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Chiral Lagrangians for spin-% and spin-% doubly charmed baryons
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The relativistic chiral Lagrangians for both spin—% and spin-% doubly charmed baryons are constructed up
to the order O(p*). From O(p?) to O(p*), there are 19, 74, and 452 independent terms in the two-flavor
case and 25, 112, and 864 independent terms in the three-flavor case. The chiral Lagrangians in the heavy
diquark limit are also obtained. From O(p?) to O(p*), there are 7, 23, and 118 independent terms in the
two-flavor case and 8, 31, and 189 independent terms in the three-flavor case. We present the low-energy
constant relations between the relativistic case and the case in the heavy diquark limit up to the order
O(p?). With the heavy diquark-antiquark symmetry, the low-energy constant relations between the doubly
charmed baryon case and the heavy-light meson case are also obtained up to the order O(p?).
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I. INTRODUCTION

Heavy quark baryons play an important role in hadron
physics and the study of their properties may deepen our
understanding of QCD. Their spectra are tightly related to
the nonperturbative effects of QCD [1]. Until now, all types
of singly heavy baryons have been observed [2] while only
one doubly heavy baryon Z;" is reported by two experi-
ments, SELEX [3] and LHCb [4]. Although the SELEX
Collaboration claimed the observation of Zf. with mass
3519 £ 1 MeV [5], other measurements from FOCUS [6],
BABAR [7], Belle [8], and LHCb [9] did not confirm
this result. For the mass of the E.. baryon, the LHCb
Collaboration obtains a value about 100 MeV higher than
the SELEX Collaboration. The puzzle for the mass incon-
sistency needs more studies to solve.

The observation of Z/ in the LHCb experiment
inspired lots of discussions on the properties about
doubly charmed baryons. Various theoretical approaches
were adopted in the discussions, such as chiral perturba-
tion theory (ChPT), QCD sum rule, lattice QCD, and
heavy quark effective theory. Some properties of spin—%
and spin-% doubly charmed baryons have been explored
extensively, like the mass spectra [10-12,12-22], electro-
magnetic properties [23-32], weak and strong decay
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properties [33,34,34,35,35-52], and so on. Here, we would
like to discuss the chiral Lagrangians in studying the
properties of doubly charmed baryons in ChPT.

As an effective theory of QCD, ChPT provides an
alternative approach to deal with strong interactions over
long distances [53-55]. It is a powerful tool in studying
low-energy processes involving pions. In ChPT, the eight
low-lying pseudoscalar mesons are treated as the Goldstone
bosons generated by spontaneous breaking of chiral
symmetry of QCD. These mesons instead of the compli-
cated quarks and gluons mediate the interactions between
hadrons. Only the pseudoscalar mesons were initially
incorporated in the framework. Later, various ChPTs
including baryons were developed [56—60].

In ChPT, the chirally invariant Lagrangian is the most
basic premise for practical applications. For a theoretical
study, in principle, more higher-order chiral Lagrangians
are involved, and therefore more precise results would be
obtained. However, with the increase of chiral order, the
number of independent interaction terms and the corre-
sponding unknown low-energy constants (LECs) would
become considerable. These LECs cannot be determined
by ChPT itself. Even worse, they are also hard to be
obtained in other ways. This makes it quite difficult to work
with high-order chiral Lagrangians. In order to solve this
problem to some extent, available approximate symmetries,
e.g. heavy quark symmetry and heavy diquark-antiquark
symmetry [61,62], could be introduced to constraint the
number of LECs or to give some approximate LEC
relations. The present study will involve such symmetries.

Of the six flavor quarks in QCD, three light quarks are
below the scale of the chiral symmetry breaking,
A, ~ 1 GeV. The charm quark is above A, and its mass
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M is much larger than those of light quarks (M ;) as well as
the scale Agep ~200 MeV. Then, the ratios M, /M,
and Agcp/M, are both considered small enough. In the
extreme limit M, — oo, both M /M. and Agcp/M.
could be ignored and the heavy quark symmetry of QCD
appears [63,64]. In this limit, the dynamics of the considered
hadron may not be affected by the change of the heavy quark
flavor (spin), which corresponds to the heavy quark flavor
(spin) symmetry. For the doubly charmed baryons we are
considering, one may assume that the two charm quarks
form a compact heavy diquark with spin = 1. We will use
heavy diquark limit to denote the case that the mass of the
diquark does not affect the dynamics of the doubly charmed
baryon [62].

With the chiral Lagrangians, many properties of doubly
charmed baryons have been studied in the literature, e.g.
their masses [18,22,65], magnetic moments [23,25,31],
and electromagnetic form factors [24,26]. At present,
most studies involve the low-order Lagrangians. Parts of
high-order chiral Lagrangians are given in a few studies on
some specific problems [22-26,29]. Recently, the chiral
Lagrangian for spin—% doubly charmed baryons in the three-
flavor case has been constructed up to the order O(p*) [66].
In the present work, for considerations to complete the
necessary ingredient of one-loop level investigations, to
check convergence of chiral expansion better, to motivate
future LEC studies, and so on, we construct the relativistic
chiral Lagrangian involving both spin—% and spin—% doubly
charmed baryons up to the order O(p*). In principle, when
one determines the values of LECs from experimental data,
all the operators should be independent. Otherwise, the
overfitting problem would appear. The Lagrangians given
in the present study will be minimal and the terms will be
independent. Besides the relativistic case, we will also
consider Lagrangians in the heavy diquark case. In that
case, the spin-1/2 and spin-3/2 baryons can be put into a
superfield and some LEC relations can be obtained.

This paper is organized as follows. Section II introduces
the building blocks in constructing the chiral Lagrangians
for doubly charmed baryons. In Sec. III, the properties of
the building blocks, the needed linear relations, and the
procedure to get the relativistic and nonrelativistic forms of
Lagrangians are given. In Sec. IV, we discuss how to find
constraints on LECs with the heavy quark symmetry from
different Lagrangians. Section V shows our results and
some discussions, and Sec. VI gives a short summary.

I1. DEFINITIONS AND BUILDING BLOCKS

This section presents the definitions related with pseu-
doscalar Goldstone boson fields, external sources, and
doubly charmed baryons in both relativistic and non-
relativistic forms. One may find more relevant details in
Refs. [22,23,54,55,67-74].

A. Goldstone boson fields and external sources

Considering the lightest N y-flavor quarks (N, = 2 or 3),
one may write the related QCD Lagrangian with external
sources as

L= Loep +q(F +drs — s +iprs)q. (1)

where EOQCD is the original QCD Lagrangian and g denotes
the light quark fields. Here, s, p, v*, and a* are scalar,
pseudoscalar, vector, and axial-vector external sources,
respectively. In this work, the tensor source and the 6 term
are not considered. The external source a* is always
traceless, but v# is not. To consider the electromagnetic
interactions, v is taken to be traceable in the relativistic
case. In the heavy diquark limit, it is traceable (traceless) in
the SU(2) [SU(3)] case because the heavy diquark is just a
spectator and the electromagnetic interaction is mainly
determined by the light quark.

When the light quarks are taken to be massless, QCD
exhibits a global SU(N ), x SU(N ) chiral symmetry, but
it spontaneously breaks into SU(N ), because of the non-
vanishing quark condensate (gq). The generated (N?—l)
Goldstone bosons are considered to be the lowest pseudo-
scalar pion mesons. These mesonic fields are collected
in the nonlinear representation u = exp(in/7//2F,) or
u = exp(in/A//2F,) where F is the pion decay constant
in the chiral limit, 7/ (j = 1,2,3) are the Pauli matrices, and A/
(j=1,2,...,8) are the Gell-Mann matrices. As the basic
ingredient of ChPT, u has the chiral transformation behavior

u— gouh’ = hug}, 2)

where g, and g are the group elements of SU(N,),; and
SU(N ), respectively, and / is a compensator field related
to the pion fields.

The necessary building blocks in constructing the chiral
Lagrangians are combinations of the mesonic fields and the
external sources. The conventional choice of their explicit
forms reads

u = i{u’ (0" —ir')u —u(o* —il*)u'},
" = Viur + Vuk,
= uFu + u' FRu,
Y =uFPu’ — u Fu = =Vrur + VVuk,
xe=uyu’ £uy'u, (3)
where =o' +a¥, W =0 —a", Fiy =07 —Fri-
i, ], P = 00 — I — i[I", ], and y=2Bq(s+ip)

with B, being a constant related to the quark condensate.
The covariant derivative of a building block X is defined by

VEX = X + [T*, X], (4)

014032-2



CHIRAL LAGRANGIANS FOR SPIN-% AND ...

PHYS. REV. D 108, 014032 (2023)

o= %{u*(au — it u(@ — ity (5)

The chiral dimension of V¥ is one in ChPT. All the defined
building blocks have the same behavior under the chiral
rotation R,

X 5 X' = nxnt. (6)

B. Doubly charmed baryons

The spin of an S-wave doubly charmed baryon contain-
ing two charmed quarks and one light quark may be 1/2 or
3/2. Then the doubly charmed baryons belong to two
triplets in the three-flavor case,

=+ e+
—cc —cc
— | =t — | ==t
B - ':‘CC ’ Tﬂ - ':‘CC ’ (7)
+ et
QCC QCC

where B and T* denote the spin-j
respectively. Only the ngé) states are needed if one con-
siders the two-flavor case. The covariant derivative of a

baryon field and its Dirac conjugate are

and spin-3 fields,

D'B=(#+1"B,  DB=B3"+1¥), (8)
where B = B or T*. If more than one covariant derivatives
act on B, a totally symmetrical derivative is introduced

1 . b
DH-P = - (D"D¥ - - - D” + full permutation of D’s). (9)
n

Any antisymmetrical derivative is related to the higher-
order contributions [72]. The chiral rotations of the baryon
fields (and their derivatives) are

/

— Bh'. (10)

Sou

R
—

Sou

BE B =B,

In the heavy diquark limit, a doubly charmed baryon
with velocity v* [75] can be simply separated into a heavy
diquark component and a light degree of freedom
component. The diquark behaves just like a static color
source for the light component and the suppression for
the spin interaction between the diquark and the light
component results in the degenerate B and T#. In this
situation, the heavy diquark symmetry exists and one
may put the spin-} and spin-3 baryon fields into a super-
field y* [62],

1
yt =Tr+ \/g(y" +0")r°B, (11)

_ 1-
gt =T+ — \/;Bys(y” + o). (12)

Here, B and T* as nonrelativistic fields only contain the
annihilation operators. It is obvious that the chiral rotation
behaviors of w* and * are the same as B and B,
respectively. In order to modify the energy measure, the
superfield is scaled by e~ with M being the doubly
charmed baryon mass. Hence, in the heavy diquark limit,
the covariant derivative on matter field becomes

Dy (x) = —iMoty?* (x). (13)

III. CONSTRUCTION OF CHIRAL LAGRANGIANS
FOR DOUBLY CHARMED BARYONS

The basic procedure to construct the chirally invariant
Lagrangians for doubly charmed baryons is as follows.
First, the structures of the chiral Lagrangians are intro-
duced. Second, the necessary properties of the building
blocks are given. One constructs all possible terms based on
such properties. Third, all linear relations to reduce the
number of Lagrangian terms are listed. Finally, the linearly
dependent terms would be eliminated and the independent
ones are retained.

A. Structures of Lagrangians
The relativistic chiral Lagrangian £ for doubly charmed
baryons contains terms involving only spin—% baryons,
those involving only spin—% baryons, and those involving
both spin-} and spin-3 baryons. We use Lpp, L7, and Lyr

to represent these three sectors of interaction terms,
respectively. That is,

£:£BB+£TT+£BT
=> E,B---B+)Y E,T---T
+Y E,(B--

p

T+T---B), (14)

where E,, E,, and E, are LECs and the symbol * -.”
represents the allowed combinations of building blocks. If
the trace of a combination X in the flavor space is necessary,
it will be denoted as (X). To keep the hermiticity of £, there
would exist some appropriate coefficients £i in - - -”.

In the heavy diquark limit, the Lagrangian has the
structure

where F, are LECs.
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B. Properties of building blocks

The chiral Lagrangian should be invariant under the parity
transformation, charge conjugation, and Hermitian conju-
gation. Table I shows the transformation behaviors of the
building blocks about mesons and external sources. Table 11
presents those of the Clifford algebra, the velocity of doubly
charmed baryons, Levi-Civita tensor, and the covariant
derivatives acting on baryons. With these transformation
properties, all the constructed terms would have the struc-
tures shown in Eqgs. (14) and (15). In Table II, we only show
the transformation signs. Some explanations are as follows.
Under the parity transformation, one has

BSyB, T, 5 -y, (16)
For convenience in the Lagrangian construction, we omit the
minus sign in the second transformation and compensate it
in the transformations of the five Clifford algebra elements
and the antisymmetric tensor e**. That is why we distin-
guish the transformations between Lpy and Lpgpry) in
Table II. Moreover, we use a convention that the covariant
derivatives in Lz and L of Eq. (14) act on the right baryon
field B, but those in Ly act only on the spin-3/2 field T,

or Tﬂ. Therefore, the properties of covariant derivatives
in Lgprr) and Lpr may also be different. However, the

TABLE 1. Chiral dimension (Dim), parity transformation (P),
charge conjugation (C), and Hermiticity (H.c.) of the building
blocks.

Dim P C H.c.

ut 1 —ut ()T u
v 2 —h (h;w ) T hHv
p 2 tye ()" Tre
iy 2 £ FUE)" "+
TABLE II.  Chiral dimension (Dim), parity transformation (P),

charge conjugation(C), and Hermiticity (H.c.) of the Clifford
algebra, the velocity of doubly charmed baryons, Levi-Civita
tensor, and the covariant derivatives acting on baryons. The
subscripts BB, TT, and BT represent Lgg, Lyr, and Lgr,
respectively.

Dim Pgprr) CBB(TT) H.c.pprr) Psr Cpr H.cpr

1 0 + + +
Vs

|+ +
[
|+ +

+

ysr”
o

I+
I+

oM
e;wﬂp

DB

[eoleNeloNeNe
+

o+t
| |
I+ + + + + |
0+

|
e

+ +

convention difference has no impact on the construction of
Lgr. The related properties for £y in Eq. (15) are the same as
those for Lpr.

With these tables, a complete set of interaction terms can
be obtained. However, these constructed terms are not
always linearly independent. The next subsection will list
all possible linear relations with which the redundant terms
can be eliminated.

C. Linear relations

The linear relations in the construction of effective
Lagrangians have been discussed widely. We here just
give a short description of them. More details can be found
in Refs. [66,68-70,72,76].

1. Partial integration

A derivative acting on any Lagrangian term does not
affect the physics. Therefore, the covariant derivative acting
on one baryon field can be changed to that acting on the
other one, which induces a high-order difference, i.e.

0 = BD'XB + BXD"B, (17)
0= T*D"XT, + T*XD"T,,, (18)
0 = BD"XT* + BXD'T*, (19)
0= T#D"XB + T*XD"B, (20)

where X denotes any possible combination of the building
blocks and “=” means that the higher-order terms are
ignored. We will use the first two relations to move the
positions of covariant derivatives. The third and fourth
relations will not give any new constraints in the
present work.

2. Schouten identity

The Schouten identity involves the four-dimension
Levi-Civita tensor,

€;4MpAa _ emzlpAﬂ _ GIIMPAV _ €;wapA/l _ €;4M¢7Ap _ 0’ (21)

where A can be any building block containing at least one
Lorentz index. This relation exists because the five indices
in the equation are antisymmetric, but the dimension of the
spacetime is four.

3. Equations of motions

The equations of motions (EoMs) for the light pseudo-
scalar mesons and the doubly charmed baryons read

Vi i% (;(_ —NLfO(J), (22)
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(ip —mg)TH =0, (23)
(ip — my)B = 0. (24)

For the spin-3/2 fields, two subsidiary conditions are
needed to eliminate the redundant degrees of freedom,

D, T" =0, (25)

v, " =0. (26)
In the heavy diquark limit, one has

vyt =0, (27)

purt =yt (28)

4. Covariant derivatives and Bianchi identity

The commutation of two covariant derivatives gives

Ve, VX = [[™, X], (29)
Do = 2l ] - 27 (30)

The Bianchi identity involving I'* reads
VIV - VTH + VATH = (). (31)

An alternative form with building blocks is more useful,
i
VEFL 4 VO VA o Y]

+ % [, f#] + % [, f*] = 0. (32)

5. Cayley-Hamilton relations

All the building blocks in Sec. IT A are Ny x Ny matrices
in the flavor space. For any 2 x 2 matrices A and B, there
exists a relation

AB + BA — A(B) — B{A) — (AB) + (A)(B) = 0. (33)
For any 3 x 3 matrices A, B, and C, the relation is
0=ABC+ACB+BAC+BCA+CAB+ CBA

—AB(C)—-AC(B)— BA{(C)— BC(A) — CA(B)

—CB(A)—A(BC)—B(AC)—C(AB) — (ABC)

—(ACB) +A(B)(C)+ B(A)(C) + C{A)(B)

+(A)(BC) + (B)(AC) + (C)(AB) — (A)(B){C).  (34)

6. Contact terms

For contact terms, the LR basis is more convenient for
the Lagrangian construction. From the building blocks in
Eq. (3), one gets

R = S (P (35)
Rl = Sul = et (36)

¥ =5ules +x)u (37)
7= qut =g (3)

Their transform properties can be found in Table I
of Ref. [68].

IV. RELATIONS BETWEEN LECs
IN DIFFERENT CASES

In the heavy diquark limit, the LECs in the relativistic
Lagrangian are no longer independent. Some relations
among these LECs appear. With these relations, the number
of independent relativistic LECs could be reduced. A
method to obtain these relations is to compare the relativ-
istic Lagrangian with the Lagrangian in the heavy diquark
limit. To remove the dimensions in the results and to
simplify the forms of the relations, we define a new set of
terms and LECs in the relativistic Lagrangians as follows,

0,=0,/M", E,=E,M’", (39)
where r is the number of covariant derivatives acting on the
doubly charmed baryons. Now, all the £,’s have the same
dimension at a given order.

There are three types of Lorentz structures in the
constructed terms of Eq. (15). With the definition of the
superfield y* in Eq. (11), one gets

w*w, — T"T, — BB, (40)

Prysy'w, = Trysy'T, + lBysle + 2 7B+ 2 BT
3 V3 V3
(41)

_ 1 2i -
oy, — TFE™ T, + — Bo” B — —— By<sy?T*
ytely, w3 /3 VsY

2

A

_ 20 - 20 -
Bysy*T’ + ﬁ T*ysy’B — % T7ysy*B.
(42)

The right-hand side expansions imply the possible LEC
relations in the relativistic Lagrangians. Substituting the
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above structures into Eq. (15) and comparing the relativistic
and nonrelativistic terms, one can express the relations
between E,, and F, as

Fy = EnApn. (43)

The number of F,, (N ) is less than the number of E,, (N ).
Hence, these relations give Ny — Ny constraint conditions
among E,, in the heavy diquark limit. With the help of
linear algebra, one can pick up the independent relativistic
LECs and eliminate the dependent ones. In this paper, we
only consider the relations up to the order O(p?), which is
restricted by computational conditions.

If one treats the heavy diquark as a compact object, the
properties of the doubly charmed baryons can be related to
those of the singly heavy mesons, which is the result of the
heavy diquark-antiquark symmetry [77]. This symmetry
then tells us that the doubly charmed baryons and heavy-
light mesons with quark content Qg share the same LECs
in ChPT [62]. In Ref. [78], we have obtained the chiral
Lagrangian for heavy-light mesons with quark content Qg
and the LEC relations in the heavy quark limit in that case.
Noticing the charge-conjugation transformations for build-
ing blocks and superfields, one can understand that the
LECs in Qg and Qgq cases are the same. Now, the LEC
relations between the doubly charmed baryon case and the
heavy-light meson case could also be obtained by linear
algebra.

V. RESULTS AND DISCUSSIONS

Now, we are ready to present the final results for the
independent chiral-invariant terms. The details to get such
terms are almost the same as those given in Refs. [74,76,79]
and we do not talk about them any more. Here, the
Lagrangians are expressed as

£ =N"EMo =S"EMNO,  Ny=3, (44)

Lo =3"eol" =3"a"a,  Np=2,  (45)

oy’ =3 "FMPIN, =3, (46)

Ly’ =3 "N =2, (47)

where m denotes the chiral dimension.

A. O(p') order
The relativistic result at the order O(p') is [23]

£0) = B = my)B + T¥g, (1P — m2)
+iA(y,D, +v,D,) + % (3A% +2A + 1)y, Py,
+ my(3A% +3A + 1)y,7,]T" + %Buﬂysy”B
—i—%T"ulySy’{Tﬂ —l—%(Bu”Tﬂ +H.c.), (48)

where A # 1/2 is an unphysical parameter and it is usually
taken to be A = —1. Generally speaking, the Lagrangian
for spin-3/2 fields is invariant under the“point” or “con-
tact” transformation and the relations between different
choices of A can be found [76]. Sine the value of A does not
affect the structure of chiral Lagrangians, we do not discuss
more about it here. The Lagrangian at the leading order in
the heavy diquark limit reads [62]

1
1 _ . _
Litp = Wi Dy ~ Spysywt.(49)

For the relations between these LECs, one gets [62]

1 1 1

E,=—FE,=——FE,=——q.
1322\/53 39

(50)

B. O(p?) order

The interaction terms of O(p?) relativistic Lagrangian
are collected in Table III. The first column lists the forms of
independent terms. The second and sixth columns label the
number for each term in the SU(2) and SU(3) cases,
respectively. The terms without a number in the SU(2) case
mean that they are not independent. If one takes no account
of the electromagnetic effect, the terms containing (/")
could be ignored. The third and the seventh columns show
the relations between the relativistic LECs and the LECs in
the heavy diquark limit. To assign the independent terms in
the relativistic Lagrangian, we put a symbol “I”” in the forth
and eighth columns. These two columns also present the
relations of the dependent LECs to the independent ones.
The fifth and ninth columns give the LEC relations in the
heavy diquark-antiquark symmetry, where ¢ and C defined
in Ref. [78] are LECs for heavy-light mesons. We show the
O(p?) Lagrangian terms for the superfield y* in Table IV.

From Table III, the numbers of O(p?) terms in Lgg, L77,
and L7 in the SU(2) case are 7, 8, and 4, respectively.
Those in the SU(3) case are 9, 11, and 5, respectively. From
Table 1V, the heavy diquark symmetry reduces significantly
the total number of independent terms from 19 (25) to be
7 (8) in the SU(2) [SU(3)] case.
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TABLE IIL

Independent terms in the relativistic Lagrangian at the order O( pz). The columns 2, 3, 4, and 5 (6, 7, 8, and 9) are for the

two-flavor (three-flavor) case. Columns 2 and 6 label the number for each term. The terms without a number are not independent.
Columns 3 and 7 list the relations between LECs in the relativistic case and those in the heavy diquark limit. Columns 4 and 8 show the
LEC relations among different terms in the relativistic case by using the heavy diquark symmetry. “I” means that the term is chosen as an
independent term in the heavy diquark limit. Columns 5 and 9 give the LEC relations with the help of the heavy diquark-antiquark
symmetry, where ¢ and C are LECs in the heavy-light meson case. Such LECs are defined in Ref. [78]. “0” means that the LECs in the

heavy diquark limit vanish.

0,/0, SU(2) & &7 &y suE) EY EY EY
B(u'u,)B 1 _f(lz) 1 %5(12) 1 _ng) I ! ~gz>
B{uw"w)D,,B 2 72 I 10 2 FR I 10
Butu,B 3 —FY I 1e?
Bu*u*D,,B 4 Fo I Yo
iBu'u’c,,B 3 %ng) I _%522) 5 %ng) I _%CgZ)
B(f.*)o,,B 4 1f® I 1@ 6 0 0 0
Bf "c,,B 5 1 22> I L 5g2> 7 L F<62> I L Cﬁ)
By, )B 6 _fé2) I 1 5% 8 —F? I 1 C‘éz)
By.B 7 —f® I 120 9 —F? I 1¢®
T#(u,u*)T, 8 fgz) 3ég2> —1 522) 10 0 0 0
()T, 9 LR ~te F -B{ 3¢5
T(u'u*)D,,T, 10 _f® —e® 1) 12 F2 _E® 1
Tru,u'T, 1 —2f -68 & 13 ~FY -3EY 1el
T"u'u,T, 14 F 3ED _1g@
T"u*u,T, 15 F? —EY 1R
T"wu'D,T, 16 —F? —EP —1e®
iT{(f, T, 12 2@ 622 152 17 0 0 0
iTf T, 13 27y 62" 1l 18 2FY 6EY ey
)T, 14 2 -&y —1z9 19 Fy ~EY -1¢@
Ty, T, 15 @) _® 10 20 FP EQ _1g®
B(uw'u")ysy,T, + He. 16 240 236 ~ e 21 0 0 0
Bu'u'ysy,T, + H.c. 17 S 4B 2.2 22 N el
Butuysy,T, +H.c. 23 %ng) 2\/§E§2) _\/%Cg)
iI_S’(fJ”)ySyMTD +H.c. 18 %ff) 4\/5552) % E%) 24 0 0 0
iBf *ysy,T, + He. 19 e 4382 Lo 25 & 4/3E? el

C. O(p®) and O(p*) orders

The numbers of interaction terms are large at
the O(p?) and O(p*) orders. We list the third- and
fourth-order results in Appendixes A and B, respectively.
Table VI (Table VII) in Appendix A is for the O(p?)
relativistic (nonrelativistic) terms. Since the LEC relations
may be long, part of them are given outside the Table VI.
The O(p*) relativistic (nonrelativistic) Lagrangian terms
are shown in Table VIII (Table IX) in Appendix B. In
Table VIII, we only label the number for each term
and mark the independent terms in the heavy diquark
limit.

From Table VI, the numbers of O(p?) terms in Lgg,
Lrr, and Lpr in the SU(2) case are 23, 26, and 25,
respectively. Those in the SU(3) case are 33, 38, and 41,
respectively. From Table VII, the heavy diquark symmetry
reduces significantly the total number of independent terms
from 74 (112) to be 23 (31) in the SU(2) [SU(3)] case.

From Table VIII, the numbers of O(p*) terms in Lgg,
Lrr, and Ly in the SU(2) case are 118, 154, and 180,
respectively. Those in the SU(3) case are 216, 304, and 344,
respectively. From Table IX, the heavy diquark symmetry
reduces significantly the total number of independent terms
from 452 (864) to be 118 (189) in the SU(2) [SU(3)] case.
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TABLEIV. Independent Lagrangian terms in the heavy diquark
limit at the order O(p?). Column 2 (3) labels the number for each
term in the two-flavor (three-flavor) case. The terms without a
number are not independent.

P,/py SU(2) SU(3)
V7M<uvub>'//y 1 1

7 ()0, 0, 2
P, 3
Pt v, 4
it ut oy, 3 5
l/_/M <f+M>O-MW/1 4

Pf o, 5 6
v aslp 6 7
VYW 7 8

D. Discussions

In the literature, one may find part of the constructed
chiral Lagrangians for the doubly charmed baryons. Here,
we make some comparisons. Our Lgp in the two-flavor
case has the same number of independent terms as that in
Ref. [72], but the choice of independent structures is
different. In the three-flavor case, the terms in our Lzp
are consistent with those in Ref. [66] at the first two
orders, but we have one less term at the third chiral order.

In fact, the 32nd term O = [D%, f*Jysy,D,,w + H.c.
over there can be eliminated with Eq. (2.41) of Ref. [72].
At the fourth order, there exist some redundant terms
similarly, such as 05‘;)5 = w[D", f’}f}a,lpDﬂ,,l// + Hec,
0%)6 = y[D*, f]GMDypl// + H.c., and so on. Moreover,
linear relations, such as Cayley-Hamilton relations, are not
completely used. We have checked some of these new
relations by hand explicitly and have removed all redundant
terms by computer. Hence, we have much fewer terms at
the O(p*) order. In the heavy diquark limit, our results are
consistent with the O(p?) terms obtained in Ref. [62].
One may wonder whether the O(p*)-order Lagrangian is
useful because the number of LECs is very large. At
present, there are studies of masses [18,22] and magnetic
moments [23,24] for the doubly heavy baryons with chiral
Lagrangians up to the O(p*) order. The complete
Lagrangian we obtain can be used to confirm the terms
constructed in the literature. A calculated observable
contains different order LECs and one needs to determine
the involved LECs by fitting available data. Usually, several
LECs or LEC combinations are involved in the study
of a special problem. One may, in principle, use various
theoretical methods (quark model, large N, lattice QCD,
etc.) to determine or constrain such LEC values. It is true
that available data to determine the O(p*) LECs in the
existing studies about doubly heavy baryons are still scarce.
However, once the LECs are determined, the convergence
of chiral expansion, an important issue one should check in

understanding the power counting problem in ChPT, can be
certainly better understood in the investigations up to the
O(p*) order than that to the O(p?) order. Moreover, the
complete Lagrangian can serve for future studies of any
other quantities.

In fact, the complete Lagrangian may motivate future
studies of LEC determinations or LEC relations. Since the
numbers of LECs are significantly increased for high-order
terms, theoretical methods to study LECs in a systematic
way are welcome. In Ref. [80], an analytical method
was adopted to calculate the LECs for mesonic chiral
Lagrangians. A possible method in the present case would
also be developed, which needs complete Lagrangians with
independent terms. In Refs. [81,82], we preliminarily
studied the LEC relations with the help of the chiral quark
model up to the third chiral order in the light baryon cases,
which is based on operator correspondences between
hadron-level structures and quark-level structures. In prin-
ciple, such a study can be extended to any chiral order, but
it also needs complete Lagrangians with independent terms.

Since the LEC determination is very important in the
application of ChPT, here we discuss a little more about the
chiral quark model method which is feasible in constraining
LECs before enough data are available. In Ref. [81], we
found LEC relations between the SU(2) nN Lagrangians
and the SU(3) meson-baryon Lagrangians, by employing
the idea that the hadron-level interactions can be
equivalently described in the chiral quark model and by
noticing that quarks are placed in the fundamental repre-
sentations of both SU(2) and SU(3). Since the LECs in the
zN Lagrangians can be extracted from a large number
of experimental data, one may get some constraints on
LECs in the SU(3) ¢B Lagrangians with ¢ (B) being the
pseudoscalar meson (octet baryon). Similar to the
Lagrangian construction at the hadron level, we have
constructed high-order Lagrangians at the quark level.
Such Lagrangians may be applied to all the gqq, Qqgq,
and QQgq baryon cases where g (Q) represents a light
(heavy) quark. In Ref. [82], when studying the LEC
relations for the spin-3/2 A baryon case, we found that
several multiplication factors to be determined are actually
needed. At that time, we only determined values of two
such factors from a phenomenological perspective. It is
possible to determine such factors with the heavy quark
symmetry by using the chiral Lagrangians with QQq and
Qqq [83] baryons. Since only one light quark exists in the
doubly charmed baryon and the pion interaction is mainly
induced by the light quark, it is obvious that the LECs may
have some relations with the coupling parameters in the
chiral quark model. In the heavy diquark limit, the heavy
quarks decouple with the light quark and the spin-1/2 and
spin-3/2 doubly charmed baryons can be described simul-
taneously by the superfield yw*. The number of independent
Lagrangian terms for y* should be the same as that in the
chiral quark model description. One may confirm this by
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TABLE V. Number of independent terms at each chiral order.

Relativistic Lagrangian

Nonrelativistic Lagrangian

Chiral order O(p') O(p?) o(p?) O(p*) o(p") O(p?) o(p*) O(p*)
SU(2) 3 19 74 452 1 7 23 118
SU(3) 3 25 112 864 1 8 31 189

consulting Ref. [81] for the relevant Lagrangian up to the
third chiral order. Since we mainly focus on the search for a
minimal set of Lagrangian terms in the present paper, we
leave the discussions to get LEC relations and to determine
the multiplication factors for spin-3/2 baryons in a sepa-
rate work.

It is usually interesting to know how many independent
structures there are for the Lagrangian at a certain order in
ChPT. The constructed Lagrangian with explicit terms can
surely give an answer. Besides the method to construct
Lagrangians, it is also possible to find an answer with other
approaches. In the mesonic case [84], the Hilbert series
techniques have been used to analyze numbers of inde-
pendent terms at different orders, where the role of the
concrete Lagrangians is to validate the method. When a
similar study for the doubly heavy baryon case is per-
formed, the Lagrangian constructed here would also be
helpful to validate the analysis.

If one replaces the cc diquark by the bb diquark in the
doubly charmed baryons, the chiral Lagrangians for the
doubly bottom baryons are obtained. For the bcq baryons,
the situation is slightly different. In the case that the spin of
the bc diquark is 1, the chiral Lagrangians have the same
structures discussed above. Since the spin of the bc¢ diqaurk
can also be 0, an additional flavor triplet exists for the
spin-1/2bcq baryons. The Lagrangian structures for the
spin-1/2 bcg baryons in the scalar and axial-vector bc
diquark cases are the same.

VI. SUMMARY

In this paper, we constructed the relativistic chiral
Lagrangians for both spin-% and spin—% doubly charmed
baryons up to the order O(p*), in both two- and three-
flavor cases. The chiral Lagrangians in the heavy diquark
limit are also obtained up to the order O(p*). Table V
collects the number of independent terms at each order. It
seems that the numbers in the heavy diquark limit are about
one-third (one-fourth) of those in the relativistic case at the
order O(p?) [O(p*)]. Obviously, the heavy diquark sym-
metry is helpful for us to reduce the number of unknown
parameters in employing ChPT. We present the LEC
relations between the relativistic case and the case in the
heavy diquark limit up to the order O(p?). In addition, the
heavy diquark-antiquark symmetry is also considered. With
this symmetry, we obtain the LEC relations between
the doubly charmed baryon case and the heavy-light meson
case.
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APPENDIX A: O(p?)-ORDER RESULTS
This appendix gives Tables VI and VIL

(3 3 3 (3 3 3 (3 3 3 (3 3 3 (3 3 3

e =+ = ) = ) =AY A e§1)=—2f§4)+2fé)7

(3 3 3 (3 3 3 (3 3 3 _(3 2 3 2 .3 -

R T L 1L T I B VR v
(3 1 . 3

gs) = \/—f13 \/_f6 ) egg \/—f13 \/—fe \/—f(14) (A1)
eV =36 —36), &) =380V 3807, zgzg = 3é§3) +38), &) = 3@? +38), &Y =—-62 165,
T e
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TABLE VI. Independent terms in the relativistic Lagrangian at the order O( p3). Columns 2, 3,4, and 5 (6, 7, 8, and 9) are for the two-
flavor (three-flavor) case. Columns 2 and 6 label the number for each term. The terms without a number are not independent in the
SU(2) case. Columns 3 and 7 list the relations between LECs in the relativistic case and those in the heavy diquark limit. Columns 4 and
8 show the LEC relations among different terms in the relativistic case by using the heavy diquark symmetry. “I” means that the term is
chosen as an independent term in the heavy diquark limit. Columns 5 and 9 give the LEC relations with the help of the heavy diquark-
antiquark symmetry, where ¢ and C are LECs in the heavy-light meson case. Such LECs are defined in Ref. [78]. “0” means that
the LECs in the heavy diquark limit vanish. The symbol “*” indicates that the relation is long and we show relevant results in
Egs. (A1)—(A6) in this appendix.

0./0, su) @) 2y o) SU(3) ) E,) EY
B(w'u,)u"ysy,B 1 L (]3) I * 1 %F@ I *
B(wu)u,ysy,B 2 10 I 1 2 1pD) I %
B(w'u*)u'ysy,D,,B 3 ~159) ! * 3 ~L1FY I *
B{u'u*)u'ysy,D,, B 4 —1f) I * 4 ~1FY I *
B(u'u,u”)ysy,B 5 %F?) I *
B(uw'u*u*)ysy,D,; B 6 _%FS) I *
Bu'u,u’ysy,B + H.c. 7 %FS) I s
Bu"u”u'lySyﬂDMB + H.c. 8 —%F? I *
¢ B(u,u,u;)D,B 5 ff) I —553) 9 F<93> I -1 Cg)
¢ Bu,u,u; D ,B 10 F%) I _ % 653)
iB(w'f_**)6,,D;B 6 L I 1z 11 L) I —1el)
iB(w'f_*)0,,D,B 7 %f(li) I %5(138 12 éFS,) I %CQ
iB(u*h**)s,,D,B 8 L és> I L Z,<139> 13 L F<l31> I ¥s g)
Bu*f_,*D,B +H.c. 9 £ I 10 14 ) I _1gy
iBuf_“6,,D,B + H.c. 15 1F) I _1ed)
iBu'f_“c,)D,B + H.c. 16 1E) I 1E0)
Bu*h,'D,B + H.c. 10 2 I 1) 17 F I _1Ed
Bu*h**D,,;B + H.c. 11 -1t I 150 18 _FO) I 1l
iBu*h**s,,D,B + H.c. 19 LF I %o
BV f_ ysr.B 12 1y I 1) 20 1) I 1)
iBf " u,ysy,B + H.c. 13 140 I 120 21 1E0) I 160
iBf *u'ysy,D,,B + H.c. 14 -1 é3> I %Efﬁ) 22 —%Fg) I %6537)
i€ B(f ) u;D,B 15 —f3 I 1 55) 23 0 0 0
i€ B(f ,,,u;)D,B 16 fﬁ) I * 24 _ F<]37> I -1 C&”
ie"*Bf . ,u;D,B+ H.c. 25 _ F(l38> I -1 C?)
iB(V*f,,"\D,B 17 -y I 150 26 0 0 0
iBV'f,'D,B 18 1 1 10 7 ) 1 g0
By, e O - B S V- IR
By )u'ysy,B 20 L féf)) I * 29 L Fg) I _1¢ i?
Bu'y . ysy,B+H.c. 30 %Fg) I -1 *ﬁ)
iBu*y_D,B +H.c. 21 -5 I —12® 31 —F) I —1Ef)
iB(V'y_)ysv,B 22 1) I 1 32 1pD) I el
iBV*y_ysy,B 23 140 I 1) 33 1p) I 1)
T”(u uutysy, T, + H.c. 24 f) _3@33) * 34 * * *
T (u,u”)utysy,T, 25 —2f£13) 6E£3> * 35 * * *
T (u’u,)uysy, T, 26 * * * 36 * * *
T (uu*)u,ysy, T, 27 * * * 37 * * *
T (uu)ulysy,D;,T, 28 * * * 38 * * .

(Table continued)

014032-10



CHIRAL LAGRANGIANS FOR SPIN—% AND ... PHYS. REV. D 108, 014032 (2023)

TABLE VI. (Continued)

0,/o, SU(2) A el e SU(3) S EY EY
T (u,u*u*)ysy,T; 29 —6f§3) —6é§3) 65(,3) 39 * * %
T"(u”u”u'1>y5y,1T,, 40 * * *
T”(u”uuu/I)}/smTﬂ 41 * * *
T (uutu)ysy,D;,T, 42 * % *
Thu,utuysy, T, 3 p® i) e
T"uﬂu”ulySyﬂTU + H.c. 44 _F§S3) 3E§3) *
T*u’u,uysy,T, +He. 45 * * *
T*uu,u'ysy;,T, + H.c. 46 * * s
T"(u,f_*YD,T; + H.c. 30 * * * 47 * * *
T {uf, DT, 31 * * x 48 * x .
T”u”f_'“’IDUTQ + H.c. 32 0 0 0 49 * * *
Thu'f_'D,T, + H.e. 50 * « x
T”u”f,,,’lDlT,, + H.c. 51 * * *
T I S R R e
T#u,h*D,T, + H.c. 34 0 0 0 53 0 0 0
T"u”hb'{DgTﬂ + H.c. 35 —fé3) _é(I?)) %Z.?) 54 _F(li) _E(é) % Nf)
O T T B B Fo
iT"(fH”)ulySy,,Tﬂ + H.c. 37 * * * 56 0 0
TS st S T e 57 0 0 0
iT(f " u*)ysy,T, + He. 39 * * * 58 2F<1? —ZEQ ~§3)
iT*(f y ul)ysyiT, 40 251 28 * 59 —2F) 2ES) -cb
iT"f . “uysy,T, + H.e. 41 2 —62\% - 60 * * *
iTf . utysy,T, + H.c. 61 ) F%) 5 Egs; —CS)
iT"f “*u,ysy, T, + H.c. 62 * * *
iTf “u,ysy,T, + H.c. 42 * * * 63 * * *
iTﬂ<V”f+/>D/1Tﬂ 43 f(136) ég;) %5? 64 0 0 0
VL, WS e e
Ty rsn T, 45 11 32 1 66 P SED) C1ew
Pl i, R A B st
T"u"y ysy, T, + H.c. 68 Fg;) 3E§)) _% ~ﬁ)
imuwy_D,T,+H.c. 47 231) _é(231) %583) 69 Fg) _ESI) % “53)
(V- )rsr Ty 48 Q) 328 —12®) 70 F) 3EQ) _1el)
o, oo sl o A d
B(w'u,)u'T, + H.c. 50 2.7 238" « 7 % . .
B<uﬂu”>u,,T +Hec. 51 2/ 2D el 73 x x .
B(uwu")u'D,, T, +H.c. 52 * * * 74 * * *
B{u'u*)u D Ty, +He. 53 * * * 75 * * *
iB{u*u*)u*c,, T, + H.c. 54 0 0 0 76 0 0 0
B{u'u,u’)T, + H.c. 77 * * *
B(wu*u*)D,, T, + H.c. 78 * * *
Bu/‘uﬂu”Tb + H.c. 79 0 0 0
Bu'u’u, T, + H.c. 80 _%FS) —2\/§E§3) *
Bu"u”u‘DHUTA + H.c. 81 0 0 0
Bu”u”u‘DMT,, + H.c. 82 * * *
iBu”u"ujo,wT,l + H.c. 83 0 0 0
iBu'u*u*c,,T, + H.c. 84 0 0 0

(Table continued)
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TABLE VI. (Continued)

0,/o, SU(2) A el e SU(3) S EY EY
" B(u,f_,,)T,+H.c. 55 * * * 85 * *
" Bu,f_,T,+ H.. 56 0 0 0 86 * * *
€ﬂMﬂBf_WuAT,,+H.c. 87 _%F(zé) _2\/§E236) _ﬁg@%)
B(u!f_“")ysy,D,T, + H.c. 57 4 £ 438y 2 o 88 4 FY 4/3EY 2 e
B(u!f_“")ysy,D,T, + H.c. 58 * * * 89 * * *

n vA 3 ~(3 ~(3 3 =(3 (3
B(u*h**yysy,D,T; + H.c. 59 _%fé> 43 _%ng) 90 _%F<”> _43EY _%C;;
Bu!f_“'ysy,D,T, +H.c. 60 0 0 0 91 * * *
Bu'f_“*ysy,D,T, + H.c. 61 0 0 0 92 * * *
Bu”h”’lySYﬂDyT/l + H.c. 62 0 0 0 93 —%Fﬁ? —4\/§E(139) _%Cfs)
Bu*h**ysy,D,T, + H.c. 94 * * *
Bu*h**ysy,D;T, + H.c. 95 * * s
Bf _*utysy,D,T, + H.c. 96 * * *

R v 3 ~(3 ~(3 3 =(3 ~(3
B_V”f_” TU + H.c. 63 %fﬁ&g 2\/§€(12) % 0(24) 97 %F(ZS) 2\/§E§0> % ng,)
iB{f ")u,T, +H.c. 64 -2 £ Rl i &%) 98 0 0
iB(f *)u*D,;,T, + H.c. 65 0 0 0 99 0 0 0
B(f.")u’s,, T, + He. 66 0 0 0 100 0 0 0
iB{f " u,)T, +H.c. 67 -2 OB + e 101 0 0 0
iB({f **u"*)D,T, + H.c. 68 0 0 0 102 0 0 0
B(f ,*u")6,,T; + H.ec. 69 0 0 0 103 0 0 0

iR v 3 ~(3 ~(3 3 =(3 ~(3
iBf *u,T, + H.c. 70 \/%f( ) 43z %Cgo) 104 \/%ng) 2V3ES) %ng)
iBf *u'D,,T, + H.ec. 105 0 0 0
Bf ,*u*6,,T; + H.c. 71 0 0 0 106 0 0 0

- Y 3 =(3 =(3
iBu'f . ,*T, + H.. 07 —2pd  2v3EY) -4l
Bu'f,*s,,T,+H.c. 108 0 0 0

R 3 ~(3 ~(3 3 ~(3 ~(3
B(u'y )T, + H.c. 72 21 2V3ey -l 109 27 2WEEY -l
Bly, )Ju'T, + He. B 2B * U W PN - R T
Bu!y T, +H.c. 74 0 0 0 111 \/%ng) 2\/55%) —%~£i)
By, u'T, +H.c. 112 2 PR 2V3ED N, 0
o __ Loy .o 0o Lo Lo Ly co_l.o_ Lo, l.o .o_Le_lop
e =T TG 6T T T 500 Tl TeCles € T30 T30 TeClos g =56 T5C
o _ Lo L o 1 o), .0 50 _ 10 50,00 S0 __1.03 (3) _A03) , 20)
€0 637 T €4 _5010 —Cj) T Ciys @y =20 =24 +¢jp, € —_1013 —5Cl0 — ¢ TCys
o Lo, .o .0 o_l.o 1l 3.0 _o_ Lo 10 3 _ 1.3, .0
€7 4010 +C —Ciys €rg —5011 +ZC10 —5C14> €30 —_5015 +§cl9» €3] __§C16 +Cio

o _ Lo, e o _lo .6, .0 .0_.0_.0 -0_lo Lo _o_1l.g 143
€37 —5041 +C s €39 5041 —C5 +Cg's €4 —C5° —Cg € 5030 +§C41’ €46 —§C37 2038’
oo, e 1., 1 .3, 2 @3 2 ¢

50 —_2\/5013 +4 3610’ 2 —_3010 +_3C41 +—3C11 __3C14’

~(3) Lo 1o T L. o_ 1 ., 1 .6 .0 Lo 1o 1. @

= ——=C{| ——=C14 ——=Cy4/{ e = Cis + Ciy ey =——=C{s ——=C1¢ ——=Cig,

53 2\/§ 10 \/§ 11 3 14 3 41 55 2\/§ 15 2\/§ 19 58 3 15 3 16 3 19
_03 I _3 I _3
) Lo Ly (&
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TABLE VII. Independent Lagrangian terms in the heavy diquark limit at the order O(p?). Columns 2 and 5 (3 and 6) label the number
for each term in the two-flavor (three-flavor) case. The terms without a number are not independent.

P./pa SU(2) SU(3) Py/pn SU(2) SU(3)
g u,) 'y sy, 1 1 G f ) VW, 12 17
l//”<l/t”u > I/YS%W/;A 2 2 eﬂylpl/_/nfﬂwuﬂ}pl//o' + H.c. 18
P (Ut uysy, v, 3 3 V0,0, 13 19
l/‘/”(u”u‘)uﬂrsw VW 4 4 G f Yo, 0,0, 14 20
g u,u Yy sy, 5 Wt f_ o, + Hee. 15 21
P (Ut u? )y sy, 00,0, 6 TV v, 16

W utu,utysy,y, + He. 7 wruf_Yo,,v,p, + He. 22
wruutulysy,v0,p, + He. 8 wrutf_*o;,0,p, +He. 23
i€ (1, 1, 1)V, 5 9 AT IR 17 24
TG U, U0, 10 PN sy, 18 25
'/_’”<”Dhﬂp>0w1”ﬂ’/’u 6 11 P U )T sY W 19 26
Wt f P sy, + He. 7 12 T sy, 20 27
Wt f P ulysy,v,0,p, + Hae. 8 13 wruty sy, + He. 28
g uh, vy, +Hee. 9 14 wruty_v,p, +H.c. 21 29
iu‘l"u”h’l”vval,y/ﬂ + H.c. 10 15 W (V) sr . 22 30
G f 1) Ur 0 W 11 WV sy, 23 31

wu'ho,,v,p, + Hee. 16

B =P+ FP v Y, B =af) B B =P R B =F) R R,

B = R0, By =3 P4 2R) B =3P R, B =R -2,

B =-rD 2R, E@ =2k -FY. B =R RD. B =Y 4R B =2r) o),
A R S A YT Y S S Y S R Y )

B =Py -rll B =Pl B =Y B = bR -
vtk e A VA= T e e e
A = B e L R e L)

B =P+ P - S B =P - P B = - 2R,

B =P e +r B = p S PVARY. B =P - (A

EQ = 3EY —3EY +E), EY—6EY +EY, EY=3EY-3EY, EQ) =3EY+3EY +3EY,

EQ) =38P 430 4 3B, EQ) =—2EP) —3EY 4+ B EY) = 2EY) +3EY +ED).

EQ) =2EY) 43D, EY) 2B 43EY),  EV) =—2EQ) +3EY),  EY) =3BV -3E(), EY)=3E\) +3E(),
B =—6Ey) +6EY.  Ey =3E7) +3E).  ES) =-6E[) +6E). Ef) =3E[ +3E().
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By =R oE). ED-aE) R RN - e B =oviED o aE)
- - - - - 3. - - - - -
EY) =2v3EY +2v3EY . ES) =2v3EY + %EQ +V3EY,  EV) =2V3EY +2V3E) + V3EY),
EY =2v3EY +2v3EY, B =2V3EY +2V3EY +V3EY,  EY) = -2V3EY -3V3ES),

- - ~ - 3v3 . 3. - - - - -
B VAR VAR, B - 2B VIR0, VAR B - avaED -2vAEY —aviE],

2
B < 2VAEY VAR + VAR, B —2vAE+2VAE)-avaEY. B ~2vAE) - VA + VIE].
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APPENDIX B: O(p*)-ORDER RESULTS
This appendix gives Tables VIII and IX.

TABLE VIII. Independent terms in the relativistic Lagrangian at the order O(p*). Columns 2 and 7 (4 and 9) are for the two-flavor
(three-flavor) case. Columns 2, 4, 7, and 9 label the number for each term. The terms without a number are not independent. “I”’ means
that the term is chosen as an independent term in the heavy diquark limit.

0,/o, su@) &Y su@i) EY 0, su@) & su@i) EY
Blutu,)(uw'u,)B L1 LT, 436
Bl ) (1,1, B 2 121 T, 47
Blutu,) (1) D, L3 L TSD,T, 438
B(u*u*)(u,u*)D,,B 4 1 4 1 iTrv(f (7)o ,,,1T 439
B{wu*)(u*u”)D,,,,B 5 I 5 L T(f . 'T,+Hec. 213 440
B(u!u,)u"u,B 6 I T/‘(f+”’1>f+,,,1T 214 441
B{(u'u")u,u,B 7 L (. " f.*D,T,+Hec. 215 442
B(u'u,)u*u'D,,B 8 I Tw(f. >f+ul’D,1p P 216 443
B(uwu*)u,u*D,,B + H.c 9 L ir{f ) f*0,T,+H.c. 217 444
B(u*u*)u*u,D,, B 0 1 7~ (f+,, T, 218 445
B(uwu")u'w’D,,,,B 11 L T A f 0T, 219 446
iB(u”u,,)u”u‘aMB 6 I 121 TYf,0f7)D wlT 220 447
iB(u*u*)u,u*c,,B + H.c 7 1 13 1 T{f“f.D,,T, 221 448
iB{uu")u*u’6,,D,,B + H.c 8 I 4 T iTf, f7)e,T, 222 449
iB(u"u*)u*u’c,,D,, B 9 I 15 L Trf M fu T 223 450
B(u'u,u”)u,B 16 I Twf“f T, 451
B{(w'u,u*yu*D,,B 17 1 Tefuf T, 452
B(u*u*u*)u,D,,B 18 I Tvf rf*D,T, 453
B(wu*u*)u’D,,,,B 19 1 Twf¥f rD,T, 454
iB(u*u ‘)uﬂdbﬂB 20 1 aTf tfMe,T, 455
iB(uw"wv*)u’6,,D,,B 21 I T"(uu*)y.T, 224 456
B(u'u,u’u,)B 22 L T"(uu,)y.T, 225 457
B(w'u,u*u*)D,,B 23 I T"uu*)y,D,T, 226 458
iB(u*w,u’u*)o,)B 24 I T"(uu‘y )T, 227 459
iB{uuu*u’)o,,D,;,B 25 T T"(wuy )T, 228 460
Butu,u’u,B 26 I T"(uwuyx )T, 229 461

(Table continued)
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TABLE VIIL (Continued)

0,/0, su@2) &Y su@) EY 0, su@) &Y su@G) EY
Bu!u,u’u*D,,B + H.c. 27 I T"(wu'y,)D,T, 230 462
iBu"uMu’“uﬁale + H.c. 28 I _/‘<uﬂ)(+>u”TU +H.c 231 463
iBu'u’u,u'c,;B + H.c. 29 L T"uy)u,T, 232 464
iBu w1 o,,D,,B + He. 30 1 TH(uy,)u'D,T, 233 465
iBu*u*u*u’s,,D,,B + H.c. 31 I T ) (u,u”)T, 466
B(u'uf_,*)ysy,D,B +H.c. 10 I 32 L T#( ) (wu,)T, 467
B(uw'u’f_,")ysy,D,B+H.c. 11 I 33 I T ) (wu")D,T, 468
Blu'u'h,Yysy,D;B + Hec. 21 34 1 Ty)uuT, 234 469
B(u*u*h,*)ysy,D,B + H.c. 13 I 35 I TH(y)u*u,T, 470
B(u'u*h*)ysy,D,;,B + H.c. 14 1 36 L T )ubu,T, 471
Butu,f_“*ysy,D;B + H.c. 37 I Tv(y . )u*u’D,T, 472
Bu'uf_,*ysy,D;B + H.c. 38 I Truuy,T,+Hec. 473
Butw'f_,*ysy,;D,B + H.c. 39 I T'ubuy,T,+Hec. 474
Butu’f_ ysy,D;B + H.c. 40 I Truuy,T,+Hec. 475
Bu'uf_,*ysy,D,B + H.c. 41 I Trwu'y,D,T,+Hec. 476
Butuf_*ysy;,D,,,B + H.c. 42 I Truy,u'T, 477
Bu*u,h**ysy,D,B + H.c. 43 1 T*uV%.ysy,D,T,+H.ec. 235 478
Bu*u’h,'ysy,D,B + H.c. 4 1 Tru*Viy.ysy,D,T,+Hec. 236 479
Buu’h,*ysy,D,B + H.c. 45 L Tvf Yy .ysy,D,T, +He. 237 480
Bu*u’h,*ysy,D;B + H.c. 46 I T{V*V,x )T, 238 481
Bu*uh,*ysy,D,B + H.c. 47 I T"WV,x.T, 239 482
Bu*u*h*ysy,D,,;,B + H.c. 48 LT, )T, 240 483
Bu!u*h*ysy,D,,,B + H.c. 49 L it {(f T, 241 484
Bu*u*h*ysy,D,,,B + H.c. 50 LT (f x0T, 242 485
Butf_“wtysy,D;B + He. SU 1 Ty, )T, 243 486
Bu”f_””u’lySleyB + H.c. 52 L iTf, 'x,T,+Hec. 487
Bu"h,*u*ysy,D;B + H.c. 53 1T Ty )(x )T, 244 488
€4 B(1,u%) f ;D0 B 15 1 54 1 Tiyy,T, 245 489
4 B(u,u’ f_,;)D,,B + H.c. 5S1 TR, 490
¢ Blu, f_,;)u,B 16 I 56 I THaT, 491
e B(u,f_,;)u’D,,B 17 I 57 L i (uuty_)ysy,D;T, + H.c. 246 492
e B(u,f_,°)u;D,,B 18 1 58 LT (y_yu*uysy,D,T, + H.c. 247 493
e B(u,h,’)u,D,, B 19 I 59 L iT"wuy_ysy,D;T, + H.c. 494
e Bu,u, f_;,B + H.c. 60 I iT"wuy_ysy,D,T, +H.c. 495
e Bu,u,f_,°D,,B + H.c. 61 L iT"wy_u'ysy,D;T, + H.c. 496
" Bu,u’f_,,D,,B + H.c. 62 I iT"(u,V_)T, +H.c. 248 497
"% Bu,u,h,°D,,B + H.c. 63 L iT"(uV,y )T, 249 498
Buw'V¥f_,)B 20 1 64 T TV )D,T, 250 499
B(u'V'f_*D,,B 21 I 65 I iT"{y_)n,'T, 251 500
B(uwV'f_*)D,,B 22 1 66 1 iT*(y_)h**D,T, 252 501
B(u*V, h**)D,,B 23 1 67 1 iT"(V%_)u,T, 253 502
BV W#\D,,;,B 24 1 68 1 iTMu,V%.T,+Hec. 254 503
B(h**h,,)B 25 1 69 1 iT'wVy.T,+He 504
Bu*V*f_,B+H.c. 70 I iT"uV,y T,+Hec. 505
Bu*V'f_/*D,;B + H.c. 71 I iT"uN*_D,T, +H.c. 506
Bu*V'f_*D,;B + H.c. 72T T )ysr DT, 255 507
iBu*V,f_"c,,B + H.c. 26 1 73 L To(f ")y _ysy,D,T, 256 508
iBu'V*f_6,,B + Hee. 27 1 T4 1 T Yysn DT, 257 509
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TABLE VIIL (Continued)

0,/0, su@) &Y su@) EY 0, su@) &Y su@E) EY
iBu*V'f_*¢,,D,,B + H.c. 280 1 75U Ty ) f M rsy,DiT, 258 510
iBu'V'f_%0,D,,B + H.c. 29 L 76 1 TAfYy ysy,D,T, +He. S11
Bu'V,hD,;B + He, A W PR 259 512
Bu'V* 1 D,,;,B + He. 81 Ty, 260 513
iBu*V*h*6,,D;,B + H.c. 30 1 79 1 TT, 514
Bf_"f_,B 80 1 TH(FLYFLAT,+P 261 515
Bf_*f_/D,B 81 1 T/‘(FL”FLD VT, + P 262 516
iBf " f-.'0,;B 31 1 82 I TW(F,'F,*)D,T,+P 263 517
iBf_"f_%6,,D,,B 32 1 8 1 THFMFLP)D,T,+P 264 518
i_Bf_ﬂvh/(;MB +H.c. 33 1 84 1 z_T” (FL,)F "), T, + P 265 519
Bh*“h,,B 85 I TWF ) FL NT,+P 266

thWh/ o, 34 1 86 1 TH(F ") (Fp)T,+P 267

BUF ) Yo 3 01 8 74 (Fy, VFL "D, T, + P 268

B(f ") (u*uy)o,,B 36 1 88 TH(F ") (F, ,/’)DA/,T +P 269

B(f ) (u*u")0,,D;,B 37 1 89 iT*(Fp,*)(F1*)0,,T, + P 270

B(f, ”)(u%t") 6,:D,,B 3 1 90 T ()T, 271 520
iB{f " )u,u, 39 1 91 T det;(T” + H.c. 272

iB(f " )uu DMB +H.c. 41 92 1:3<“””y>< u')ysy, Ty + He. 273 521
B(f.*)u,u*c,;B + H.c. 93 B{wu”) (u,u*)ysy,T; + H.c. 274 522
B(f")u*u;0,,B 94 B(u'u’)(u*u’)ysy, D, T, + He. 275 523
B(f . ")u'w'o, DAPB 95 B(u'u”) (u* u/’)ysyﬂDipT +H.c. 276 524
B{f ") u"a B +H.c. 96 B{w'u,)uu*ysy, T, + H.c. 277 525
B(f . #u,)u* GMB 41 I 97 I B(u"uﬁu”uiysmTV +H.c. 526
B(f " u*)u, GMB 42 1 98 I B{wu")u,u'ysy,T, +H.c. 278 527
l?<f+” ut)u, 43 1 9 1 I?(u”u”)uﬂu vs7,T, +H.c. 279 528
?(f#w utyu D/lp 4 1 100 I l_?(u”u”} uu,ysy, T, +H.c. 529
B{f uM o MD 45 1 101 I B{wu)utu,ysy,T, + H.c. 530
B{(f ﬂ)u”ﬂﬂpDMB 46 1 102 I B(u'u)u'uyysy,T, + H.c. 531
?( filad MMMD>B 47 1 103 I ?<u/‘u”>u u/’ysyy MT +H.c. 280 532
iB{f " u,u*)D,,B+ H.c. 48 I 104 I B(uwu)u*wysy,D,,T,+H.c. 533
B(f #u,u) MB +H.c. 105 I B(wu)u'wysy,D,,T,+H.ec. 534
?<f+” u uﬂ> 106 I l:;<uﬂub>u upySyiD;wT/) +H.c. 281 535
B(f, W’u%t")o D,ll, 107 I B(wu)u'wysy,D,,T,+H.c. 282 536
B{f, ’”’u%t”) 6,,D,,B+H.c. 108 I B(uwu)u'wysy,D,,T,+H.c. 537
1:9<u u,)f+"*c,,B 49 1 109 I ?(u"u”) u*u’ysy,D,;T, + H.c. 538
Bluru)f /0,8 50 1 10 T Blwuu)utysy,T; + He. 539
B(w'u")f . *6,,D,,B 51 I 111 I B(uwuu”)u'ysy,T, +H.c. 540
B(wu")f . *c,,D,,B 52 1 112 T B(uwuu'yu,ysy,T;+H.c. 541
i1:9f+lﬂ’uﬂu,,B +H.c. 113 I l:%(u utyu,ysy, T, + H.c. 542
i]_?fﬂ"u,,u’lleB +Hec. 114 I I_3<u”u ut)yu’ysy,D,,T,+ H.c. 543
i_Bfﬂ”uiuﬂDb,lB +H.c. 115 I 1_9<u”u u‘)u/’}/Sy,,DW,TQ +H.c. 544
l?f+””uﬂu’10'w13 + H.c. 116 I l_?(u”u “ulysy,D,,T, + H.c. 545
Bf " u*u,0,,B + H.c. 117 I Bluuwu )u/’ySy/,DmT,{ +H.c. 546
Bf *u*u;0,,B +H.c. 118 I B(uwuu*u")ysy,T, +H.c. 547
Bf *u*w’c,,D,;,B + H.c. 119 I B(uwu,u*u")ysy,T, +H.c. 548
Bf *u*wc,,D,,B + H.c. 120 I B{wuu*u’)ysy,D,T,+H.c. 549
Bf "u ’Iuﬂow,DMB +H.c. 121 I B(u'uu*u’)ysy,D,, T, +H.c. 550
iBu'f ., u,B 122 I Bu'u,u’uysy,T,+H.c. 551
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0,/o, su@2) & su@) EY 0, SU(2) su@3) EY
iBu'f . *u’D,;B + H.c. 123 I Bu'uu’u’ysy,T, + H.c. 552
iB(fJ”’) _vsr,D,B 53 I 124 Butu u,uysy, T, + H.c. 553
(fﬂ”)f_ﬂ ysv,D,B 54 1 125 Butu*u,u'ysy,T, +H.c. 554
iB{f ,")h 3 Yysy,D,B 55 I 126 Buu*utu,ysy, T, + H.c. 555
iB(f*)h,*ysy,D,B 56 I 127 Bu'wu*u’ysy,D,,T, + H.c. 556
lB(fﬂ”)h’l/’ysyﬂDMpB 57 1 128 Bu/‘u”u’luﬂysyﬂDDpTﬂ + H.c. 557
iB(f " f_ )ysy,D;B 58 I 129 I Bu'wu'wysy,D,,T,+ H.c. 558
iB(f " f_, )ysy;D,B 59 I 130 I Buwu'uysy,D,,T,+H.c. 559
iB(f 1 ysy,D,B 60 I 131 1 Buwu'uysy,D,,T,+H.c. 560
iB(f*h,")rsriD,B 61 1 132 T B(uu)f DT, +Hc. 283 561
iB(f." hlp>7’5}’;¢DuxpB 62 1 133 I B(uwu)f_'D,T,+H.c. 284 562
iB(VFf " yu'ysy,D,B 63 1 134 B(uu*)f_,'D,T, + H.c. 285 563
iB(VFf " yu'ysy,D,B 64 I 135 B(u'w)f_#D,,,T, + H.c. 286 564
iB{V*f \*"Yu,ysy,D;B 65 I 136 iB{u*u*)f_*0,,D,T,+ H.c. 287 565
iB(VFf, u’)ysy,D,B 66 1 137 1 iB(uwu)f_%6,D,T,+H.c. 288 566
iB(V*f . *u*)ysy,D,B 67 1 138 1 B(uwu,)h”D,T,+H.c. 289 567
iB{V*f . "u,)ysy,D,B 68 1 139 I B(wu)h,'D,T,+H.c. 290 568
iBf " f_” ysy,D,B + H.c. 140 I B(u"u”)h” D,T,+H.c 291 569
iBf " f_ ysy,D,B + H.c. 141 I B(uu)hD,,T,+Hc 292 570
iBf *h,*ysy,D,B + H.c. 142 I B(wu)h*D,,T,+H.c 293 571
iBf *h,*ysy,D,B + H.c. 143 I iB(wuw)h*s,D,T,+H.c 294 572
iBf " h*ysy,D,;,B + H.c. 144 1 iB<uﬂuv)hiﬂaMD T,+H.c 295 573
iBVFf Yutysy,D;B + H.c. 145 I B(uwu,f *)D,T, +H.c. 574
iBVf ., ulysy,D,B + H.c. 146 1 Blu'wf_"D,T, +H.c. 296 575
iBVFf Y u,ysy,D;B + H.c. 147 I B{wwf_*D,T,+H.c. 297 576
i Bf ., f,B+H.c. 69 I 148 1 Butwf /)DMTi +H.c 577
i Bf ., f_;°D,,B+H.c. 70 1 149 1 B(uwf Y)D,T,+Hc 578
€% Bf ,,h,"D,oB + Hee. 711 150 1 B(uw'f )D,,T, +He. 379
B(V*V,f . *)6,,B 151 iB(u"w'f_*)6,,D,T,+H.c 298 580
I?V/‘V” fi%e,B 721 152 1 iB{utu'f_ ﬂﬂ) 0,,D,T,+H.c. 299 581
B(f " ){f ) B 153 iB(u'u*f_*)6,,D,T, +H.c. 582
B(f*){f1,)YD,;B 154 iB(u'u'f_*)o,,D,T, +H.c. 583
B(f ") f1uB 73 1 155 B(u#u,h""\D,T; + He. 584
B(f ") f,,/D.iB 74 1 156 B(u*u*h,/\D,T, + H.c. 300 585
B{f . *f,,,)B 75 1 157 1 B(uuh/)D,T,+H.c. 301 586
B(f " f.,"YD,,B 76 1 158 I  B(wuwh*)D,;,T,+H.c. 302 587
B.fﬂ“’fﬂwB 159 I iB{ ”u”hiﬂﬁf ,D;T,+H.c. 303 588
Bf."f.,,/D,B 160 1 iB(uw'u'h¥)s,,D,T,+H.e. 589
iBf M f ./ 0,,B 77 1 161 1 iBuwh*)o,,D, T +H.c. 590
iBf *f.%6,,D,,B 781162 1 B(u'f_)u'D,T, +He. 304 591
B(u'u, )y, B 79 1 163 1 B<uﬂf_,,”>u D,T, +H.c. 305 592
B{u*u*)y.D,,B 80 I 164 I B(uwf_**yu,D,T, +H.c. 306 593
B(u'u,y,)B 81 1 165 I B(u'f_*yu,D,T;+ H.c. 307 594
B(wuy,)D,,B 82 I 166 I B(u'f_*u,D,T,+H.c. 308 595
iB{u'u )(+>0 B 83 I 167 1 B( u'f_*yw'D,,,T,+H.c. 309 596
Blu'yu, 84 1 168 I iB(uf_“urs,D,T,+Hec. 310 597
B(uﬂh)u D B 85 1 169 1 iB(u'f **yus,,D,T,+ H.c. 311 598
B(;m(u”u,t)B 170 1 iB(u"f_**Yu’s,,D,T; + H.c. 312 599
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0,/o, su@) &Y sua) EY o, su@) &Y su@a) EY
B{y.)(uu*)D,,B 171 1 iB(u'f_*)us,,D,T, +Hec. 313 600
By, )u"u,B 172 1 B(uh**)u,D,T; + H.c. 314 601
B{y,)u*u’D,,B 173 1 iB(u*h*)wc,,D,T, +H.ec. 315 602
iB(y,)u'uc,,B 8 I 174 1 iB(uh*u’c,,D,T,+Hec. 316 603
Bu*u,y. B+ H.c. 175 I Bu'u,f “*D,T,+H.c. 604
Bu'u'y,D,, B+ H.c. 176 1 Bu'u’f_/D,T,+H.c. 605
iBu*u'y . c,,B+H.c. 177 I Buwf_/D,T,+H.c. 606
iBu'y  u’c,,B 178 1 Buu’f_'D,T,+H.c. 607
Bu'N'y ys7,D,B + H.. 8 1 179 1 Buw'f_'D,T,+H.c. 608
Bu'V'y . ysy,D,B + H.c. 88 I 180 I Buwf_*D,,T,+Hec. 609
Bf_*y.ysy,D,B+H.c. 89 I 181 I  iBu" u”f_l"()'m,D,lTp + H.c. 610
B(V*V,x,)B 9 I 182 1 iBu'wf_¢,D,T,+H.c. 611
BV*V,y. B 91 1 18 I iBu'u'f_*6,D,T,+H.c. 612
B(f*){x+)0,B 92 1 184 iBu'ut f_*6,,D,T, + H.c. 613
B(f.")y.0,,B 93 1 185 Butu, "D, T, + H.c. 614
B(f "y )o,,B 94 1 186 1 Bu'u’h’D,T,+Hec. 615
By )f"0,,B 95 I 187 I Bu”u”hﬂ’leTy + H.c. 616
Bf #y,0,,B+Hec. 188 I Bu'u’h,/D,T,+H.c. 617
B{y.)(x)B 9% 1 189 I  Buuh/D,T,+Hc. 618
By )x+B 97 I 190 I Buwh*D,,T,+ H.c. 619
B(%)B 191 T Buwuh”D,,T,+H.ec. 620
By B 192 1 Bu'u*h¥D,,T,+H.c. 621
iB(uu’y_)ysy,D,B + H.c. 98 I 193 1 iBuuh's,D,T,+H.c. 622
iB{y_)u'u"ysy,D,B+ H.c. 99 I 194 I iBu"wh*s,D,T,+H.c. 623
iBu*u’y_ysy,D,B + H.c. 195 I iBu'uh*s,,D,T,+H.c. 624
iBu”u”)(_ySy,,DﬂB + H.c. 196 I iBu u”h’lpabﬂDﬂTp + H.c. 625
iBu'y_u'ysy,D,B + H.c. 197 1 Bu'f_'u'D,T,+H.c. 626
iB(u"V,y_)B 100 1 198 I Buf_/u'D,T,+H.c. 627
iB(u*NYy_)D,,B 101 I 199 I Bu'f_“u,D,T,+Hec. 628
iB{y_)n"*D,,B 102 1 200 I Bu'f_“u,D,T, +H.c. 629
iB{V¥y_)u,B 103 I 201 I Buf_“u,D,T,+Hc. 630
iBu”Vﬂ;(_B +H.c. 202 1 1'3uﬂf_w1,,,ﬂDW)T/l +Hec. 631
iBu*V*y_D,,B +H.c. 203 1 iBu'f_“woe,,D,T,+He. 632
Bu*V'y_c,,B + H.c. 104 I 204 I iBu'f_*'w6,,D,T, + H.c. 633
Bf_"y_0,,B+H.c. 105 1 205 I iBuf "uo,D,T;+H.c. 634
B(f ") (x_)rsr.D,B 106 1 206 iBu'f _**uwc,,D,T,+ H.c. 635
B(f*)x-ysy,D,B 107 1 207 Bu*h,*w’D,T; + H.c. 636
B(f "y )ysy,D,B 108 1 208 I Buthu'D,T,+H.c. 637
B{y_)f+*ysy,D,B 109 1 209 I Buthu,D,T,+Hec. 638
Bf+””;(_y5yMDDB + H.c. 210 I Bu"h”iu”DMMT‘, + H.c. 639
By )(x-)B 110 1 211 I BwhwD,,T,+H.ec. 640
B(y_)y_B 11 212 1 iBuh*u’e,,D,T, +Hc. 641
By’B 213 I iBuh*ws,,D,T, + H.c. 642
B(D"D,F,*)0,,B + P 12 1 Bf_"u,u’D,T, + H.e. 643
B(F,*F,,)B + P 113 1 214 1 Bf™uu’D,T,+Hec 644
B(F/**Fp,)D,;B + P 114 1 215 1 iBf-™wws,D,T,+Hc. 645
B(F")(Fp,,)B+ P s 1 BV, f_*)ysy, T, + H.c. 317 646
B(F")(F1,")D,,B + P 16 1 B(uV¥f_Mysy, T, + He. 318 647
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0, /o, su@) &Y sua) EY o, su@) &Y sua) EY
Blyy"\B 17 1 216 I BV )ysy,T,+Hec. 319 648
BdetyB + H.c. 118 1 B(u”V”f_b Vrsy:T, + He. 320 649
I i, 119 217 BtV S _P)ysp, DT, + He. 21 650
T (u,u”) (uuy)T, 120 218 B(u"V”f #Yysy,D;T, + Hee. 322 651
T (uu,) (uu,)T, 121 219 B(u'VY f_*#)ysy,D,, T, +H.c. 323 652
T (u’u*) (u,u,)T, 122 220 B(u'V, h**)ysy,T; + H.c. 324 653
" (u,u”)(u*u”)D,,T, 123 221 B(u"V”h‘p)nyﬂDMT +H.c. 325 654
T (u,u”) (u*u”)D,,T, 124 222 B{f_"h,*)ysy,T; + H.c. 326 655
T (uu,) (u*u’)D,,T, 125 223 B(h*h,* )ySnyll + H.c. 327 656
T”(u”u‘) (uu’)D,,T, 126 224 ?uﬂvﬂf_”}gy,,Tﬂ +H.c. 328 657
T*(uu*)(wu’)D,;,s T 127 225 Bu*NYf_ ysy, T, +H.e. 329 658
i_T” u,u”)(u'u’)o,,T 128 226 l:Bu”V”f,/ysyﬂTl +H.c. 330 659
T”(u”u")u u/lT,{ +H.c. 129 227 Bu”V”f_D’lySyiT” + H.c. 331 660
" (u,u”)utu,T, + H.c. 228 ButN¥f_*ysy,D,,T,+ H.c. 332 661
_”<uﬂu”>uiu,1Ty 229 Bu*NYf_%ysy,D,;,T, + H.c. 333 662
T (u’u,)u,u*T, 130 230 Bu*NVf_*ysy,D,, T, + H.c. 334 663
:”<u”u,,>uju”Tl 231 I?M”V”f_’lﬂySleprﬂ +H.c. 335 664
“(uu,)yutu,T, 232 ButV  h**ysy,T; + H.c. 336 665
T (u’u*yu,u;T, 233 Bu*NYi*ysy,D,,T, + H.c. 337 666
I (u,u”)u*w’D,, T, + H.c 131 234 Bu*NYh*ysy,D,,T, + H.c. 667
" (u,u”)u*u’D,,T, + H.c 235 Bu*N'h*ysy,D,,T, + H.c. 668
:”(u”u”>u’lu/’DﬂpTV 236 1:9 frf o ysy, Ty + He. 338 669
“(u u,yu*u’D,,T, 237 Bf_»f_tysy,T, +He. 670
:”<u”u’1)uﬂu”DMTp 132 238 f_%f_””f_’lf’ysyMDMTp +H.c. 671
“(w'u*yu,u’D,, T, +H.c 239 Bf_*h, ysy, T, +H.. 339 672
T (uu*)u’u,D,,T, 240 Bf_"h, ysy,T, +H.c. 673
T (uu*)yu’u,D,T, 241 Bf_#n*ysy,D,;,T, + H.c. 674
T (uu*)u’u°D,,;,, T, 242 Bf_#n*ysy,D,,T, + H.c. 675
l:/‘(uﬂu”)u w’e,T,+H.c 133 243 ?V”f_””u’l}gbeﬂ +H.c. 676
l_T"(uﬂu yutu’e,,T, +H.c. 244 I_BV”f_H”MJ@JQT,, +H.c. 677
(w0, + Hc. 245 BVHf_Yuysy,T, + He. 678
:”(u”u”ui)u,,T,l 246 l:%h””f_/ysyuTA + H.c. 679
_"(uﬂu"u'1>u,1TD 247 ?h/"“hﬂ’l}gyuTﬂ +H.c. 340 680
_”(u”upu/I)uATﬂ 248 I_Bh””h/ySy,lTu + H.c. 681
“(u,u’u*)u’D,, T, + H.c 249 BV*h“*u,ysy, T, + H.c. 682
T (u,u’u*yu’D,,T, 250 iB(f #)(u,u*)ysy,T, +H.c. 341 683
:/‘<uﬂu”u'1>u/’Dﬂl,TV 251 1:9<f+/‘”>( u*ysy,T, + H.c. 342 684
”<uyuuul>”pD/1pTﬂ 252 lB<f+’w><ulu >757/4T +H.c. 343 685
T (uu*u”)u,D,,T, 253 iB(f ") (u*w)ysy,D,,T, + H.c. 344 686
T (uu*u”)u’D,;,, T, 254 iB(f ") (u*w)ysy,D;,T, + H.c. 345 687
T (1 ,10)T; 255 B DT, + B 346 688
”<uﬂubuluu>T/l 256 lB<f+W> u, VSYuT/I +H.c. 347 689
T (u’u,uuy)T, 257 iB(f *)u,u'ysy,T, + H.c. 348 690
T (u,u’uw*u’)D,,T, 258 iB(f *)Yuu,ysy,T; + H.c. 691
‘ﬂ<u,, “uu’)D,,T, 259 iB(f #*)utu,ysy,T, + H.c. 692
T (u’u,u*u’)D,,T, 260 iB(f *)uuysy,T, + H.c. 693
i (u,uu*u’),,T, 261 iB(f *)Yu*u’ysy,D,;T, + H.c. 349 694
Tru,u” uyu’lTA 262 iB(f #)u*u’ysy,D,,T, + H.c. 695
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0,/o, su) &Y su@) EY 0, SU(2) su@3) EY
T u,u’u*u,T; +H.c. 263 iB(f *)u*u’ysy,D,,T, + H.c. 696
T"w u,u*u,T, + H.c. 264 iB(f *)Yu*u’ysy,D,,T, + H.c. 350 697
T*w u,utu,T, 265 iB(f *)Yu*u’ysy,D,;,T, + H.c. 698
T*uu*u*u’ DT, 266 iB(f #u,)u'ysy,T, + H.c. 351 699
Tu,u*u*u’D,,T; +H.c. 267 iB(f " u,)u'ysy,T, +H.c. 352 700
T"u”uﬂulu”D/{pTV fHe. 268 iB(f " ’l)uﬂy5ypT,1 +He. 353 701
T"wu,w'vwD,,T, + H.c. 269 iB(f *u*Yu,ysy;,T, + H.c. 354 702
iTV u,u” u’lu”o'MT 270 iB(f #u*)uyysy, T, + H.c. 355 703
iT"u,u*vu*v’c,,T, + H.. 271 iB(f " u"Yu’ysy,D,;T, + H.c. 356 704
Tﬂ< u ) f_ M}’SYDDAT;; +H.e. 134 272 iB(f *u*)u’ysy,D,,T, + H.c. 357 705
T"(u,u”)f_*ysy,;D,T, +He. 135 273 iB(f *u*Yu’ysy,D,,T, + H.c. 358 706
T (uu* )f_,/’ysy,,DjT/, 136 274 iB(f #u*)u’ysy,D,,T, + H.c. 359 707
T"(u,u”)h*ysy,D,T, + H.c. 137 275 iB(f " u")u’ysy,D,;T, + H.c. 708
T*(u,u*)h*ysy,D,T, + H.c. 138 276 iB(f " u,u*)ysy,T; +H.c. 360 709
T*(uu"f iﬂ))’s?’uDaT +He. 139 277 iB(f *u,u')ysy, T, +Hee. 361 710
T*(u,u* f*)ysy,D,T, +He. 140 278 iB(f *u'u,)ysy, Ty +H.c. 711
TH(u u f #Yysy,D,T, + H.c. 279 iB(f " u*u,)ysy;,T, + H.c. 712
T (u’u,f_*)ysy,D,T, + H.c. 280 iB(f *u*u;)ysy,T, +H.c. 713
(u”u’lf ")rsr,D;T, + H.c. 281 iB(f #u*u’)ysy, D, T, + H.c. 362 714
T#(u, u”h’lp>y5y,,D,1T +H.c. 141 282 iB{f, ”’“u’luf’>y5yﬂDyﬂT,1 +H.c. 715
T (u,u*h*)ysy,D,T, + H.c. 142 283 iB(f " u*u)ysy,D,,T, + H.c. 716
T (u’u h‘p>y5y,,D1T + H.c. 284 iB(f " u*u)ysy,D,,T, + H.c. 363 717
T (u u’lh ) rsvaD,T, +He. 143 285 iB(f, ””uju”>y5y/, D, T, + H.c. 718
™(u,f M)uﬂyspr/lT +He 144 286 iB(u'u,)f"ysy, T, + H.c. 364 719
T (u,f_*Yu’ysy,D,T, +Hc. 145 287 lB(u"u”}f+ ysr, T, + H.c. 365 720
T (u,f- ”‘)u"y5prpT,1 +He. 146 2838 lB(u”u”}fi vsvaT, +H.c. 366 721
™ f_ uysy,D,T,+Hc. 147 289 iB{uu*) f *ysy,D,T, + H.c. 367 722
™ (u’f_,"Yu’ysy,D,T; 148 290 iB(u"u*)f *ysy,D,,T,+H.c. 368 723
(' f_"Yuysy,D,T, +Hce. 149 291 iB(u'u*)f *ysy,D,,T, + H.c. 369 724
(' f_ " yuysy,D,T; 150 292 iBf #u,u'ysy,T; + H.c. 725
T”(u”h”’1>u/’y5ny,lTp +H.c. 151 293 iBf #u,u'ysy;,T, + H.c. 726
THu,u’f_*ysy,D,T, + H.c. 294 iBf #utu,ysy, T, +H.c. 727
T”u/,u”f_"’ystyTp + H.c. 295 iBfﬂ”uluﬂysmT,, + H.c. 728
Thu,u’f_*ysy,D,T, + H.c. 296 iBf #utuyysy,T, + H.c. 729
T"wu,f *ysy,D,T, + H.c. 297 iBf *u*uysy,D,,T, + H.c. 730
T"u”uﬂf_’lf’yst,,Tp + H.c. 298 iBf #u*u’ysy,D,,T, +H.c. 731
T"uu,f_*ysy,D,T, + H.c. 299 iBf #u*uysy,D,,T, +H.c. 732
T"wu,f_*ysy,D,T, + H.c. 300 iBf (#u*uysy,D,,T, + H.c. 733
T”u”uﬁf_””ySny,lTp + H.c. 301 iBfﬂ”u’luﬂysprMTb + H.c. 734
T"uu'f_ ysy,D, T, + H.c. 302 iBu'f . u'ysy, T, + H.c. 735
Thuuf_Pysy,D,T, + H.c. 303 iBu'f . u'ysy;,T, + H.c. 736
Thw ' f_Pysy,D,T, + H.c. 304 iBu'f Y u,ysy,T; + H.c. 737
T*uutf_ysy,D,T; + H.c. 305 iButf “*u,ysy, T, + H.c. 738
T"uuf_ ysy,D,T, + H.c. 306 iBu'f “*u,ysy,T, + H.c. 739
T"uuf_,lysy,D,T, + H.c. 307 iBu'f “uysy,D,,T, +H.c. 740
T#u,u*h*ysy,D,T, + H.c. 308 iBu'f “uysy,D,,T, + H.c. 741
T”u”u”hiﬂysnDpr + H.c. 309 iBu”fJ’lu”ySy,,DW,T,l + H.c. 742
T#u,u*h*ysy,D,T, + H.c. 310 iBu'f “u’ysy,D,,T, +H.c. 743
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0,/0n su@) &Y su@) EY 0, su@) &Y su@) EY
T"u*u,h*ysy,D,T,+ H.c. 311 iBuu’f ., *ysy, T, + H.c. 744
T“wu,h*ysy,D,T, + H.c. 312 iBuu’f . ysy,T, + Hec. 745
T"u”u”hﬂf’ysleﬂTﬂ + H.c. 313 iBu”u"fﬂ”ysyiDﬂpr + H.c. 746
T"uu,h*ysy,D,T, +H.c. 314 iB(f . ")f_,*D,T, +H.c. 370 747
T*u*u*h, ysy,D;T, + H.c. 315 iB(f ")f_,*D,T, +H.c. 371 748
T*wu*h,/ysy,D,T, + H.c. 316 B(f,*)f_*6,,D,T,+H.c. 372 749
T"u”uﬂhﬂﬂySy,lDyT/, + H.c. 317 B(fg‘”)f_’lf’a”,{D,,T/, + H.c. 373 750
T uu*h,fysy,D,T, + H.c. 318 iB(f *)h,*D,T, + H.c. 374 751
T*u*u*h,’ysy,D;T, + H.c. 319 iB(f *)h,'D,T, +H.c. 375 752
T*wu*h*°ysy,D,,,T, + H.c. 320 iB(f *)hD,;,T, + H.c. 376 753
Tru,f_“*u’ysy,D,T; + H.c. 321 B(f*)h*c,,D,T,+ H.c. 377 754
T”(u VY F_NT, + He. 152 322 B(f.")h*s,,D,T, + H.c. 378 755
(N, f_MT, +He 153 323 iB(f, "”f_,/)DDTA +H.c. 379 756
(N 0T, 154 324 iB{f *f_*YD,T, +H.c. 380 757
T"(u, V”f “\D,,T, + H.c. 155 325 B(f."f_*)s,,D,T,+ H.c. 381 758
(u /)D,;,T ﬂ 156 326 B(f,"f_*)6,,D,T,+H.c. 382 759
T"{u ”Wf_l )D,,T, 157 327 iB{f *h,*)D,T, + H.c. 383 760
" (u*V,h, T, + Hec. 158 328 iB(f *h,*)D,T, + H.c. 384 761
T"(u, V”h “\D,;T, + H.c. 159 329 iB(f**h*)D,;,T, + H.c. 385 762
T (u ”V VD, T, 160 330 B(f *n*)s,,D,T,+H.c. 386 763
T {u bVWff}DWwTﬂ 161 331 B{f ,*n*)s,,D,T,+ H.c. 387 764
T#(h**h,;)T, 162 332 iB(V*f, ")u'D,T; + H.c. 388 765
Tu,V'f_'T, + H.c. 163 333 B(Vﬂ [ )u*D;T, + Hee. 389 766
T"u*N,f_'T; + H.c. 164 334 iB(V*f,,'u*)D,T; + H.c. 390 767
T"uN,f_'T; + H.c. 335 iB(V” fuw')D,T, + Hec. 391 768
THuNAf_ T, + He. 336 iBf #f_/*D,T; +H.c. 392 769
T uN* f_,T, + He. 337 iBf *f_ DT, + H.c. 393 770
T'u,V'f_*D,T, + H.c. 165 338 Bf ,»f *c,D,T,+H.c. 394 771
T"wN,f_*D,T, + H.c. 166 339 Bf \*f _*6,D,T,+ H.c. 772
T"u'N*f_rD,T,+Hec. 340 iBf *h,*D,T; +H.c. 395 773
T u'N*f_rD,,T, +H.. 341 iBf *h,*D;T, + H.c. 396 774
T'uN*f_ DT, + He. 342 iBf *h*D,,;, T, + H.c. 775
T"uN*f_’D,,T, + H.c. 343 Bf *h*¥¢,,D,T,+ H.c. 397 776
iT"u,V'f_*6,T,+H.c. 167 344 B fmh% ,T,+H.c. 398 777
iT"uN, f_*6,T,+H.c. 345 iBVFf u'D T,l +Hec. 399 778
T"u*V ,h,*T; + H.c. 346 iBV*f *u'D,T, + H.c. 400 779
T"u,V*n*D,,T, + H.c. 347 iBu*V,f .“*D,T, + H.c. 780
T"u*N,h*D,,T, + H.c. 348 iBu*V*f,,*D,T; + H.c. 781
T"u*N*h°D,,;,,T, + H.c. 349 iBu/‘V”fﬂ’lDﬂT,l + H.c. 782
iT"u'N,,h*6,,T, + H.c. 168 350 iBu"V'f ., *D,T, + H.c. 783
Thf_ Y f T, 169 351 Bu*V'f ,*¢,,D;T, + H.c. 784
THff T, 352 ButV¥ fﬁﬂa wD,T, +Hec. 785
T f LT, 353 Buw'V'f %¢,D,T,+H.c. 786
Tf v f_rD,,T, 354 iBf _*f.,*D,T; +H.c. 787
T"h*h,,T, 355 iBf *f. DT, +H.c. 788
iT*(f ) (u,u*)T; + H.c. 170 356 iB{V*V, f "5y, T, + H.c. 789
iTH(f ) ()T, 171 357 iBV*V,f*ysy, T, + H.e. 401 790
iT"(f,/)(ww)D,,T, +He. 172 358 B(f*)(f+,"Vrsv, Ty + Hee. 791
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5(4)

0,/o, SU(2) SU@3) E\ o, su@) &Y su@3) EY
iT{f 1, ) (W'u’) D, T, 173 359 B(f ) (f)rsr,DuT, + He. 792
{f ) (Wu)e,, T, +He. 174 360 B(f o), ysy, Ty + He. 402 793
iT#(f 1" yu,u'T; + H.c. 175 361 B(f ) f 1, ysraT, + He. 403 794
iT*(f,")u*u, T, + He. 362 B(f ") f *ysy,D,,T, + He. 404 795
iT"(f ") %T 363 B(f.,m) fﬁﬂymDﬂpT + H.c. 405 796
iTH(f ),y 176 364 B(f f+,, Y751, T, + H.e. 406 797
iT(f 4 yut u”DMT + H.c. 177 365 B(f \#f %) ysy,D,T, + Hec. 407 798
iT"(f.,")u'u’D,,T; + H.e. 366 Bf #f sy T, + Hae. 408 799
iT(f Yt u D, T, 367 Bf ™ f . rsrT, + He. 800
zT" {(f**yu,wD,,T, + H.c. 178 368 Bf ™ f *#ysy,D,;T, +H.c. 801
™(f “yutu’e,, T, + Hee. 179 369 B(u'u")y ysy, T, +Hec. 409 802
T(f ") u*u’c,,T, +H.c. 370 B(wu’y  )ysr,T, + H.c. 410 803
”<f+,4 u,)u'T; + H.c. 180 371 B(u'u'y )ysy, T, + H.c. 411 804
"<f+ utyu, Tl + H.c. 181 372 Bluty yutysy, T, + He. 412 805
(f utyu, T 182 373 Blu'y )utysy,T, + He. 413 806
lT”<f+ “ut)up DMT +H.c. 183 374 By, )(u*u")ysy,T, +H.c. 807
iT"(f,, u"yu’D,,T, +H.c. 375 By, )uu*ysy,T, + He. 414 808
iT(f 1 )y DA/;T,, 184 376 Blz, yw'u'ysy, T, + He. 809
T”<f+””u’1>u/’0w1T/, + H.c. 185 377 BM”MD)(+75}’/4Ty +H.c. 810
iT"(f ., u,u*)T; + H.c. 186 378 Butu’y ., ysy,T, + H.c. 811
iT”<f+y wu,)T, + Hec. 379 Bu'y uw’ysy,T, + H.c. 812
iT(f  uu)T, 380 Bu'y u’ysy,T, +H.c. 813
iT”<f+”u u)T, 187 381 By u'u’ysy,T, + H.c. 814
iT*(f ) u'u’)D,,T, + H.c. 188 382 B(u*V¥y,)D,T, + H.c. 415 815
iT(f.,'u*u”)D,,T, +H.c. 383 B(u*V'y,)D,T, + H.c. 416 816
iT"(f, u*u’)D,,T 384 Bly.)f-"D,T, + Hec. 417 817
it <fﬂu u”)DﬂpTﬂ +Hec. 189 385 B{y.)h"D,T, + H.c. 418 818
T(f, u*w)o,,T,+H.c. 190 386 Bu*Vy.D,T, + H.c. 419 819
T(fy, u*u’)o,,T; + Hee. 387 Bu*V'y,D,T, + H.c. 420 820
iT"u,u*) f1,/T; + Hee. 191 388 By, f"D,T, +Hec. 821
iT*(uu,) f ' T, 192 389 By "D,T, +Hec. 822
i (u,u’)f.»D,,T,+H.c. 193 390 iB{f ") (¢, )rsv,T, + Hec. 421 823
iT*(wut)f ,"D,;T, 194 391 iB(f " Vy vs,T, + He. 422 824
T (u,u*)f ,*0,,T,+ H.c. 195 392 iB(f "y Vysy,T, + He. 423 825
iTf ., u, ' T, +H.c. 393 iB(y,)f*ysy,T, +He. 424 826
iTf . uw*u,T; +He. 394 iBf "y ysy,T, +Hec. 425 827
iTf . u'u,T, + He. 395 iBy.f"ysy,T, + He. 828
iTf “*u,u,T, + H.c. 396 iB(u”u w-D,T, +H.c. 426 829
iT"f **u,u, T, +H.c. 397 iB(uu'y_)D,T, +H.c. 427 830
iT"f “*u,u,T, + H.c. 398 lB<u”u 2-)D,T, + H.c. 428 831
iTf.  v'wD,T,+H.ec. 399 iB(u'y_yu*D,T, + H.c. 429 832
iT"f  “w'wD,,T, + H.c. 400 iB(uy_yuD,T, + H.c. 430 833
iT"f, u*u’D,;,T, + H.c. 401 iB{y_ }(u”u”)D”TD +H.c. 834
iTf *u,u’D,,T, + H.c. 402 iB{y_)u'uD,T, + H.c. 431 835
iTf “uu,D,,T, +Hec. 403 iB(y_)u'u’D,T, + H.c, 836
™f.vtue,T, 4+ He. 404 iBu*u’y_D,T, + H.c. 837
™f. utu’e,,T, +He. 405 iBu*u’y_D,T, + H.c. 838
iT"u,f."*u,T, + H.c. 406 iBu'y_u*D,T, + H.c. 839
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TABLE VIII. (Continued)

5(4)

7o(4)

0,/o, SU(2) sU@3) E o, su@) & su@B) ES
iThuf,,} w,T, 407 iButy_ u’D,T, + H.c. 840
iT"u,f.**wD,,T, +H.c. 408 iBy_u*uD,T, + H.c. 841
iT"uf,,*uD,,T, +H.c. 409 iB(u*NYy_)ysy, T, +H.c. 432 842
T, f “uo,T, 410 iB(u*NYy_)ysy, T, +H.c. 433 843
iT"( A -Pysy,D,T,+He. 196 411 iB{f_*x_)ysy,T, + H.c. 434 844
iT(f. ”)f #ysy,D, T, +He. 197 412 iB(h"y Vysy,T, +He. 435 845
iT*(f YW ysy,D;T, + He. 198 413 iBly_)f"ysy,T, +He. 436 846
iT"(f " Yh**ysy,D,T, + H.c. 199 414 B(;( YA ysy, T, +H.c. 437 847
iT(f .“*Yh, ysy,D,T, 200 415 iB(V*y_)u*ysy, T, +H.c. 438 848
iT*(f Vb, Pysy,D, T 201 416 iB<V”;(_>u”y5beﬂ + H.c. 439 849
iT(f 1, f - lf’)ysy,,D,lT +H.c. 202 417 iBu*V'y_ysy,T, + H.c. 440 850
iT(f A f-*)ysr,D, T, +He. 203 418 iBu*V'y_ysy,T, +H.c. 441 851
iT*(f ,"h*)ysy,D;T, + H.c. 204 419 iBf _*y_ysy, T, +H.c. 442 852
iT(f ,*h*)ysy,:D,T, +He. 205 420 iBh*y_ysy,T, +H.c. 443 853
iT*(f "*h,’)ysy,D,T, 206 421 iBy_f_*ysy,T, + H.c. 854
iTH(f Y h, ﬂ>y5y4D,,T 207 422 iBy_h*"ysy,T,+H.c. 855
iTH(Vf. 2 yuysy,D;T, 208 423 iBV*y_uysy,T, + H.c. 856
iT* (V¥ f L w)ysy,DiT, 209 424 iBV*y_u*ysy,T, +H.c. 857
iT"f*f #ysy,D,T, +He. 210 425 B(f.*)(y_)D,T, + H.c. 444 858
iT'f M f-*ysy,D,T, +H.c. 426 B{(f,*)y_D,T, + H.. 445 859
iT'f Y f_Pysy,D;T, +He. 211 427 B(f #y_)D,T, + Hec. 446 860
iTf " f_ ysy,D,T; +H.c. 428 B(y_)f.*D,T,+H.c. 447 861
iT"f . h*ysy,D;T, + H.c. 212 429 Bf *y_D,T,+H.c. 862
iTf ., h*ysy,D,T, + H.c. 430 iB(D"D,F;*")ysy,T; + P+ C +H.c. 448
iT"fﬁ‘hﬂsanTﬂ +H.c. 431 B(F " F;,"ysy, T, + P+ C+H.c. 449 863
iT"f **h,"ysy,D,T; + H.c. 432 B(F ™F #)ysy,D,;,T, +P+C+He. 450 864
iT*f **h,Pysy,D,T, + H.c. 433 B(F, ™ ><FL,, Vysy,T; + P+ C + H.. 451

TV f L ulysy,D,T, +H.e. 434 B(F ") (F")ysy,D,,T, + P+ C+Hc. 452

Tﬂ <f+ﬂy><f+vl>Tl 435
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TABLEIX. Independent Lagrangian terms in the heavy diquark limit at the order O(p*). Columns 2 and 5 (3 and 6) label the number
for each term in the two-flavor (three-flavor) case. The terms without a number are not independent.
P,/p, SU(2) SU(3) P/ P SU(2) SU(3)
I/7M<uyuu> <ulul>l//// 1 1 eﬂylpl/_/6<u/1f—ul>upl//a 46 99
l/_/”<ubu/l><uuul>l//ﬂ 2 2 E”M/)l/_/ <l/t f M>u§1}pyél//6 47 100
P (W, ) (Wl Yooy, 3 3 iy (u, f %Y uyv, vy, 48 101
g () (u,u”) v, 0,0, 4 4 G510, 49
P () (P u” v, 0,0, 00, 5 5 P15t 50
P u, ) ut s, 6 iy uu,fw, + He. 102
(Y u gy, 7 ey u,u,f 0,05y, + Hee. 103
P (Ul u, ) utul vyv,p, 8 g u, i f 0,05y, + Hee. 104
pr (u uu, w0,y + He 9 PSS LSNP0 51 105
Py 0,0, 10 A 52 106
P (Ut ) ul u v, 0,0, 0, 11 G (V) ulysyivw, 53
)i 0 6 12 (V)W sy, 0w 54
i (), 00 6, + Hic. 7 13 A 55
i (u'u* ) u u®,,v, 0.y, + He. 8 14 GV sy, 56
) WG, 0, 9 15 (Y510, 0,0, 57
g ) o,w, 10 (VW) Y sTav W 58 107
RS L 1 (VO ) sy, v 59 108
G () (W u®)o,,0, 050, 12 GV u) 1570, 60 109
§ () () o, 0,059, 13 (VP un) sy, 61 110
n//" (e uyuzp, 14 (VU ) r5130,0, 060, 62 111
i (f yu,ulv,0,p, + Hee. 15 v (f Yoo, 63 112
P (Y gy, 16 P ysyav,w, + He 113
P u,ut )l vyv, 17 P L Ysy 0w, + Hee 114
l/_/M<uy lul))”lbvivpl//ﬂ 18 lilﬂvyf+ulup}/5}’ﬂvpl//y +H.c. 115
l/_/”<ubulup>ugvb v/l”pval//u 19 l/_/nyfﬂ//lquS}/pvﬂ//ﬂ + H.c. 116
g (' utul Y u, 6, 20 PV Puysyow, + Hae. 117
W+ (W u ) uC 6,0, 06, 21 VY f P ugysy, v, + He. 118
A 2 T U510, 0,0,, + e, 19
P (W u, i) vyo,p, 23 w*f_h,viop, + He. 120
g (W u,utu”) o, p, 24 wy*f_Y*h,fo,,p, + He. 64 121
i (u utu u)e,,v,0,p, 25 it hoe,,0,0,p, + He. 65 122
rutu,utugy, 26 it f " he 6,00y, + Hee. 66 123
Pt uP v,y + He. 27 e g f o f-awe + He. 67 124
g utu, oy, + Hee. 28 e gl f o f2v,vsw, + Hee. 68 125
i u utu, oy, + He. 29 e yoN, f 1, uy0,059, + Hee. 69 126
i ututu’ u’e,,v,0,p, + Hee. 30 WV f o, 70 127
i ututu u’e,,v,0,p, + Hee. 31 wVNAE L Lo, 71 128
), 16 D Vi, 7 129
o (f e ) u,00,p, 17 33 g (WA v, 73 130
l//”<f+ uﬂ>u 2OV 18 34 wuNAf_w, +He. 131
o (f ’)u GV, VW) 19 35 v u'NA vy, + Hee. 132
v 20 3 i, f 0, + He. 74 133
P ) uo,0,0,p, 21 37 v 75 134
ll//M <f+ ubuﬂ>l///4 22 38 l/_/” <f_Mf_Up>’U,11)pl//” 76 135
iy f;ﬂu u)vyv,w, + Hee. 23 39 T, 136
w(f Puul)og,p, + Hee. 40 A, 137
o <f+”’1u" Up) Gy Wy 41 W[ f oW, 77 138
l//M <f uﬂu > 0,V U6y 42 il/_/”f—blf—pgo'upvival//M 78 139
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TABLE IX. (Continued)

P,/p, SU(2) SU(3) P,/p, SU(2) SU(3)
v (f Al u’)o,,v,0,p, + He. 43 () yw, 79 140
PN P o, 2 44 P )y v, 0, 80 141
P (Wut) f L o0,w, 25 45 (U’ uy )y, 81 142
P (U ut) f 1 76,,0,0,p, 26 46 (U uty Yoo, 82 143
P (U ut) 06,0, 0, 27 47 (W uty o, 83 144
g (u uth,f)ysy,v,p, + Hee. 28 48 (U’ y ) up, 84 145
g (uuth,f)ysy,vp, + Hee. 29 49 (Wt v, 85 146
i+ (W u W) ysy, 0,0, 059, + Hee. 30 50 P ) (Wu)w, 147
' f P u,uy, + He. 51 P () (W ut) v, o, 148
it f P u P vy, + Hee. 52 wH ryutuy, 149
it f P u, o0y, + Hee. 53 P (ryututu, v, 150
W' f Pu,ul ey, + He. 54 (g utute,y, 86 151
g ul w05,y + Hee. 55 ) ) o, 87
ll_/ﬂfﬁl’/‘p”p"uz‘//y +H.c. 56 78 <f+yl>)(+6l/ﬂu/ﬂ 88
l/'/"fﬂ’lu”u"amvpvgwﬂ + H.c. 57 yrutuy oy, + Hee. 152
P uPue,, 0,0y, + He. 58 wrututy v, 0w, + He. 153
v f P uute, .00, + He. 59 it uuty oy, + He. 154
W g, 60 Wy e, 155
gt f L uP vy, + Hee 61 V)0, 89 156
g utu,hysy,v,w, + Hee. 62 ) f ey, 90 157
gt uuth,Pysy, vy, + Hee. 63 v f "y o,w, + He. 158
g ututh,Pysy, vy, + Hee. 64 W uN y ysy,vw, + He. 91 159
i ututhyysy, vy, + He. 65 Ny ysyvp, + He. 92 160
g ututhyysy, vy, + He. 66 iy f Yy rsyovaw, + He. 93 161
Wt ut ut h*oysy, v,0,0,, + He. 67 v (V'V oy v, 94 162
Wt utut h*oysy,v,0,0,w, + He. 68 VIV iy, 95 163
W u ut Py sy 0,00y, + Hee. 69 V) W 96 164
W ut b ysy v, + Hee. 70 vy p 97 165
A0 (u, b,V v, sy, 31 71 v, 166
() W 32 P 167
l/_/” <f+w1>f+up7}/1/upl//;4 33 lp#("tyui)(f)ySVvUAWﬂ +H.c. 98 168
SV ROUNSE AR 34 @ (v uulysy, vy, + Hee. 929 169
G0, b0, 0505 + e, 7 () st 100
PP Yy sy v 35 73 WSy v 101

@ (W hy ), 36 74 wrututy_ysy, vy, + He. 170
g (R R ) w0, 37 75 P uruty_ysy, v, + He. 171
(W 1) v, 00,0, 38 76 wruty _utysy, vy, + He. 172
P 77 W)y sr v 102 173
) By LR 78 i (u’V oy, 103 174
W f A Lo, 39 79 i (N v, 0, 104 175
W f 00,0000, 40 80 W ) sy 105 176
l/'/"fﬂlh,/’y_g}/pvw/” + H.c. 81 it (;(_)h”%l,v,ll//,4 106 177
v hh,y, 32 (VY y_yupr, 107 178
P h hy v, 83 Wt f Py _ysyvw, + Hee 179
l/_//‘h”’{h/"’v,,mv/,vﬂy/” 84 ' u*V,y_w, +H.c. 180
oy, 41 85 i u'N vy, + He. 181
P 6,00y, 42 86 v u'NYy oy, + He. 108 182
g (uut f P )ysy,v,p, + Hee. 43 87 ' f_ "y _o,,w, + He. 109 183
i (uut P )ysy, vy, + Hee. 44 88 o) - )w, 110 184
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TABLE IX. (Continued)

P,/p, SU(2) SU(3) P,/p, SU(2) SU(3)
i u u, f_*ysy,ow, + He. 89 T xw 111 185
ix/_/"u”u’lf_uf‘ysmvpx//” + H.c. 90 Wt (D”D,JFL’V’M,{,,!//” +P 112
il/'/”u”uif_,/’ys}/p vy, + Hee. 91 1/7”;(31//}, 186
g utut f_Pysy,vw, + He. 92 v (FL" Fr,)w, + P 113 187
U utf P ysy, v, + Hae. 93 P (FL"F ) v,0,p, + P 114 188
W uut fPysy v, 0,05y, + He. 94 G (F L) (Froa)w, + P 115
gt f_ ulysy o, + He. 95 P (FL") (Fr/yvvp, + P 116
it f_ ulysy, v, + He. 96 v o wy, 117 189
A (u,u®) -0, 050, 45 97 w* detyy, + H.c. 118

M (u, ulf ) v, 5w, + Hee. 98
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