1673% 239+ 16.64i 1555939 +16.64i  (0.83 = 0.11) + 0.89i

Our isovector KN scattering length a%)v = (040 + 0.29) + (0.80 = 0.30)i] fm in Ref. [22]. The above two

0.36i) fm is roughly consistent with the empirical value
(0.37 + 0.60i) fm [15], although the imaginary part is
smaller. The isoscalar KN channel is strongly affected by
the resonance A(1405) which lies below KN threshold. It
is known long ago that it is impossible to get a reasonable
description of the isoscalar KN scattering length without
taking into account A(1405)’s contribution in a nonpertur-

bative way. Especially, A(1405) affects the real part of afrgz)v
dramatically. In contrast, the imaginary part of our ag-, =
0.95 + 0.29i fm is compatible with the recent experimen-
tal value, Im[ag-,]= +(0.302 = 0.135 = 0.036)i fm
[13].

The real part of our a,y = [(0.18 = 0.07) + 0.42i] fm
is compatible with those in [32,33]. Our imaginary part
satisfies the requirement Im[a,y] = (0.28 + 0.04) fm de-
rived in Ref. [34] and is larger than those in Refs. [22,25].
Again, one should be cautious about our number. Since
HB yPT is a perturbative approach, we have completely
ignored the contribution from the nearby N*(1535)
resonance.

Our a,s =[(0.42*=0.04) + 0.30/] fm is consistent
with the range for a,y =[(0.10~ 1.10) + (0.35 ~
2.20)i] fm in Ref. [22]. Our a,, =[(0.69 = 0.11) +
0.89i] fm is also consistent with the value [(0.64 =

imaginary parts are both larger than that of a,, =
[(0.50 = 0.05) + (0.27 = 0.01)i] fm in Ref. [31].

In the SU(3) HB yPT approach, the convergence of the
chiral expansion is a serious issue because of the large
mass of kaon and eta mesons. One has to investigate case
by case to make sure whether the higher order chiral
corrections converge or blow up. From Tables II, III, and
IV we find the chiral corrections to the threshold
T-matrices converge well only in the following few chan-

1/2 1 0 1/2 1/2 0 ;
nels: Tgﬁ\// ), T;%, TST%, T;é ), Ti(é ), TE()E HB yPT predic-

tions of scattering lengths in these channels should be
reliable. T;g is particular interesting. The chiral correc-

tions converge very fast in this channel. The LEC C, can be
a

) is measured
3

extracted if the scattering length a
experimentally.

We calculate the scattering lengths at threshold where
chiral perturbation theory, in principle, works well.
However, some corrections may improve the calculation.
First, the complete determination of the LECs in the sec-
ond and third order Lagrangians may give more accurate
predictions in the HB yPT framework. Secondly, due to the
complicate convergence in the SU(3) case, higher order
corrections may be significant. Future investigations to the
fourth order will give us a clearer picture. Thirdly,
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subthreshold effects of closed channels
corrections.

One can not consider effects from resonances close to
thresholds in the current method. To extend the range for
chiral expansion and include resonance effects, unitarized
chiral perturbation theory was developed. The unitarity
corrections to scattering lengths for wN scattering had
been studied in Refs. [35] with such a method. One may
also consider coupled channel effects like the treatment in
Ref. [36] with this method. To consider the resonance
effects from t and u channels for 7N scattering, a more
complete treatment on the left-cut is possible because there
the chiral expansion has been carried out to O(p*).

In summary, we have calculated the chiral corrections to
the s-wave meson-baryon scattering lengths to the third
chiral order in SU(3) HByPT. Hopefully these explicit
expressions of chiral corrections will be helpful to the
chiral extrapolations of the scattering lengths in the future
lattice simulations. This is the main result of this paper.
There is a good possibility of measuring these meson-

may give

PHYSICAL REVIEW D 75, 034003 (2007)

baryon scattering lengths experimentally from the strange-
ness program at CSR, Lan-Zhou and JHF in the near future.
Therefore we have also done some numerical analysis of
these scattering lengths based on the available experimen-
tal information. We find that the chiral expansion con-
verges quite well in several channels. Hence, HB yPT
predictions of these scattering lengths are reliable, which
may be useful to the construction of the meson-baryon
interaction models.
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