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Pseudoscalar meson and decuplet baryon scattering lengths
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We have systematically calculated the S-wave pseudoscalar meson and decuplet baryon scattering
lengths to the third order in the small-scale expansion scheme of the heavy baryon chiral perturbation
theory. We hope that future study may test the framework and the present predictions.
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L. INTRODUCTION

The excited states of the nucleon and their strong inter-
actions with various hadrons play an important role in our
understanding of nonperturbative QCD. Generally speak-
ing, their coupling with the pseudoscalar pion, kaon, and
eta is governed by chiral dynamics. The first excited state
of the nucleon, J© = 3/2% A(1232), belongs to the lightest
decuplet. It is degenerate with the nucleon in the large N,
limit [1,2]. From the strong decay widths, one can extract
the coupling constants of the pseudoscalar meson decuplet
baryon interaction. Although it may be quite difficult to
measure their scattering lengths experimentally, unlike in
the pion-nucleon and kaon-nucleon cases [3-5], it is still
interesting to study the scattering processes theoretically.

As two well-known nonperturbative approaches of QCD
at low energy, chiral perturbation theory and lattice QCD
have been widely used in studying meson-baryon interac-
tions [6—14]. With the explicitly consistent power counting
scheme, the heavy baryon chiral perturbation theory
(HB yPT) is a practical and useful tool in the study of the
meson-baryon scattering. The expansion is organized with
p/A,, where p represents the momentum (mass) of the
meson or the small residue momentum of the baryon in the
nonrelativistic limit, and A\, = 4w is the scale of chiral
symmetry breaking. Numerically it is around the baryon
mass in the chiral limit. Because of the large mass of the
strange quark, the chiral corrections from the kaon and eta
meson loops are significantly larger than that from the pion
loop, which leads to the worse convergence of the chiral
expansion in the SU(3) case.

In HB yPT, the effects of excited baryons are encoded in
the unknown low-energy constants (LECs) in the
Lagrangians. In the large N_ limit, one expects that the
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inclusion of the decuplet baryon contribution may partially
cancel the octet contribution and be helpful to the chiral
expansion. In order to investigate the contributions of the
A, HB xPT with explicit spin-3/2 baryons and the small-
scale expansion scheme have been developed in
Refs. [15,16]. Now the expansion is organized with e,
where € means p in HByPT or the mass difference &
between A and the nucleon in the chiral limit, which is
widely used in the exploration of the decuplet related
processes [17-21]. There exists another power counting
scheme ““6 expansion” in the two-flavor case, where m
scales as 62 [22-25].

In our previous work [21], we studied the decuplet
contributions to the pseudoscalar meson octet baryon scat-
tering lengths, which are important observables reflecting
their strong interaction near the threshold. The inclusion of
the decuplet baryons does not improve the convergence
significantly. In this paper, we will study the scattering
lengths of the pseudoscalar mesons and the light decuplet
baryons in the framework of the SU(3) heavy baryon chiral
perturbation theory with explicit decuplet baryons. We will
explore whether the small-scale expansion works well in
this case.

This paper is organized as follows. We present the basic
notations and definitions in Sec. II. In Sec. III, we list the
chiral corrections to the threshold 7-matrices of the meson
decuplet baryon scattering, which contains our main re-
sults. The LECs are estimated in Sec. I'V. Finally, we give
the numerical results and our discussions in Sec. V.

II. LAGRANGIANS

In the heavy baryon formalism, the chiral Lagrangians at
the leading order are

Lo = Tr(u#u” + )%) (1)

© 2011 American Physical Society


http://dx.doi.org/10.1103/PhysRevD.83.034004

ZHAN-WEI LIU, YAN-RUI LIU, AND SHI-LIN ZHU
L), = Te(B(iv- 6B + [v - T, B])) + 2D Tr(B{S - u, B})
+ 2F Tr(B[S - u, B)), (2)

£%T = —T+(v-D — 8T, + C(T*u,B + Bu,T")
+2HTHS - uT,. 3)

Here f is the decay constant of the pseudoscalar meson in
the chiral limit, v is the velocity of the baryon, S, is the
spin operator, and & is the mass difference between A
and the nucleon. For the coupling constants, D + F =
ga = 1.26 where g, is the axial vector coupling constant,
IC] = 1.5, and |H| = 1.9. The D and F terms do not
contribute to the threshold amplitudes we calculate. The
superscript in the Lagrangians represents the correspond-
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iDHszll/bc la#Ttl;bc ( M)ngbc + (FM)[biT:dc
+ (T 4T, N
and
AT A0
T, = AT, T, = ﬁ Ty = \/—5
- 3t 3*0
Tyy = A7, T3 = NeE Ty = N ®
34 =0 A

T3 = N

ing chiral order. The notations for the fields read Ty3 = Q7.
_ et
o 5[5 9,€) The HB yPT Lagrangians consist of two parts at higher
i order [26]: the recoil corrections and counter terms. The
U, = E{f 3 (4)  former part comes from the lower order relativistic chiral
- . Lagrangians. The counter terms contain LECs and are
¢ = expliep/2f), constructed with respect to QCD symmetries. To O(e?),
the following high-order Lagrangians contribute in our
= ETxet = £xé, ) calculation:
= diag(m?%, m2, 2m% — m2),
H? H?
WT; +2 - K+ [%T =3 T vufveu STl +WT”]< “uS
— 0 —
p=2| = —\%4'% K | X v-u lek+{d1TZkv'uisv-ulegk
K~ K° -2 _
0 N 6) +d, T v - u v - u,' Tl + d3Tr(v - uv - )T, TH
Bt 2 p +dy T, 0. T* 9
75 73 0 4 ,u,/\/+ }’ ( )
B = 3 - % + A6 n ,
= =0 -2
|
H? H?
£$£T = —aplk Ty - u, Slv-D+ v ulegk aEEYYe Ty - u, Sliv-D+ 8)v - uy lek
+{( T u, P u, v iDPTY, + He) + (T u, P, v"iDPTE, + H.e) + hy Tr(u,u,)T#v"iD?T,,
+ (hyT, ¥iv - DT* + Hee) + (hsT ¥_ v - u,'Tf + He)}, (10)

where Y+ = y+ — % Tr(y+) and M is the mass of the
nucleon. In principle, the unknown coefficients in the
Lagrangians could be determined from either QCD or
the experimental measurements. Because of the difficulty
in the nonperturbative region of QCD and the lack of
experimental data, we will resort to the resonance satura-
tion method when estimating LECs [27].

III. THE T-MATRICES AT THRESHOLDS

The total S-wave scattering cross section near the thresh-
old can be expressed in terms of the scattering length. It

I

can also be calculated directly using the threshold 7-matrix
Tpr. To ensure the same total cross section in quantum
mechanics, the scattering length apy is related with the
threshold T-matrix Tpy: Tpr = 47 (1 + TT:)a pr» Where mp
and M are the masses of the pseudoscalar meson and the
light decuplet baryon respectively. We use a convention
that apy > 0 (apy < 0) if the interaction is attractive (re-
pulsive). There are 27 independent isospin invariant am-
plitudes for the octet meson-decuplet baryon interactions.
We list their explicit expressions in the following subsec-
tions. One may get any other amplitudes with the help of
the isospin symmetry.
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The first two order 7T-matrices are easy to derive from
the Lagrangians (3) and (9). At the third order, loop cor-
rections enter. There are 18 nonvanishing diagrams con-
tributing to the threshold amplitudes, which are shown in
Fig. 1. We calculate the loop integrations with the dimen-
sional regularization and modified minimal subtraction.
One may find useful integrals in the appendixes of
Refs. [7,28]. The divergences from the loops can be ab-
sorbed through the LECs £,

1
hy = C’L + h?, hy =§CZL+h’,
1 1
hy = _§CZL + hi, hy = gCZL + hy, (11)
9
hs = _ZL + hg,
where
D—4
_A { ! + 1( -1 —1n477)},
16w |lD-4 2 (12)

(Euler constant yp = 0.5772157),

and A is the scale from the dimensional regularization.
To make the final expressions short, we introduce a
constant and two functions,

3 m
—y {(53 - Em%ﬁ) 10g777
< 2 5 5%) N (52 _ m2)3/2

( VT —mi+ 6
X (log———
mﬂT

C*m%
1272 f4(m3,

- i7T) = (m} — 52)3/2¢cos!

X (— ni) + (m3 — m2)5}

(13)
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Nonvanishing loop diagrams for the pseudoscalar
meson-light decuplet baryon scattering lengths to O(e®) in
HB yPT with explicit A. Dashed lines, thin solid lines, and thick
solid lines represent Goldstone bosons, octet baryons, and dec-
uplet baryons, respectively.

Wim) c? —2vm? — 5200571(— é) —25logh + & m> 8 (14
m) = P s
71" | —2810g2 — 257 — m? loglT=248 4 § 4 27rin/5> —m® m =6
—Vm?* = wzcos*'<— %) m? = w?
Vint, o) = 080 @] e T 2 < o2 (15)
s = f— [— — w-—m- —w < .
m-, @ 2 2 w® — m”log m- <o, o <0

In deriving the final T-matrices, we have used the Gell-Mann—Okubo mass relation m?

the express1ons more concise.

\/wz—m< logw—klﬂ') m?*<w?w=0

= (4m3% — m?%)/3, which makes

A. Pion-decuplet scattering

There are 9 independent T-matrices for the pion scattering due to the isospin symmetry. At the leading chiral order O(e),
only the simplest tree diagram from the Weinberg-Tomozawa terms is involved,
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76/ _ _3Mx 76/ = M7 7/ = e 0 =-Ir W =ZF
7A Zf%. ’ A f727 ’ 7A Zf% ’ 72’ f%r ' (ol sz ’
2m7, mg Moy
T =%t T =-% T ="F T =0 (1o
2 ! 212 = f

where the superscript in the bracket represents the total isospin of the channel and f is the renormalized pion decay
constant (similar to f, f,, in the following text). Since we express the T-matrices with f rather than f, the difference is of
order O(e*). Explicitly, the renormalized decay constants to the next leading order read [29]

3r m2 m, m3 mgl 1 L 2my + m% . m%
f7,=f{1—§[ In—"+ —5 -1 ]——[—8L47K —8L5—]

P WY P i ) 7 7
+ o)
3 m> m m? m m2 m
= -2 2K K et T _’T:I
fx f{ 2[16772f2 "X T n2e Ty T nae
1 2m% + mZ mx
- 5[—8L2KT - SLgf—f:I + @(p4)},
3T m%  mg 1 2my +m% 8 Amy —m%
[y = f{l _2[877.2f2 HT] - 5[—8L4 7 3L 7 ]
T @(p4)}. (17)

In the above formulas, L} and L are the renormalized LECs from the pseudoscalar meson Lagrangian [29]. However, one
does not care about relevant terms. They will not appear in the loop results because the wave function renormalization of
the mesons gives the same terms and they finally cancel out.

The results at O(€?) also come from the tree diagram,

_ m%(3d, + 6dy — 4d,) ~ m2(5d, +3d, + 6d; — 4d,)

(5/2) _ (3/2) _
foa™ = T o2 |
T(l/z) _ m%.r(4c§] - 3d~2 - 6d3 + 4d4) T(z) _ _ m%(&z + 3d3)
m 6/ o 37
a _ m%(d, + d, + 3d;) o _ m%(3d, —2d, — 6ds)
T .= 5 , T 5= 5 ,
™ 3f2 m 0f%
T(3/2) _ m%,(c?z + 6d3 + 4d4) T(l/z) _ m%,(c?z + 6d3 + 4d4)
= 6/ L 62 ’
2
n _ mﬂ.(3d3 + 4d4)
Tra = =73 e
where
- H? - H?
=d; +— d,=d, + —. 1
d, Y > 2T o (19)

At O(€®), the T-matrices contain both loop and tree diagram contributions. Moreover, they receive contributions from
the replacement of f with £ in the O(e') magnitude, that is, the log terms in Eq. (17) should be incorporated. Just for the
simplicity of the writing and the reuse of the expressions at O(€?), we divide T into two parts at this order,
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T=T+T, (20)
One obtains T, from the O(e?) T-matrices (18) with the following replacements:
. H?6 -~ H?6
T are listed below,
- 3 15 9 S5HZm, m>
T(S/Z):__V 2’_ e V4 2’_ —_v 2’ _ L/
A 16 (m[( m77') 16 (mw' mw’) 16 (m7T m7T) 17287Tf4717.
53‘[2m37 4]’;5”’[?7
19274 1z’
. 1 1 S5H>m, m%2 553 °m3
(3/2) _ 2 2 2 n'"tr ™
T ==V y T Mg) — =V yMg) — — Vv w Myg) — -
A 33V e ) =53 Vi me) = Ve me) e T T Thag
5 8hsm?.
3 1 1 15 25 SH?>m,m2%  125H?m3
(1/2) _ 2 2 2 2 ' ™
T ==V T 7T__V ’ 77__V m 7r__V m Mg) — +
ms = gV e Tma) = g Vlmi ma) = eV, =my) = 30V, ma) = e T gt
2 20hsm3.
. 5 3 1 1 SH?m3 1
(2) _ T
Tose = — T V(m%, —m,) — T V(m%, m,) — 3 V(m%, —m,) — 1 V(mZ, m,) + Bonft + Em%,W(m,])
P03
W) +
- 3 5 1 5H?*m? 1
n _ _ 2 _ _ 2 _ 2 _ ™ 2
T‘n'E* = E V(mK, m,,) E V(mK, m,,) Z V(mw, mﬂ) m + EmWW(mn)
5 8hsm?.
g 1 3 1 S5H?m 1
0) _ T
T o=~ §V(m%<, —mg) — gV(m%(, m;) — Ev(m%n —my) = V(my, m,) + W + Emiw(mn)
5 16hsm3.
+ Em%,W(m,T) BRET
- 5 1 3 1 SH?>m,m%  5H>md
TOL = — = V(m}, —m,) — - V(mg, my) — —V(md, —m,) — —V(mZ, m,) — 1 z
= 16V Ui ~ma) = g Vi my) =36 Vlmz, =me) = eVime my) = o e 158wyt
1 1 Ahsm3.
+ Em%W(mn) - Em%W(m#) + 35?,
3 7 11 1 SH?*m,m2  5H*m3 1
(1/2) _ 2 2 2 n't T 2
T L) =——V(my, —m,) — —=V(mg, m,) — =V(ms, m,) — + + —miW
= 33V e mma) = 35 Vi me) = gV me) = e gy T 12 W)
1 8hsm?.
- 3 3 5H*m,m2
TS% T V(mg, —m;) — Ev(m%o m;) — W (22)
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where

- H?
s =~ oo, (23)
B. Kaon-decuplet scattering
At the leading order, there are 14 independent 7-matrices, which are
7 = - 3mg 1 _ Mg G2 _ _ MK
. 21% KA 2f% K> 21%
rip ="k ) K o 3"
K> f%( KE sz KE ZfK
(/2 _ 3mg @ _ 1 _ 2mg
Txq = 2f2° Tga =0, Ten =
K K
3/2 _ _ Mk (1/2) _ Mk 1 _ _ Mk
T = ——, Tld ==X, Tpt.=—--X,
K= 2fk K= Ix K= [k
3m
(O — (1/2) _ Ok
Tz =0 Tro =752 (24)
At the next leading order, we have
T(z) _ m%((3d~2 + 6d3 - 4d4) T(]) _ mi(&z - 6d3 - 12d4)
i 6/% e 6/% ’
76/ _ _ m%(2d, + 3d, + 6d; — 4d,) 71/2) _ m(d, — 6ds — 8d,)
K3* 6f%( ’ K3 6f%< ’
0 m%(2d, + 3d, + 6dy — 4d,) 70 _ m%(2d, — d, — 6d; — 4d,)
K= 6/% e 6f% ’
702 _ m%(3d, + 6d; — 4dy) o _ _ m%(3dy + 4d,)
Ke 6/% e e
I m%(2d, + 3dy — 4d,) 762 _ _ m%(d, + 6ds + 4dy)
KA T 2 ’ Jo 2 ’
3f% 6fk
702 _ m%(3d, + 4d, + 6d; — 8d,) A my(d; + 3d;)
7O _ m%(2d, + 2d, + 3dy — 4d,) FU) _ m%(3d, + 6d; — 4dy) )5
k= 372 ’ k0 o : (25)
[k [k

At the next-next leading order, we just list 7 here. One may get the total T-matrices from Egs. (20) and (21):
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S5H>mim?%

+
43277'f‘,‘((m77 +m,)

- 3 9 9 3
Tigh = =3V, =mi) = cVmi, my) = 5V, =) = Vi, =my)

SH?mim, 4hsm}
2887 fk &

- 1 1 3 7 25H 2 m%m?

(1) _— 2 2 2 2 KMx

T —V(mg, —m V(img, mg) +==V(my, —m Vimz, —m

ka4 (g ©) 16 (e, i) 32 (e 2 32 ( ©) 12967 f % (m,, +m.,)

B 353—[2m%<m,, _ dhsm3,
259274 3f%

- 3 1 3 9 1 5
Tféé) = _T6V(m%<’ —mg) — 16V(m%{’ m) — gV(m%, —mg) — ?TZV(m%, mg) — gV(m%n —mg) — ?TZV(m%n mg)
J 1 dhsm?
_g_gm%(W(mn) + 3‘](?( ,
. 1 3 5 1 J 1 8hsm?
Tg{lé%‘) = —ZV(m%(, mK) + EV(m%, —mK) - EV(m%T’ _m]() - ZV(m%,, I’I’l[() + g_ gm%(W(mn) — 3f%<K’
T(l) __1V 2 _ _1V 2 _9V 2 _ _3V 2 _3V 2 _ _1V 2
KE*~ g (my, —mg) 16 (my, mg) EY) (m,,, mg) 3 (mn’mK) 3 (m7, —mg) 2 (m7, mg)
_ SH>mimZ 5,’]—[2m%{mn _{_lmz Wm,)— 4hsm?
12967 ff(m, +m,)  2592mfy 6 6 7T 3f2 0
. 3 9 9 9 3 S5H>m%m?
0 _ _ _ _ _ _ _ _ K"
Tym = gV(m%( mg) EV(m%(, mg) +§V(m%7, mg) §V(mzr mg) §V(m%,, mg) + 432w, + )
5H>m3 1 dhsm3
mK:nn-i-{——m%(W(mn)— hsme,
288 [ 2 6 Ix
8 9 9 9 9 S5H?>mim, 4dhsm}
T(Iég/)z) = _EV(”’%’ —mg) _EV(’"%@ M) _3_2V(m%p M) _3_2V(m%r) mg) + 21677;‘1‘( 7 — ;;{ K,
7O _ —iV(m2 —my) —iV(mz ) — 53‘[2m%<m%7 B 55‘[2m%mn
kA 16 K 16" 432w fy(m, +m,)  864mfy
8 11 3 1 25H > m3m? 65H *mim, 16hsm3
70\ = ——V(mk, —my) = V(mg,mg) — 2V (m3, mg) ——V(m%,mg) + Kw L7k
Ra = 7g Y i mm) = Vi ) = gV o, mie) = 75V i i) 12967 fk(m, +m,)  2592mfk  3f%
e 3 1 3 7 1 J 1 Ahsm?
ng%) = _EV(’"%{: —mg) — Ev(m%o mg) — EV(m%, —mg) — §V(m3, —mg) — ZV(m%T mg) + 6 gm%(W(mn) + 3f%<K,
(12 1 3 9 1 1 J 1 8hsm?
T(,glé*) = _Zv(m%@ mg) — gV(m%, —mg) — Ev(m%” mg) — gv(m%n —mg) — EV(’”%’ mg) — 3 - gm%{W(mn) - 3f%<K,
- 1 3 5 3 5H 2m%:m?
n _ 2 2 2 2 2 KM
T.L,=——V(mg, — —=V(my, ——V(my, — ——V(mz, — ——V(mz, +
gz = 16V e Tmk) = g Vimie mg) =g Vmiy, —my) = eV, =myg) = e Vimz, my) 12967 f%(m,) +m,)
25H*m3 J 1 8hsm;
—mKT" +=——mgW(m,) + STK,
25927y 6 6 3fx
- 3 9 9 3
T%’)E =RV(’"%@ —mg) — EV(W%’ —mg) — Ev(m%]’ mg) — Ev(m%—r —my)
o 5H2mim: 5H?mim, _{_lmZ Wm.)
4327y (m, +m,)  86dmwfr 2 6 KT
8 9 9 9 9 S5H2>mim, dhsm}
(1/2) — _ 2 _ _ 2 —_ 2 _ _ 2 _ K" 5™k
Te = 1_6V(mK’ mg) EV(mK’ mg) 3—2V(m,7, mg) 3—2V(mm mg) + 2067 fL 7 (26)
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C. Eta-decuplet scattering

Eta and decuplet baryon T-matrices start at the second chiral order,

76 — _ (d) + dy + 6ds + 8d)m>  2d,m% 0, (d) — 2d, — 6d3)m?,
2 2 * 2 ’
’7 6/3 312 7 6/2 o
P _ (3d, + 6d3 — 8d)m%y  2dym? o _ (2d\ +2d, + 3d; — 8dy — 8dy)my  4dym?
= 6f% 35 " 35 35
At the third order, we have
F6/D _ —iV(mz ) )—EV(mz m) SH?m}y  SH>*mim, . 35H 2mym%  253{°m},
mA 3200 T 3 R a3t 324mf S184mfy  1728wf4h
1 1
- gm%(W(mK) + gm%W(mar),
- 3 3 SH?*m3  SH?*m3 4 2
T(nl)E = —ZV(m%(, —m,) — ZV(m%(, m,) + 1627Tff — 6487/ + §m%(W(mn) — §m%(W(mK)
Ui n
7 5
. 27 27 5H?2m3  SH?*mim, 35H?*m,m2  S5H2m3 4
(1/2) _ 2 2 K K"n n'"tw ™ 2
T L) =——V(mg, —m,) — —=V(mg, + - + - +-—miw
"z 33/ i =) = gy Ve ) T S 0kmyS | Si8amft 1728yt | oK)
1 2 7 2 1 2
— I + —
3 Mk Wmg) — zemzWim,) + = mzWim),
. 9 9 S5H md  SH? mim, 35H*m,m>% 2
TO) = = V(mk, —m,) — —V(mk, m,) + K_ K n T — S mE W (mg). 28
ne = gV ) = g6V, my) 206mft  8lwf] 12967f5 37K () @9

We have checked that our results satisfy the SU(3) sym-
metry and the crossing symmetry. Moreover, we have
calculated the 7-matrices of all 80 channels explicitly.

IV. LOW-ENERGY CONSTANTS

Before the numerical calculation, we have to determine
the coupling constants in the Lagrangian. For those in the
leading order, we use [26,30]

m, = 139.57 MeV, my = 493.68 MeV,

m,, = 547.75 MeV, 5 = 294 MeV,
fr=92.4 MeV, fx = 113 MeV, fo=12fx
C=-15, H=-109. (29)

At the second chiral order, d, could be determined from
the mass splitting of the light decuplet,

_ 3(my — myx)

= =0.51 GeVL.
A(m7, — mg)

d, (30)
Other LECs cannot be determined from the available ex-
perimental data. Thus we try to estimate them with the
resonance saturation method, which was originally used in
the meson case [27] and applied to the pion-nucleon inter-
action later [31]. According to this method, the effects

from higher resonances are encoded in the LECs. Here

we consider contributions from baryon resonances below
1.6 GeV and ignore contributions from higher baryons.

The first baryon multiplet contributing to LECs is the
JP =3/2" octet, which contains N(1520), A(1690),
2(1670), and E(1820). We simply denote it as Ni,,
here. The relevant interacting Lagrangian is

Lyg = iGN(ISZO)(Nfszo“iTM - TMV{Nfgzo . €2y

For the complete relativistic Lagrangian, additional terms
may be constructed according to the point transformation,
such as i(N{5,0Yu y" T, — T,y iy, Nisy) and i(Nisy,
(’)’Mg(n/ + 7Vga';L)MUTV - TM(YMgUV + ’)’Vgu,u,)ug—N;’szo)
[32]. Because we are considering the case at threshold and
the external baryons are on shell, such terms do not con-
tribute and we ignore them here. By integrating out N5,
one gets

G> .
152 N(1520 ik
£Z(f 520 TNU520) (T - ufv - uilTs”l“k
Mysyo — Ma ’

— Ti{kv “ufv - uSlTl’;fk). (32)

The JP = 3/2% decuplet containing A(1600) is the
lightest one contributing to LECs, and is denoted as 7’40
here. The interacting Lagrangian reads

L., = Gaaeoo)T g0 vsT, + TFhysTi600,)-  (33)
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The contribution to LECs may be derived from the result-
ant effective term,

A600) _ G 1600 ZTijk Sy u T
i
+ §T',{ v-oulv: uslTl’;k) (34)

Recall the fact that the time component of the on-shell
Rarita-Schwinger field vanishes in the static limit; there is
no chiral coupling with J = 1/2 baryon and pion at thresh-
old. For the 7N interaction [31], both the intermediate A
and N* baryons contribute to LECs because they are off-
shell. In the present case, the external J = 3/2 baryon is
on-shell and static and the intermediate excited J = 1/2
baryons do not contribute. As a result, we only need to
consider the intermediate J = 3/2 baryons.

Besides the baryon resonances, the scalar meson o
would also contribute to LECs through t-channel. From
the Lagrangians,

L =7 . ¢
oTT Ca Tr(” M)U + Cm TI‘(/\/+)0', (35)
‘£{TAA = g(,.TMT'u(T,

we get

2 2

Lo~ (Zgo'éd o 8go'Em
eff m
600

)Tr(v cuv - u)T,TH.  (36)
Mo

Similarly, the scalar octet containing «(800), ay(980), and
f0(980) may also be considered. We denote it as «. The

corresponding Lagrangians are
Lorr = cagTr(u-ux) + ¢, Tr(x k),
K ) + (37)
‘EKAA = gKT,uKT#’

from which one obtains

28.Cq =ii 2g,.cC
K kCd wijk Il 8xCd
S 2 Tpv-uv-ug lek 32
800 800
28, Cm

X Tr(v - uv - u)T, T* + 5 T, x+T*  (38)

Mgoo
|

G2

PHYSICAL REVIEW D 83, 034004 (2011)

In the pion-nucleon case, the vector meson p does not
contribute because the contraction of the p-meson propa-
gator with the corresponding p77r matrix element van-
ishes in the forward direction [31]. Here the vector mesons
do not contribute for the same reason.

Adding the above effective Lagrangians (32), (34), (36),
and (38) together, we have

G> 2G> o
Leff:( N(1520) A(1600) )Tﬂkv'uisv'uleS”;k

Mysao — My 3(myeoo + myp)
2 2
( Giaeon  Onasoo _}_ngcd)Tijkv_u.s
3(m1600+mA) Myspo — MA Mgy . l
29 ¢ 8g,.¢C 2¢9.¢C
Xv'”slT;;k"‘(gg d__ gz;'m_?’gxzd)
Mgoo Mgoo Mg
A o ngCm 7 ~ y7a
XTr(v-uv-u)T,TF+—5"T,%:T". (39)

Mgoo

Now one estimates the LECs by comparing the Lagrangian
(39) with the Lagrangian (9),

2 2
dy = GN(1520) " 2GA(1600)
mispo = ma  3(migo0 + my)’
2 2
dr = GA(1600) . GN(1520) + 28,Cq
2= ,
3(migoo + ma)  mys —ma  my
- - (40)
da = 2gocd o 8go'Cm o 2gKCd
3772 2 3Im2.
Mgoo Mgoo Mg
28, Cm
d4 - 5 .
Mg00

It is not difficult to determine the coupling constant
Gn(is20) according to the decay width. From the
Lagrangian (31) and the decay to A, one deduces

Here p, is the decay momentum, E, = ‘/ﬁﬁ + m2, and

E5 = 4/p% + m3. From the mass m sy = 1520 MeV, de-
cay width I'jspo = 115 MeV and I'(N(1520) — A7) =
23 MeV [30], one derives

2
GN(1520)

Mysp0 — My
With the same procedure and m 5990 = 1600 MeV, I' 1590 =
350 MeV and T'(A(1600) — Am) = 192 MeV [30], we
derive the coupling constant G4 (;600)-

=0.27 GeV~. (42)

B ) 41
NAS20) |5 (s — ma)2(Ex + ma)Q2E2 + 2Exmy + 5m3) (41)
|
G2
_ —A0600) = (.46 GeV . (43)
Mmoo T My

For the coupling constants ¢, and c,,, we use [27]
leyl = 3.2 X 1072 GeV,

44
le| = 42 X 102 GeV, “44)

cyCm > 0.

Although there is no empirical value of g,., one may estimate
it by comparing d, obtained with the resonance saturation
method in (40) with that from the mass splitting in (30),
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lg.] = 3.9, g«Cm > 0. (45)

In addition, the coupling constants should obey the nonet
relations in the large N, limit,

Ed=£cd, ¢ =ic R
\/g m 3 m
B l o 46)
go'_\/_gglo g_ — 1.

By combining the above relations, the estimated LECs at
O(€?) are

d, = 0.58 GeV !,
dy = —1.11 GeV ™!,

d, = 0.28 GeV ™,

47
d, = 0.51 GeV 1. @7

In a similar way, one may consider the high-order cor-
rections and estimate the O(e*) LECs h; — hs. Because of
the uncertainty of this method, we tend to neglect these
counter terms in the following calculation. This assump-
tion was adopted in the study of the meson-baryon scat-
tering lengths in Refs. [8,33]. The counterterms of the wN
scattering lengths are found to be much smaller than the
loop contributions at this order in Ref. [31]. However, to
explore the orders of the counterterms, we have made a
very crude estimate about these LECs h,-hs5, which are
collected in the Appendix .

V. NUMERICAL RESULTS AND DISCUSSIONS

We set A at 47 f ., 4mfk, and 47 f, respectively for the
pion, kaon and 7-scattering in our numerical analysis. The
results for the 7T-matrices and the scattering lengths at
different orders are shown in Tables I, II, and III. The

G/2) L0/ ) O /) )

positive sign of a ", a ", A ses Qoses A z0y Qpps

12 (1) (0) (1/2) (1) /2 (1) (1/2)
Agses Qgze Qpmes Qro s Qeps Qpses Qpses nE*

indicates that the strong interactions for these channels
are attractive.

In Ref. [34], the authors used the extended Nambu-Jonas-
Lasinio model and got the following 7A scattering lengths:

and a

PHYSICAL REVIEW D 83, 034004 (2011)

@’ = —0.258m;" = —0.364 fm,

@t =0.172m;" = 0.242 fm, 48)

'/t = 0.429m;" = 0.604 fm.

Somehow their results are consistent with ours.

From the data, one easily sees that the third-order con-
tributions are large and the 7-matrices do not converge.
The bad convergence may be mainly due to the large mass
of kaon and eta [6,8,19,20]. Inaccurate determination of
LECs might worsen the convergence. Another reason
probably comes from the heavy hadron framework itself.
In the meson-baryon case [35] and the meson-heavy meson
case [36,37], it was found that the recoil corrections are
sizable. The future investigation of the higher order recoil
corrections and LECs, etc., may answer whether similar
features occur in the meson-decuplet cases.

We also show different contributions of the 7T-matrices
at O(€) in Tables IV, V, and VI. From the values one
observes that the loop corrections from the intermediate
decuplet states dominate. In the pion scattering channels,
only loop diagrams containing the octet baryons could
generate the imaginary part. The contributions from the
intermediate octet and decuplet baryons have opposite
signs in many channels, which is beneficial for the con-
vergence. The consideration of the recoil corrections in-
creases the convergence in most channels.

We compare TS’EI;O), Tfé%’l/ 2), T;?é%‘l/ 2) , Tgé)f, Tg/ 21/2) )

and TE(I:O) with the corresponding TSTZ’EI’O), Tféz’l/ 2),

Tgéz’l/ 2), Tg(lé)), T;?éz’l/ 2), and Tg‘zo) obtained in
Refs. [21,33], and find that the results of each pair are
equal at the leading order, but different at higher order. We

also check the following quantities at the leading order:

T7T+A+ = T7T+p, T7T+A0 = T7T+n,
Tgep+ = Tk+p, Tgipo = Ti+p, 49)
Tl?”A* = Tkop, T]gvo = Tkon'

TABLE 1. Pion-decuplet baryon threshold 7-matrices order by order in units of fm.

O(eh) O(€?) 0(e%) Total Scattering length
T8 —4.84 0.445 —1.37 —5.76 —0.412
T8 3.23 —0.253 ~0.901 — 1.02i 2.07 — 1.02i 0.148 — 0.0728i
T2 8.06 1. 1.44 + 0.814i 10.5 + 0.814i 0.751 + 0.0582i
7. -3.23 0.361 —2.52 - 0.102i —5.38 — 0.102i —0.389 — 0.00736i
. 3.23 0.0819 ~1.8 = 0.50i 1.51 — 0.509i 0.109 — 0.0368i
7. 6.45 0.781 —0.412 + 0.509i 6.82 + 0.509i 0.493 + 0.0368i
T8 ~1.61 0.277 ~2.69 — 0.102i —4.02 — 0.102i —0.293 — 0.007 42i
T/ 3.23 0.277 —1.89 — 0.102i 1.61 — 0.102i 0.118 — 0.007 42i
T, 0 0.194 ~1.87 ~1.68 ~0.123
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TABLE II. Kaon-decuplet baryon threshold 7T-matrices order by order in units of fm.

O(e") 0(€?) 0(e?) Total Scattering length
T —11.4 3.73 -9.27 —17. —0.965
T 3.81 0917 3.67 8.4 0477
T —3.81 139 —9.44 + 6.77i —11.9 +6.77i —0.696 + 0.397i
T 7.63 2.79 10.1 + 1156 20.5 + 11.5i 1.2 + 0.673i
VL. 3.81 1.39 ~3.22 + 10.9i 1.98 + 10.9i 0.119 + 0.658i
T, 11.4 4.66 16.4 + 17.2i 32.5 + 17.2i 1.95 + 1.04i
TP 11.4 3.73 9.4+ 12.5i 24.6 + 12.5i 1.51 + 0.768i
T 0 1.62 —2.85 + 8.34i —1.23 + 8.34i —0.0697 + 0.474i
) 15.3 443 14.6 + 2.78i 34.3 + 2.78i 1.95 + 0.158i
T -3.81 232 —4.01 + 11.3i —55+ 113 —0.323 + 0.662i
T 7.63 0.92 —0.775 + 2.42i 7.77 + 2.42i 0.456 + 0.142i
TeL ~17.63 3.02 ~5.33 + 8.51i —9.93 + 8.51i —0.598 + 0.512i
oL 0 —0.249 —9.72 — 0.533i —9.97 — 0.533i —0.6 — 0.0321i
s ~114 3.73 —6.8 —14.5 —0.892

TABLE III.  Eta-decuplet baryon threshold T-matrices order by order in units of fm.

O(e") 0(e?) 0(e%) Total Scattering length
o0 0 -0.173 0.338 + 3.76i 0.165 + 3.76i 0.009 09 + 0.207i
. 0 3.58 1.79 + 9.96i 5.37 + 9.96i 0.306 + 0.568i
)2 0 434 1.23 + 11.2i 5.57 + 11.2i 0.326 + 0.655i
%) 0 2.1 —1.35 + 7.44i 0.756 + 7.44i 0.0453 + 0.446i

These relations are easy to understand with the Weinberg-
Tomazawa  formula, T ~ [, (I, + 1) — Ig(Iz + 1)
— Iy (I + 1), where Iy, I, and I, are the total, baryon,
and meson isospin, respectively.

In summary, we have calculated the S-wave scattering
lengths of the pseudoscalar mesons and light decuplet
baryons to the third order in the framework of heavy

baryon chiral perturbation theory, and found that some of
the T-matrices do not converge very well. We estimate
LECs with the resonance saturation method. Our results
may be helpful to the model construction of the meson-
decuplet baryon interactions. We hope that future lattice
simulation or experimental measurements may test the
predictions.

TABLE IV. Pion-decuplet baryon threshold T-matrices at O(e®) in units of fm.

Loop: octet contribution Loop: decuplet contribution Loop: total Tree only recoil correction Total
o 0 —1.41 —1.41 0.0345 -1.37
TffA/z) —0.518 — 1.02i —0.586 —1.1—1.02{ 0.203 —0.901 — 1.02i
T;'gz) 0.414 + 0.814i 1.08 1.49 + 0.814i —0.0575 1.44 + 0.814i
Tf; —0.129 — 0.102i —2.41 —2.54 —0.102i 0.023 —2.52 —0.102i
T, —0.337 — 0.509i ~1.56 —1.9 — 0.509i 0.0977 —1.8 — 0.509i
Tgf;. 0.181 + 0.509i —0.548 —0.366 + 0.509i —0.046 —0.412 + 0.509i
Tféz) —0.129 — 0.102{ —2.57 —2.7 —0.102i 0.0115 —2.69 — 0.102i
T%z) —0.129 — 0.102{ —1.78 —1.91 — 0.102i 0.0222 —1.89 — 0.102i
T, 0 ~1.87 ~1.87 0 ~1.87
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TABLE V. Kaon-decuplet baryon threshold T-matrices at O(e®) in units of fm.

PHYSICAL REVIEW D 83, 034004 (2011)

Loop: octet contribution  Loop: decuplet contribution Loop: total Tree only recoil correction Total
T 0 -9.33 -9.33 0.0607 -9.27
T 0 3.69 3.69 —0.0202 3.67
T 0.778 — 0.178i —11. + 6.95i —102 + 6.77i 0.777 —9.44 + 6.77
T 0.666 + 0.355i 9.47 + 11.1i 10.1 + 1156 —0.0405 10.1 + 1156
TVL. 0.778 — 0.178i —4.99 + 11.1i —4.21 + 10.9i 0.989 ~3.22 + 10.9i
T 0.628 + 0.533i 15.8 + 16.7i 16.4 + 17.2i —0.0607 16.4 + 17.2i
TP 0 8.7 + 12.5i 8.7 + 12.5i 0.696 9.4 +12.5i
T\ 0 —2.85 + 8.34i —2.85 + 8.34i 0 —2.85 + 8.34i
) 0 13.6 + 2.78i 13.6 + 2.78i 0.929 14.6 + 2.78i
T 0.703 + 0.178i —4.73 + 11.1i —4.03 + 11.3i 0.0202 —4.01 + 11.3i
T 0.816 — 0.355i —3.06 + 2.78i —2.25 + 2.42i 1.47 —0.775 + 2.42i
oL 0.703 + 0.178i —6.07 + 8.34i ~5.37 + 8.51i 0.0405 ~5.33 +8.51i
T 0.854 — 0.533i —12.1 —11.2 — 0.533i 1.51 —9.72 — 0.533i
s 0 —6.86 —6.86 0.0607 —6.8

TABLE VI. Eta-decuplet baryon threshold T-matrices at O(€?) in units of fm.

Loop: octet contribution  Loop: decuplet contribution Loop: total Tree only recoil correction Total
o0 0.493 + 0.0439i —0.479 + 3.72i 0.0145 + 3.76i 0.324 0.338 + 3.76i
. —0.548 + 0.0366i 2.33 + 9.92i 1.79 + 9.96i 0 1.79 + 9.96i
)2 —0.403 + 0.0219i 1.3+ 11.2i 0.902 + 11.2i 0.324 1.23 + 11.2i
T 0.93 —3.57 + 7.44i —2.64 + 7.44i 1.29 —1.35 + 7.44i
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APPENDIX: ROUGH ESTIMATION
OF THE O(e*) COUNTERTERMS

At this order, the excited baryons contribute to LECs
through both tree diagrams and loop diagrams. Here we
assume the former contribution is much smaller than the
latter one. This assumption for the estimation is similar to
the one used in studying the meson-baryon scattering
lengths in Refs. [8,33] and the above numerical calcula-
tion. For a very rough estimate at O(e?), we only consider

here.

The diagrams one needs to calculate are similar to those
in the last column of Fig. 1. A new Lagrangian should be
introduced,

L ¢TR = Tr(R(lU cd — 5R)R + R[U . F, R])
+ GN(1440)(TMM/LR + RM,U,TM) + -, (Al)

where 6 ~ 500 MeV is the mass difference between
N(1440) and the nucleon. In our calculation, we need 6, =
208 MeV, which is the mass difference between N(1440)
and A.

The T-matrices can be obtained by replacing J and
W(m) in Egs. (13) and (14) with

Jnew = J T Jg, Wnew(m) = W(m) + WR(m)» (A2)

where
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TABLE VII. Pion-decuplet baryon threshold 7-matrices considering N(1440) octet baryon contribution in units of fm.

O(e") 0(€?) 0(€): old 0(€3): N(1440) contribution O(é€%): Total, new
o —4.84 0.445 -1.37 0 -1.37
T8 3.23 —0.253 —0.901 — 1.02i 0.374 —0.527 — 1.02i
T2 8.06 1. 1.44 + 0.814 —0.299 1.14 + 0.814i
7. -3.23 0.361 ~2.52 = 0.102i —0.0434 ~2.56 — 0.102i
. 3.23 0.0819 —1.8 — 0.509i 0.106 ~1.69 — 0.509i
T'%. 6.45 0.781 —0.412 + 0.509i —0.268 —0.68 + 0.509i
T8 ~1.61 0.277 ~2.69 — 0.102i —0.0434 —2.73 = 0.102i
T/ 3.23 0.277 —1.89 — 0.102i —0.0434 —1.93 = 0.102i
T, 0 0.194 ~1.87 0 ~1.87

TABLE VIII. Kaon-decuplet baryon threshold 7-matrices considering N(1440) octet baryon contribution in units of fm.

O(eh) O(€?) 0(€%): old 0(€?): N(1440) contribution O(€?): Total, new
T —11.4 3.73 -9.27 0 -9.27
T 3.81 0917 3.67 0 3.67
T -3.81 1.39 —9.44 + 6.77i 1.62 ~7.82 + 6.77i
7oL 7.63 2.79 10.1 + 11.5i —0.558 9.53 + 11.5i
TL. 3.81 1.39 ~3.22 + 10.9i 1.62 ~1.6 + 10.9i
L. 11.4 4.66 16.4 + 17.2i ~1.28 15.1 + 17.2i
T\ /Y 11.4 3.73 9.4+ 12.5i 0 9.4 +12.5i
T 0 1.62 —2.85 + 8.34i 0 ~2.85 + 8.34i
) 15.3 443 14.6 + 2.78i 0 14.6 + 2.78i
(s -3.81 2.32 —4.01 + 11.3i 0.168 ~3.84 + 11.3i
T4/ 7.63 0.92 —0.775 + 2.42i 235 1.57 + 2.42i
L. ~17.63 3.02 ~5.33 +8.51i 0.168 ~5.16 + 8.51i
oL 0 —0.249 ~9.72 — 0.533i 3.07 —6.65 — 0.533i
(s ~11.4 3.73 —6.8 0 —6.8

TABLE IX. Eta-decuplet baryon threshold 7-matrices considering N(1440) octet baryon contribution in units of fm.

O(e") 0(€?) 0(€): old O0(€%): N(1440) contribution 0(é€%): Total, new
T 0 —0.173 0.338 + 3.76i 0.814 115 + 3.76i
. 0 358 1.79 + 9.96i —0.686 1.1 +9.96i
)2 0 4.34 1.23 + 11.2i —0.402 0.823 + 11.2i
%, 0 2.1 —1.35 + 7.44i 1.67 0.319 + 7.44i
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2 2
7 GN(1440)mK
R

6% —m% — 8

+ (6% — m3)**log

Wr(m) =

- 3 ~
— 3
12724 (m? — mz)[<6R B Em%’e)log
n T

. 5 -
£ oy = 8 cos (= 28) oy — w5 |

G?\/(144o) —2\[m2 - 5%00('(— %) — 26, log + 5 m> |6kl

PHYSICAL REVIEW D 83, 034004 (2011)
3 ~ ~ m
“mZég — 53)10 -
(2 mzOR R | 102 A

(A3)
n

(A4)

167> f4

—25R10g% + 2\/5% - mzlogw + 6 m= |56zl

We show the numerical results at order O(e*) in Tables VII, VIII, and IX. The roughly estimated LECs are hf =
—1.7 GeV ™2, by = —4.4 GeV ™2, h; = 3.3 GeV 2, b}, = —0.8 GeV 2, and i = 0.0 at around the scale 477f . From the
tables, we see that the contribution due to the intermediate N(1440) octet increases the convergence of the chiral expansion
in most channels slightly.
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