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Abstract The form factors of the A, — N*{1T{¢~ decay
are calculated in the framework of the light cone QCD sum
rules. In the calculations the contribution of the negative par-
ity A baryon is eliminated by constructing the sum rules
for different Lorentz structures. Furthermore the branching
ratio of the semileptonic A, — N*£1£~ decay is calcu-
lated. The numerical study for the branching ratio of the
Ap — N*€T¢~ decay indicates that it is quite large and
could be measurable at future planned experiments to be con-
ducted at LHCb.

1 Introduction

Lately, exciting experimental results have been obtained in
study of the rare decays of the heavy Aj; baryon induced by
the flavor changing neutral currents. The rare A, — A€~
decays induced by the b — s transition were observed by
the CDF [1] and LHCD collaborations [2]. Later the detailed
analyses of the differential branching ratio and various sym-
metries of the A, — A£T¢~ decay have been performed
performed at LHCb [3]. The LHCb collaboration firstly
observed the rare A, — pm~utu~ decay induced by the
b — d transition [4]. This observation motivated the theo-
retical study of the A, — N€ ¢~ decay, induced also by the
b — d transition. This decay was studied within the frame-
work of the light cone QCD sum rules method (LCSR) in
[5]. The light cone QCD sum rules method (LCSR) [6,7] is
hybrid of the traditional SVZ sum rules [8] and the methods
used in hard exclusive processes. The other interesting decays
induced by the b — d transition are the A, — nucleon reso-
nance decays. The analysis of these decays can provide com-
plementary information about the properties of the nucleon
resonances in principle which could experimentally be stud-
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ied at LHCD. It should be noted here that the comprehensive
study of the nucleon resonance constitutes one of the main
research directions of the research program that is planned
for future study at Jefferson Laboratory [9]. The properties
of the nucleon resonance N* in the Ap) — N*£v decay is
investigated in framework of the LCSR in [10]. The present
work is devoted to the study of the rare A, — N*£1T€~
decay in the framework of the LCSR method.

The paper is organized as follows: In Sect. 2 the LCSR
for the relevant form factors appearing in the Ap(A}) —
N* transitions are obtained. In Sect. 3 present the numerical
analysis of the sum rules for the form factors. Using then the
obtained results for the form factors we estimate the decay
widths of the A;,(AZ) — N*£1¢~ decays. This section ends
with a conclusion.

2 Form factors of the A;(A}) — N*£*¢~ decay in
LCSR

In the present section we derive the LCSR for the transition
form factors of the A, (A}) — N*€T¢~ decay. Before giving
the details of the calculations few words about the notation
should be mentioned. In all further discussions the negative
parity states of the A, and N baryons are denoted as Aj
and N*, respectively. The Ap(Aj) — N*€T¢~ decay at the
quark level is described by the b — d transition. At the
hadronic level Ap(A}) — N *¢T¢~ decay is obtained by
sandwiching the transition current between the A;,(AZ) and
N* states. The corresponding form factors of the vector, axial
vector and tensor currents are defined as,

(Ap(p —q) | byud | N*(p))

2
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The form factors responsible for A; — N* transition can
be obtained from Egs. (1) (3) with the help of the followmg
replacements: f; — fi, g — i - fl el — g,
mp, = mpx,and in(p —q) = un<(p — q)ys.

In order to derive the LCSR for these form factors we
introduce the correlation function

M/ (p.q) =i f d*xe" (0 | T{na,0)J] )} | N*(p)).
€&

where 15, is the interpolating current of the Aj(A}) baryon,

J ,{ (x) is the heavy-light transition current which is set to,

g v —ysyd. =1
# o biowg (At ys)d. j =11,

In the calculations we use the following most general form
of the interpolating current for the A,(A}) baryon,

1
A, = %eahc{2< [uaT(x)Cdb(x)] ysbC (x)
+8 [uT (0 Cypsa’ ()| b )

+ u“T(x)Cbb(x)] ysdC (x)

L |

+8 “T<x)0ysbb<x) d*(x)

+ [b“T(x)Cdb<x>] ysu® (x)

+8 6T (1) Cysd’ ()| uf(x)}, )

where a, b and c are the color indices, C is the charge conju-
gation operator, and § is an arbitrary parameter with § = —1
corresponding to the Ioffe current.

The usual procedure in deriving the LCSR is to calcu-
late the correlation function given in Eq. (4) in two different
domains. On one side, insert a complete set of states with
the quantum numbers of Aj; between the two currents, and
isolate the ground state contribution. On the other side use
the operator product expansion (OPE) around the light cone
where (p = q)%, g « 0. These two representations of the
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correlation function are then matched using the dispersion
relations and quark—gluon duality ansatz. Finally, applying
the Borel transformation in order to kill the the possible sub-
traction terms which could appear in the dispersion relations,
and to suppress the contributions from higher states.

It should be remarked here that the interpolating current
+

1
na, has nonzero overlap not only with the J¥ = 3 state

1
but also with the J¥ = 3 state. It is shown in [11] that

+
the mass difference between between the JX = 2 and

1
JP = 3 states is about (200-300) MeV. For this reason the

contribution of the negative parity Ap baryon should properly
be taken into account.

After having mentioned these cautionary remarks we pro-
ceed to calculate the physical part of the correlation function.
Saturating Eq. (4) with the ground and first excited A, baryon
we get,

/. (p. q)
_ Z (0114,0) | Ay(p =g, )AL (p—q,5) | brid | N*(p))
m; —(p—q)° ’
(6)
where
=1

® io—/qu(l‘l‘VS), j=11I,

and summation is performed over the ground and first excited
states of the Aj; baryon. The decay constants of the positive
and negative parity A baryons are determined as,

O1na, | Ap(p = q)) = Aa,un,(p = q),

(01 naz | Ap(p — @) = kpazysuaz(p — q). )
Using the equation of motion

(p—mpy-)uy=(p) =0,

and Eqs. (1)—(3) and (7), for the phenomenological part of
the correlation function we get,
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Now we turn our attention to the calculation of the correla-
tion function from the QCD side. At deep Eucledian domain
(p — )%, ¢*> < 0 the product of the two currents can be
expanded around the light-cone x? ~ 0. After contracting the
heavy quark fields which give the heavy quark propagator,
the matrix element

€40 | ul (0)d5 ()5 (0) | N*(p)),

of the three quarks between the vacuum and the N* state
is revealed. Decomposition of this matrix element in terms
of the distribution amplitudes (DAs) with increasing twist is
given in [12] (see Appendix A).

After contracting the heavy b-quark fields, the correlation
takes the form,

H;ﬂ — %eabc/d%ceiqx
{ [2(C)an(¥5)pe + (Clag (¥5) pr. + (C)en(¥5)ap |

+ B [2(Cys)an(D pe + (Cys)ae (D) pa
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where K; are the modified Bessel functions of the second
kind, and Gg is the gluon field strength tensor.

Using the expression of the heavy quark propagator and
definition of the matrix

€0 | ul,(0)d5(x)ds (0) | N*(p)),

in terms of the DAs of the N* baryon, we can calculate the
correlation function from the QCD side. Note that, using the
equation of motion ( p — my=)un=(p) = 0, the correlation
function can be decomposed into six independent functions
as follows,

I/ (p.q) = [H{pu + T pu d + Hgm
1y, df + Mg, + Mgy 4] ysun-. (12)

After performing Borel transformation, these invariant func-
tions in the correlation function can in general be written
as,

J
-y / D (xq (13)

n=1,2,3

n/ [ -a%d

where
A= m,27 - —x)q2 + x(1 — x)m%v* —x(p— q)z.

We can write (13) as a dispersion integral in (p — ¢)? as
follows,

m/ [(p —q)°, qz]
ds

—l OO— J N2 2
_n/mis_(p_q)zlmni[(p 9°.q7]. (14)

Making the replacement s(x) = m,% — (1 -x)¢*+x(1 —
x)mjz\,* — x(p — ¢q)?, the denominator of Eq. (13) takes the
form,

=x [s(x) —(p— q)z] :
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Using the quark-hadron ansatz the contribution of the
hadronic states can be represented as,

/OO ds
S0 - (p -

)zpi(qz)
/0 s — (p

where s is the continuum contribution. Finally Borel trans-
formation can be performed on the hadronic and physical
sides with the help of the replacement

Iml'l (@), (15)

e (16)
s—=(p—q)

In implementing the Borel transformation and the continuum
subtraction we use the following relations,
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where x( is the solution of the equation

m% —Xq% + xim%v*

S0 =
X

Equating the coefficients of the structures p,ys, pufgys,

YuYs, Yull vs, quys, and gl ys we get the following sumrules
for the invariant functions of the transition current (by,,d),
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The results for the form factors induced by the I;yﬂ ysd cur-
rent can be obtained from Eq. (18) by making the following
replacements: g; — —f;, i — —ﬁ, myx — —mpyx*, and
n’ — .

The sum rules of the (l;i ouvq"d) transition current can be
obtained in similar manner, which are given below,

w2 M2 N —m?, /M2
~ 2,83 (gD "M 1 20,7 (gPe
=1 (p.q)
T/,.,2
—m2 m2r g (q?)
—aa,e "/ [;n—A(mA,, —mN*)—ng(qz)]
b
—m?, /M1 g1 (g%
—Apre N [ L (mA*+mN*)+82 (612)]
mAb
=15 (p. @)
An, %, /M [81 [ (q* )(mA — 2 —2?)

+ g7 (g ma, + mN*)]
—miz/Mz[&T(qz)

—AA*e
b mAZ

— 35 (qH)(mp; — mN*)] =113 (p,9)

2

T(,2
)»AbeimAb 81 (q )qz

M2
(mAb - mN*) [
mAb

g3 @D, +my»)]

2
_mAZ ~T( 2)
+)»Aze M2 (mAZ +mN*)|:&q2

mAZ

+ & @ 0mag = myo)] Ypog). (19)
where 117, 1147, 114/, and T}/ are the invariant functions
for the structures p.4ys, qulvs, guvs, and y,ys, respec-
tively. The sum rules for the (15iowq"y5d) transition current
can be obtained from Eq (19) by making the replacements
gi —> fT,g;l — fl , MNx —> —NIN*, and H” — HII/
The explicit form of these invariant functions for the afore-
mentioned structures are presented in Appendix-B.

Solving these equations we can eliminate the A* pole from
the sum rules. As the result we obtain the desired sum rules
responsible for the A, — N* transition. In the next section
we present our numerical results on these form factors.

In full QCD for describing A, — N* transition we have
10 independent form factors. The number of independent
form factors for A, — N™* transitions reduces considerably
in the heavy quark limit. Using the heavy quark symmetry
and the soft collinear effective theory in [13—15] it is obtained
that the matrix element for A, — N* transition can be in
terms of only one universal function & (pv).

(N*(p)IdTb|Ap(p)) = &(pv)itn+=(p)Tup, (p) (20)

to the leading order. Using this relation and the definitions of
the matrix elements in full QCD presented in Egs. (1)-(3),
we immediately get the following relations among the form
factors:

1@ = g1(¢D) = £ (g5 = &2 (¢*) = E(pv),
£@> = 82> = f2(¢%) = g3(¢%)
=fl@hH=rf@)=0 1)

At the end of this section, we would like to make the follow-
ing remark. For a complete description of the heavy-to-light
baryon transition form factors, it is necessary to take into
account non-factorizable contributions. The non-factorizable
contribution is described by following non-local matrix ele-
ment:

hy =i / d*x " (Ap(p))jS () Hett (O)[N*(p)).  (22)

The h, generated by the including to the matrix element
of the four-quark operators with AB = 1 effective weak
Hamiltonian together with electromagnetic current for rel-
evant quarks. The matrix element h, does not factorize
into multiplication of leptonic current and form factors. The
contributions can be described by “hard spectator scatter-
ing”, “weak annihilation”, “hard vertex corrections”, “soft
gluon radiations” (see Fig. 3. These figures are taken from
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Table 1 The parametrization of

the form factors of the fi® a0 a @2

i‘é stiv “ETeT decay for fi ~0.297 £ 0.080 0.44 +0.11 ~0.17 £0.03 4.16 % 0.40
£ —0.213 £ 0.064 —0.15+£0.03 —1.36+£0.26 5.224+0.90
f —0.060 £ 0.018 0.74 £ 0.10 —7.24£1.20 16.22 +£2.20
g1 —0.028 4 0.084 —0.35+0.06 2.97 +0.60 —6.87+£0.95
o 0.106 £ 0.031 0.31 £0.05 ~0.93+£0.16 —0.37£0.04
23 —0.017 £ 0.005 —0.19 £ 0.04 1.66 £ 0.31 ~3.98+£0.70
fr —0.0030 £ 0.0008 45409 —43+38 102 + 20
fr —0.190 & 0.057 ~33+06 2946 — 68+ 13
I 0.384 £ 0.110 —~1.66£0.30 19.5+£3.5 46 +9
ol —0.190 £ 0.056 1.940.36 —20+4 4749

Table 2 The same as Table 1, .

but for LQSR-2 fi @ a0 a @
fi —0.202 £ 0.060 ~0.27 £0.06 —0.17£0.03 2374033
i —0.0640 + 0.0018 —0.060 £+ 0.012 —2.8740.50 1.20 £ 0.20
f 0.0500 == 0.0015 0.60 £ 0.14 —4.52£0.80 9.07 + 1.50
g1 —0.144 £ 0.043 ~0.38 £ 0.06 1.65 +£0.22 —2.514£0.42
o 0.062 + 0.002 0.24 +0.04 —~1.08£0.15 —1.17£0.20
23 —0.032 + 0.001 ~0.20 £ 0.03 147 £0.23 —~3.11£0.50
fr 0.0210 = 0.0063 0.27 £ 0.05 ~13+0.26 0.55 +0.10
fr —0.176 £ 0.052 —0.57£0.11 1.86 £ 0.35 0.04 + 0.008
I 0.203 + 0.060 0.56 £ 0.10 —1.714+0.34 0.023 =+ 0.004
ol —0.176 £ 0.052 —0.19£0.03 0.078 £ 0.015 —0.030 £ 0.006

[16]). For calculations of these contributions some non-
perturbative approaches are needed (More details about the
non-factorizable effects, see [15]).

In the present work, we calculate only factorizable con-
tributions and we plan to present a detailed analysis of the
non-factorizable contributions elsewhere in future.

3 Numerical analysis

In this section we present our numerical results on the
form factors that describe the A, — N* transition. First
let us specify the input parameters which are needed in
performing the numerical calculations. The masses of the
Ap and A}, baryons which we use in our calculations are
Ap = 5.62 GeV and A;‘, = 5.85 GeV, and the mass
of the nucleon is my+ = 1.52 GeV [17]. The residues
A, and A A of the relevant baryons are taken from [5]
having the values A5, = (6.5 £ 1.5) x 1072 GeV? and
hpr = (7.5+2.0) x 10~2 GeV3. The mass of the b quark is

assigned to its MS given as mp = (4.16 £ 0.03) GeV [17].
The values of the quark condensates of the light quarks are
taken as, (iiu) (1 GeV) = (dd)(1 GeV) = — (246735 MeV)?>.
As has already been noted the main nonperturbative param-
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eters are DAs of the N* baryon. The expressions of the N*
DAs, as well as the coefficients ¢§i’0), wﬁi’o), and 5.(i’0),

] ] 1
appearing in the DAs are obtained in [12] (also in [18-
23]), and for completeness they are presented in Appendix
A.

The sum rules for the transition form factors contain three
auxiliary parameters: The Borel mass parameter M2, the con-
tinuum threshold sg and the arbitrary parameter 8. The Borel
mass parameter and the continuum threshold so are deter-
mined from the criteria that the sum rule dictates, i.e., the
suppression of the contributions coming from the continuum
states and the higher twist contributions should be satisfied.
Our analysis shows that the working regions of M? and s
lie in the region M? = (10 £ 5) GeV?, 5o = (40 £ 1) GeV?,
when aforementioned conditions are fulfilled, and hence sum
rules predictions are reliable. The final step of our analysis is
is the determination of the working region of the parameter §.
Our numerical study shows that when —1 < cosf < —0.5,
where tan 0 = S the results for the residues and masses are
rather stable with respect to the variation of 8, and we choose
p=-—1

The LCSR predictions are reliable up to the range g2 <
424 = (ma, —my+)?. In order to calculate the decay width
the LCSR predictions for the form factors need to be extrap-
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Fig. 1 The dependence of the
differential branching ratio for
the A, — N*ut ™ transition
on s, at so = 40 GeV?, and
M? =25 GeV?

0.20 0.30 0.40

LCSR—-1 o
.. LOSR-2 o 1

/‘ﬂ
3
+
3
-
~
=
W
S
X
o]
o
—
0.0
0.00 0.10
Fig. 2 The same as in Fig. 1, 3.0 F
but for the A, — N*ttt~
transition
2.5 +
I
=
+
& 20t
1 1.5
=
Q ‘ N
=T o)
X
o0
e}
—
0.5 +
0.0

olated to the whole physical region. For this purpose we use
the z-series parametrization that is proposed in [24],

2 . 1L —q*— Jty — 1o
z(q~, 1p) = 5 ) (23)
ty —q -+ Jty — 1o
where 19 = (mp, — mN*)z, ty = (mp + mﬂ)z. The

parametrization that best reproduces the form factors pre-
dicted by the LCSR in the region ¢g> < 11 GeV?, is given
as

f@H=—F—
1= g2/ (m) )2

[af +af 20 +af[:@ ] ] @

0.52

For the pole masses we use,

mp+ = 5325 GeVfor fi, fa, fi, f7:81,82.8].8]

mpg, =5.723 GeV for g1, g2, 87, eXs fi, o, FT. T
Mpole =
P mpy = 5749 Gevfor f3: %

mp = 5.280 GeV for g3 f3

In Tables 1 and 2 we present the fit parameters ag, a1 and as
that results from our numerical analysis.

From the results for the form factors (see Tables 1
and 2), we observe that the LQSR-2 predictions nicely
reproduce the relations among form factors given in Eq.
(23).
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Fig. 3 Diagrams describing
non-factorizable contributions to
Ap — N*¢T¢~ decay. Here,
the black square corresponds to
the four quark operators in the
weak Hamiltonian and the
crossed circle indicates possible
radiation of the virtual photon

D
®

®
O

&)

Using the definition of the form factors the differential
decay width is calculated in the standard manner whose result
is given below:

dU(s)  G*a’my, v 1
T = 20065 Ve Vidl v/A(L, 7, s) | Tis) + 302 |-
(25)

where vy = ,/1 — 4m%/q2 is the lepton velocity, A(1, r, s) =

1+r2452—2r—25—2rs,s = qz/mAb,andr = m%,*/mf\b,

@ Springer

« is the fine structural constant, and the expressions of I' (i)
and "> (s) are given in the Appendix-C.

The dependence of the differential branching ratios on ¢
for the Ay, — N*utp~ and A, — N*tT1r~ decays, at
50 = 40 GeV2, M? = 25 GeV? and B = —1 are presented
in Figs. 1 and 2, respectively. In these figures the graphical
results predicted by the LCSR-1 and LCSR-2 cases are shown
together (Fig. 3).

Performing integration over s in the range 4m% / mih <
s < (1 - ﬁ)z, we obtain the branching ratios for the
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Table 3 Branching ratios for the A, — N*¢VTe~, (£ = e, i, 1)
decays

LCSR-1 LCSR-2

Br(A, — N*eTe)
Br(Ap — N*utu™)
Br(Ap, — N*ttr7)

(4.62+1.85)x1078
(4.25+1.50)x 1078
(0.2540.09)x 1078

(3.56+1.42)x 1078
(3.25+1.24)x 108
(0.180+0.067)x10~8

Ap — N*te— (L=e, u, 1) decays in the case when long
distance effects are due to the J /v family, and these results
are given in Table 3.

It follows from these results that, especially for the e and
channels, the branching ratios are quite large and could poten-
tially be measurable at LHCb. The discovery of these decays
would provide useful information about the inner structure
of the N* baryon.

Finally, a comparison of the A, — N£*¢~ and A, —
N*£T ¢~ decays shows that the central values of the branch-
ing ratio of the former is approximately two (eight) times
larger than the A, — N¥ete™ (A, — N¥*ttr7)
decays.

Conclusion

In this work the transition form factors of the A, — N*¢+¢~
decay are estimated, which is an alternative approach to
extract information about the inner properties of the N*
baryon. The contribution coming from the A} baryon is elim-
inated by constructing the sum rules with the choice of several
different Lorentz structures. Using this result, we also calcu-
late the branching ratio of the A, — N1~ and decays.
We see that the branching ratios of the A, — N*eTe™ and

Ap — N*utp~ seem to be large enough to be detected at
LHCb.
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Appendix A: N* distribution amplitudes

In this Appendix, we present the N* DAs, which are nec-
essary to calculate the A — N™ transition form factors.
The DAs of the N* baryon are defined from the matrix ele-
ment (0 ’e“h"ug (alx)dg (azx)d; (a3x) ’ N*(p)). The general
decomposition of this matrix in terms of the DAs of the N*
baryon is given below (see [12]).

400

€ uy (@ x)df (arx)ds @) N*(p))

= SlmN*C(,ﬂN; — Szmjzv*caﬁ(kN*)y
+Pimy+(y5C)ap(ysN™)y
+ Pamy- (v5C)ap(yskN*),

szz*
- (V1+ W) OupN;
+Vamy«(pC)ap(kN™),,
+AV3m (v Clap (v N*)y — Vamy (kC)ap N}
—Vsm3s (Y C)ap (0™ x, N¥),,
+Vem« (kC)op(kN*),

4

+Aom n«(pysCap(kysN™),
+A3m (Y ysClap (v ysN)y
—Aamiys (kysCap(ysN*),

— Asme (Y v5C)ap (i x, ysN),,
+ Ao (kysCap (kysN*),

2.2
- <A1 + ’ﬂAIM) (bysC)as(y N*),

X2m%v* M
-7+ 4 T, ) (0w pyCap (Y N™)y

+Tomy+ (io—,uvxﬂpvC)ot,BN;/ﬁ

+ Tmpyx (UMU C)aﬁ (" N*)y

+T4m (U;wpvc)ozﬂ (Uupx,oN*)y

~Tsm (i0,ux" Olap (Y N,

—Tomiy (i0,x" p’ Clap (kN*),

~Tyms (0,0 C)ap (6" kN),

+Tgm s (00" Clap (0P x, N,
The functions labeled with calligraphic letters in the above
expression do not possess definite twists but they can be writ-
ten in terms of the N* distribution amplitudes (DAs) with
definite and increasing twists via the scalar product p-x and
the parameters a;, i = 1, 2, 3. The relations between the two

sets of DAs for the N*, and for the scalar, pseudo-scalar,
vector, axial vector and tensor DAs for nucleons are:

@ Springer
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S =8
2(px)S =81 -5
Pr=P
20px)Pr=P— P
V=V
2p-x) Vo=V =V = V3
2V3 = V3

4(p-x)Vy =2V +V34+ V4 4+2V5
Adp-x)Vs =V4— V3
4p-x) Ve =—Vi+ Vot V3+ Va+ Vs — Vg

Al = Ay
2(p-x)Ar = —A1 + Ay — As
2A3 = A3

4(p-x)Ay = —2A; — A3 — Ay + 245
d(p-x)As = A3 — Ay
4(p-x)*As = Al — Ay + A3+ Ay — As + Ag

=T
2p-x)D =T+ Tr — 2T3
2 =T,

20p-x0)Ty =T —T» - 2T,
2(p-x)Ts = =T + Ts + 2Ty

4(p-x)Tg = 2T> — 2T3 — 2Ty + 2Ts + 2T7 + 2T

d(p-x)T; =T7 — Ty
4p-x)Y2Tg=—Ti +Tr+Ts — Ts + 2T + 2Ty

where the terms in x2, VIM , A{VI and TIM are left aside.
The distribution amplitudes Fla;(p-x)]=S;, P;, Vi, A;,

T; can be represented as:

Flai(p-x)] = /dxldxzdx38(x1 + x7

+x3 — D)eP¥Ei% F(x;).

where, x; withi = 1, 2 and 3 are longitudinal momentum

fractions carried by the participating quarks.

The explicit expressions for the A DAs up to twist 6 are

given as: Twist-3 DAs:

Vit 1) = 12051003 6800 + 67 (1 = 3x3)]

Ar(xi, ) = 120x1x0x3(x2 — x1)b3 (1),
i (i, 1) = 12031533 [ 4 (1)

1
—3 (87 —95) 401 =31
Twist-4 DAs:

Va(xi, 1) = 24010 [@§(0) + ¢ () (1 = 533

Az (xi, ) = 24x1x2(x2 — x1)Py (1),

@ Springer

Tr(xi, p) =

Va(xi, n) =

Az(xi, n) =

T3(xi, p) =

T7(xi, p) =

S1(xi, p) =

Pi(xi, p) =

Twist-5 DAs:

Va(xi, ) =

Ag(xi, p) =

Ty(xi, p) =

Tg(xi, p) =

Vs(xi, u) =
As(x;, u) =
Ts5(xi, ) =

240122 )00 + & (W1 =53]

122 [¥2 (0 (1 = x3)
+9; (W) (1 — x3 — 10x1x2)
U 0T 433 (- x)]

12x3(x2 — x1) [(1#2
) () + ¥y (1= 2x3)].
6x3 [0 +v{ + €D G0t - x)

+(p) + v +EDH@A = x3 — 10x1x2)
+ by — Yy FEDHWOT

+x3 — x3(1 — X3))] ;

6x3 [ (@4 + v — D (w1 — x3)
+(p5 +vi —ED W — x5 — 10x1x2)
+ @y — V5 —EDWOT +x3
—x3(1 —x3))],

6xs(r2 —x1) [ (@ + v + &0 + 6
+vi +ED ()

ey — ¥y +EDW - 2x3)],
6xs(r1 —x) [ (@ + v — &0 + ¢
+s —EDHW

ey — ¥y —EDW( - 2x3)].

3[v2G0 (1 = v + ¥ (00 - x3
=20 +3))

+5 () 2xix2 — x3(1 — x3))]
3(x2 —x1)

[0200) + v5 0 (1 = 2x3) +¥5 (33 ]
3

S @8+ v+ D —x)

(#5495 +E5) 0 (1—x3 -2 +3)

+ (8595 +65) ) Crin—x3(1-x3)].
2 (@2 + w2 — gD -

5 5 5 5) (1) ( x3)

+ (¢ +vd —&) (W (1-x3-2(cf+x3))

+ (¢35 5 —&57) (n) Qxix2—x3(1—x3))]
6x3 [62G0) + 67 (W (1 - 24

6x3(x2 — x1)¢5 (1),

6x3 [£200) + &5 G0 (1 = 2x9) ]
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3
Sor(xi, ) = E(xz — X1) |:- ((f)g + l/fg + §§)> ()
+ (5 + v +&F) (w1 —2x3)
+ (b5 — V5 +&5) (W3],
3
Py(xi, p) = 5()62 —Xx1) [— (-(I)g - Wg +§§)) (n)

+ (¢ — v +&7) w1 —2x3)
+ (=¢5 +v5 +&) (wWaxs].

Twist-6:
Voti, 1) = 2[#§(0) + ¢ (0 (1 = 333
Ae(xi, ) = 2(x2 — x1)dg

1 _
Toi. ) = 2[00) — 5 (& —¢5) (1=3x) .
Finally the x? corrections to the corresponding expressions

Vf” , .All"’ , TIM for the leading twist DAs V;, A and Tj in the
momentum fraction space are given as:

1—xo
VM (xp) = dxi VM (x1, x2, 1 — x1 — x2)
0
x% N*
= 2 [ v+ cla)].
where

Ct(x2) = (1 - x2)3[1 13 + 495,
—552x3 — 10AY(1 — 3x7)
+2VE(113 = 951x; + 828x22)],

Ch() = —(1 = x2)*[13-20 f{+3102+10 £ (15312) |

The expression for the axial-vector function Af/[(”)(xg) is
given as:

M, _ [T M
A () = dx1 A7 (x1, x2, 1 — x1 — x2),
0

2
X *
= 21— [ fw D) + 2 D) |
with
DY (xz) = 11 +45x; — 244 (113 — 951x; + 828x3)
+10V{(1 — 30x),
DY(x2) =29 — 45x; — 10£}(7 — 9x2) — 20 f{(5 — 6x2).

Similarly, we get for the function ’TIM(") (x2):

" 1—x2
TN () = / dxiTM (x1, %2, 1 — x1 — x2),
0

x2

= 55 [ B+ B (o).

where

EY(x) = ={ (1 =) [30439 + 713,

—621x3 + 587x; — 184x3)
+4AY (1 — x2)2(59 — 483x, + 414x3)
—4V{(1301 — 619x> — 769x3

116143 — 414x§)]}
—12(73 — 220V{) In[x2],
E'(xy) = —{(1 - xz)[S — 211xy + 2812
— 11123 + 10(1 + 61x2 — 83x3 + 33x3) f{
—40(1 — x2)2(2 — 3x2)f1”]}
—12(3 — 10£) In[x2].
The following functions are encountered to the above

amplitudes and they can be defined in terms of the 8 indepen-
dent parameters, namely fy+,A1,Azand f}', fld, fzd, Af, Vld:

¢y = ¢ = fnr

1 ¥
¢2=¢2=§<fm+xiv>

| -
&?:&2:6/\2

1 "
v =3 = 5 (fve = M),
-_ 2l w g+ _ ! d
¢3 = TfN*A ’ ¢3 ZEfN*(l_V1)7

1 ,
o =5 [fN*(3 —10vd) + 2V 3 - 10ff‘)],
5 .
0y = —= [ —2ah -l a -2 — 4]

vl = [fN*(2 + 54 — 5V

1
4
i e-sh -5,
5 *
Vi =3 [fN*(Z—A”f —3vdy -y (2—7ff’+f1”)],
-
£ = E)\g 4—15£0,

5
M@ —15f,

E4_=E
N 5 d N* d
b5 =—5[fN*(3+4V1)_)‘1 (I =4/ )]’

5 *
b5 =—2 [fN*(l =240 — A (S - fl”)] :

5 x
v = =2 [ +2at—2vh —al a—2p 2],

5 *

vs = g[fN*(Z—A‘l‘—3V1d)+kf/ (ff’—fl“>]7
5 %

E5+=%)~év 2-9f,

@ Springer
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Table 4 Parameters of the DAs for the N*(1535) baryon at uz =2GeV?

Model AN fwe /Ay ®10 o1 ®20 ¥21 0 n10 n
[17] LCSR-1 0.633 0.027 0.36 —0.95 0 0 0 0 0.94
[17] LCSR-2 0.633 0.027 0.37 —0.96 0 0 0 —0.29 0.23
[18] LATTICE 0.633 0.027 0.28 —0.86 1.7 -2 1.7 0 0
£ = _Zkgf" 4 12(5+48) %g)m,,]}
1 : — o emye | @504 - 30M) (-1
o = 5[ v —avih =2l a—260). miymjy | xmy+| 45047 = 3V{")(~1 + B)
o * +2(5+4p) T ]
o =5[fN*(1+4A‘f)+A11V (1—4f1d—2f1”)], ” ~
+(W G+ - A+ 3p)
where the parameters AY, Vld, fld, f{ and fzd are defined oy
as [17], +2(=1+ BT} )mb}
m=;. >
Al = 10 + @11, DL(x) = {me*[As(—1+ﬁ)
1 1
d _ ~ - ~ ~
Vi = 3 901()+3€0117 +3Ve(=1+B)+2Q2+B) Te
10 61N 5 3
! MmN+ 22 5 22 5
s 3 lfye 1 1 +T{—3x My« Va + Tx"my Vs
f1=m—gw+§7710—§7111, 2 2 5 T2 2 2 &
M —4x’m% Py + 4(As + Vo) Q% + 8x7m %S
;= 11 + %glo, - .Z4x2m%,* (=1 4+ B) + 5A5x°m% (=1 + B)
55 + 3x2m%\,*94,3 — 7x2m%,*]~/5,3
The numerical values of the parameters @10, @11, ¥20, ¥21, 2 2
N* N* N N — Sx mN*Pzﬂ
@22, M10, 11 and fy«/A7", and A" /A]" are presented in ~ 5 ~ 5 ) 2 &
Table 4 (this table is taken from [10]). — 44076 — AV, 07 B + dx"m}y 5,
—4x’m3. T +20°T
— 2x2m%\,*,3§:2 +40%8T + 4x2m%v*’?4
Appendix B +140%T, + 2x°m%. BT4 + 160° 7T,
. . . - — ZOxzm%\,*”]v's — 16x2m%v*,37~—5
1 Invariant functions of the transition current (by,d) 5 o ~
—36x“my«(1 + B)7I7
In this section we prelsent the e;;pressions[ for the inlvariant +myp [xm N* (,L + As + 6V,
functions IT{ (p, ), 14 (p. q). 114 (p, ¢) 1§ (p. ¢). 1L (p, @), ~ ~ o~ ~
and TT. (p, g) for coefficients of the structures p,.ys, pu4ys, — 3V _ 3Vs + A2(2~+ 6ﬂ~) - 422‘ o
YuVs> Yullvs, quys, and g, ys, respectively, for the transi- +BBAL+3A5 +2V2 — V4 — Vs + 474 — 47T5)
tion current (by,,d) which appear in the sum rules. + 4%5) i 2(;& 13V — Ap+2T + 8T,
. . 1 ~ ~ ~
Invariant function I1; (p, ¢) for the structure p,ys B3+ + 7T4)>mh]}
I 2 2 2 2 = +xm?v* [KM+3\7M(—1+/3)—XM,8
Dis(x) = _mN*{me*(x my«+ 02+ B)7Te ! ! !
~ = M
+mb|:-/46x2m12v*(1 +38)+ 0*(—-1+8)Ts —2(5+4p)T, ]
my+ ~ ~ ~ ~
D) = -1+ Bk -V - T - T)

+ % (VoG + B) +2(-1+ ) Ty )
+me*(.Z6 — 356(—1 + B)

—Ap— 2+ P T

@ Springer

XM N*

+ [_3-234‘3]7]—5]734—21(—14‘5)
+ﬂ(3.;l\3 — 3]71 + 593 +47/51 + 23\1
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+87) — 18T3) + 2(Py +28) + 571 - 9%}

n (91 (3+ﬂ)—ﬁ1(1+3ﬂ)+2(—1+ﬂ)ﬁ)mb.

Invariant function Hé( D, q) for the structure p,4ys

D3, (x) =

D3, (x) =

D} (x) =

o f P+ 092+ ) T
+me*[.Z6 + 3-/?6/3 + 1’36(3 +8)
— (14 p)(To—2T)]

my+ (To+26 Toom)

+m3u (=1 + B)AY + VM 4 2TMym?.

Sm%v* ~

6

n N *

{me*[ — .Z4 + 5./2(5 + 4]72

+3V; — TVs + 4P,

=885 —4Ax(—1+ p) + 672 + 1074

12075 + 3675 + ﬁ(L — 545 — 4V, — 37,
+7Vs + 8P — 485, 4 6T + 147,

+16%5 +367) | - 2% + 3458 + 23 + B)
+ (=1 + BT+ Ty |

2
M5« o~ o~ ~
+ TN<—1 + B)(AM VM 2T M),

1 - o~ ~
—5(—1 + B)(A + V) +27)).

Invariant function IT § (p, q) for the structure y, ys

Di3(x) =

m?v* 4xmb{ — 3xmpy+ (xzm%,*

+ 0 (=1+ B) T+ mp| 2 Aox i (=1 + B)
—3Q%(1 + B) Te + kx’m2. (6 Vo(~1 + B)
+3(1+B)T¢—2(114+78)T3)

+mb<me*[2Z6(1 +B)

+2V6(1 + B) + (—1 + (3T — 14T3)]
—33 +ﬁ)?6mb)]}

m2,
2x

— @Y+ V) -1+ )]

+

mﬁ{ — [(2x2mﬁv*(2{” —pM)

_ [ —20%(=1 + B) +9x%m%. (1 + ﬂ)]?{”
+me*[(—2¥ + VM +B)

~ 71+ BT my

Di,(x) =

D} (x) =

F (=14 BYAV 4 VM 4 ﬁlM)m,%}.
2 ~ ~
22 Aoxtmde (-1 4 B) - Q21+ ) T

+x2m2,. [6 Po(—1+B)+ (T+56)T6
—2(11 +78) ?8]
+mp[m- (2V63 + ) + A2+ 65)

+ 1+ p(Te +4Tw) + T +56) Tom ||
+ 2 = [omye Pmie + @)@ (=1 4+ )

+a¥a(=1+ ) =301+ p)(% + 5T

+my [me%V*f}zL — 9x2m%\,* 175 + 6x2m%v*ﬁ2
— 2(.12 + ]72) Q2 — 2x2m%v*§2 + xzm%\,* ﬁtﬂ
- 5x2m%\,*175,3 — 6x2m?v*ﬁzﬂ

—24,0%8 — 2V, Q2B + 2x*m%. 528

— Ayx?m3.(1+ B)

+ Asx*m3y. (5 4+ 9B) + 3x°m3. T

— 3Q2§:2—3x2m%,*,37~'2+3 QZ,Bi—'a’xzm%v*ﬁ
—110%T + 3x>m3 T4 + 110287,

+ 14x2m§v*7~75

- 14x2m%,*,37~'5 — 24x2m%,*(—1 + /3)'?7

+mb<me*[.Z4 — 745 + 2V, — 394 + 575
— 6P + 68, +245(—1+B) — 3T + 774

— 2275 — 3677 — B(Ay — T A5 + 2V, — 3V,

+ 5V546Pr—68,+3Tr+T4 + 1475 + 3679)]
— QA0+ )+ 20 (1 + B)

— 1+ HGE + 11 Tm) ||

m,
4x

— @AY + V0N -1+p)]

+ [ - [(szmjzv*(;\\f/’ - VIM)
—[ 20214 B+ 02w 1+ )T
— (=14 B)AM L 7M +2ﬁM)m§}.

2 =~ *
L N m—”{zme*(_l +B)
8x 8x
[JZ2+JZ5—92+]~)5+752+§2—7~:1+§:5]
+[2&0+p) + 2850 + )
— (=14 GT + 17 |my

| ~ ~

+ 4—{2x2m%,*V1 —4x2m%V*V3

X
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Invariant

Dis(x) =

2
m
Dhyto) = 2

@ Springer

+3x2m3. Py + V102 + 3x°m3. S

+ 4ﬂ\3x2m%\,*(—l + B)

+ A12x2m3 — 0O (—1 + B) — 2x°m3. Vi B
+ 4x2m%v*)73,3 + 3x2m%\,*7’51ﬂ -V 0B
+3:2m%. 818 + 9x2m3. 71 +20°T,
+9x2m%. BT — 20287, — 18x2m3. (1 + B) T3
+my [me* (323 — 171 + 593 — 3'ﬁl

—S1+ A1+ B) =TT + B A3 — V1 +3V5
43P, + 8, + 77, — 12T3) + 1275)

— 1+ B + Vi +2T0ms ||

2
My s -~ ~ o~
= G BAYT + V27,

function IT ﬁ( D, q) for the structure y,.4ys

2

n:&’*mb{ —32m3 + 0N (=1 + ) T

+2me*[i’6(—1 +8)

+3(Vs(-1+8) + To+170)

—(11 +7ﬁ)7'8]Mb =3(—1+ ,3)%6’"%}
_%mg,*{leHM(—lJrﬁ)

VB + T+ AT i,

*

fwme [ Ao(—1+ p)
+3(Ve(—1+ ) + To+ B Ts)
—(11+78) ?8] +3(—1+B) ?(mb}
ol (@i + 0 (4da-1 4 )
+4% (=14 8) = 30 + BT + 5T |

+

+ xm s [5-/2(5 + 2V, + V4 — 9Vs + 6P, — 28,
+240+B) — A1+ B) + 6T

+ 87, + 147 + 247 + (045 + 2% + Vi
—5Vs —2[3P, — &, 4 3T + 474

+775 + 12%7])]m;, + (=445 (=14 B)

—4%h(=1+B) + 30 + AT + 5Tym} |

m3* -~ o~
- I[VIM+3A11”(—1+,B)

— Vi ++ up T

Dfu(x) =

n N *
8x

—30+ BT+ 5T}

{4,2(2(—1 LB + 4V (—1+ )

+”¥{91 —4V5 1 3P, + 38
+341(=1 + ) +44(~1 + )

— V1B +4V38 + 3P, 8

+388+ 7T, + 11T, — 18(1 +ﬁ)?§}.

Invariant function IT g (p, q) for the structure g, ys

DL (x) =

DL (x) =

2
'y« =~
=2 Lempe (P + QD2+ ) T

o+ mp| Ao (1 +3) + *(—1+ ) T
+x2m2. (V6B + B) +2(—1 + B) Ty)
+mb(me*[-Z6 + 3{76 - -EG,B - 3{76,3 - 7%6
~2To+10Ts+88 Tul+(—148) Toms ) |
+ 2 | T+ A -1+ )

—VMB+ @+ Sﬂ)ﬁM]mi.

My«

i feme [ Ao(=1+ B +3Ve(—1 + )

+(5+48)(Ts —2?8)] +2(=1 +ﬂ)?6mb}

ni N+

+4x

{3x2m%\,*]74 - 7x2m%,*]75

+ 4x2m?\,*ﬁz — 4(212 + 172)Q2 — 8x2m%\,*§2
+.Z4x2m%,* (=1+p8)— Sﬁ’sxzm%\,* (=14 8)
- 3x2m?\,*174}3 + 7x2m%,*175,3

+8x2m3 Do + 44 0% + 4V 0%

— 4x2m%\,*§2,3

+4x2m%\7*7~'2 — 2Q2’Z~'2

+2°m% BT — 402 BTh — 4x*m3Ta
—14Q%Ty — 2x°m3. BTa — 160°BT4

+ ZOmei,*’?s + 16x2m%\,*f37~'5

+36x2m?\,*(1 + ,3)%7 + mb[ — (me*[A4 + As
— 3V, —3Vs + 3448 + 3458

+2% — 274 + 475 — B(Vy + Vs

+27%, - 27, + 475))

—2(2W+ B+ 7T+ 210 - Kop

+ BT+ T+ 4701 ) |

i | V4 AY (- 148)- VY B +5B)TM |
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Dl (x) = ";—]f{2172+7~’2+7ﬁ
+2[ L - D+ B-To+ T +470 |
1 PO
+ 5| = [mn- (291 = 55
+2P1 + 481 + 2A1(=1+ B) +3A3(—1 + B)

+87) + B—2Vi +5Vs + 4P
128 + 10?1])] + 18mp+(1 +ﬁ)?3}.

Invariant function Hé( D, q) for the structure g,4ys

m2 * =~
Di ) = | o + @) 2+ B T

+xmys(Ag + 3468 + Vo3 + )

— (=14 B)(Ts = 2Tg)my + @+ B) Tom3 |.
2* ~ mz* ~ ~ ~
)ICV Q2+ B Te+ TN{ — Ay +5As + 4V,

+3]~)4 — 7]75 +4732 — 8§2

— 485 (—1 + B) + 6T + 1074 + 2075

+36% +ﬁ[A~4 _ 545 — 4%, — 37,

+7Vs + 8P, — 45,

+67 + 147, + 167 + 367 | .

m

Dy (x) = —

DL(x) =0.

2 Invariant functions of the transition current (Ei ouvg’d)

In this section we present the expressions for the invariant
functions T/, TI}7, T17, and T4/ for coefficients of the

structures pufys, qulys, 4. ¥s. and y, ys, respectively, for
the transition current (bio,,q"d) which appear in the sum
rules.

Invariant function I1!/ (p, ¢) for the structure p,4ys

D} () = mie{xmye (P + 01+ B) T
+mp| = (Aex*mi(~1+ )
+ QG+ B To+mb(—1+ H)(Vs —2T9)
—xmye (3 A6(1+ B) +3 V(1 + )
+(1+B)(Te—6Tw))m |
e [3vm e (B = V(1 + )
+2(=1+pTM
+ 1+ AN + VM =27 m, .

Di3(x) =

Dii (x) =

m,

2

[ = [ome (336 + ) +3V61 + )

F2(-1 4+ B) (T — 3?8))]

+(=1+ ,3)7~'6mb} + %{ - 3x2M%v*1~/4
+ 9x2m%\]*]~/5 — 4x2m%,*732 + 4%2 Q2

+ 8V, Q2 + 4x2m%,*82 - 3x2m?\,*V4ﬂ

+ 9x2m%\,* 175ﬂ + 4x2m%\,* 732/3

+84,0%8 + 41,08

—4x%m3 82 + 3A4x % m3 (14 B)
—9Asx*m% (1 + B) — 2x*m3 T +40°Ts
+ 2x2m%v*ﬂ§:2 —40%6T + 2x2m%\,*ﬁ
+120%7 — 2x°m3. fTs — 120% 874

— 12x2m%\,*’775 + 12x2m%\,*,373

+24x*m3 (=1 + BT,

+m;,[me*(—1 +B)2Ar + Ay + As

— 2V + Vg + Vs + 47, — 4T5)

+ 2(32(2(1 +B) +3%(1 + B)

— -1+ BT+ 570 )my |

+

3xm§\,*

{@Y -9+ p)

+2(=1 +ﬁ)T1M}.

Xmpy+*

2

{623 — 3V +6V3 +34,(1 + B)

n ﬂ[@& _ 3D, + 2030,

+ P+ 8 +37 —6?3)]

—2(731+§1 +3ﬁ—6?3)}

—(~1 +ﬂ)[ﬁ1 +9 —zﬁ)mb].

Invariant function I1:/ (p, ¢) for the structure g, 4ys

D3 () =

2

M4 7
%{ - 4me*(x2m%V* + Qz)(—1 +8)7Te

+my, [4Z6x2m%\,* -1+ p8)

— Q2(T+3B) T+ x2m%.(—4 V(=1 + B)
Y5+ B Te+8(—1+p)Tg)
o+ (26m+ 13461+ B) +3 Vo (1 + )

(14 B)(Te+5T8)] — (7+3/3)%6m">]}

+

.

[-3@V VM) a+p) -5 14T ],
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D3 (x) =

D (x) =

m%v* {xm =X _ I~
2 emye [3(Ae+ Vo) 14+8)+3(—148) T
_5(—14p) ?g] T+ 3ﬂ)?6m,,}

+ 8_ [ 18A5x2mN* + 8x2m%,* 172 + 6x2m%,*174
— 18x mN*ﬁs + Sme%V*ﬁz — 8§2Q2

- 8x2m%\,*§2 + 18X5x2m?\,*ﬁ + 4x2m%\,*]~)2,3
+ 6x2m%\,*\74/3

— 18x2m%\,*§5,3 — 8x2m%,*732/3

— 4V, 0% + 8x*m%. 82 — 6 Asxm%. (1 + B)
+ 44, (x> m% — 02 (1 +2B) + 9x°m3. Th

— 3Q27}—9x m%v*ﬁﬁ+3Q2/3f—2+9x2m%v*7~Z
—110%*T; — 9x>m3.BT4 + 110% 8T,

+24x? mN*T5 — 24x? mN*ﬂ'Ts
—48x%m}. (—1 + BT

+ mp{xm [3.2(4 — 5.15 — 6?2
— V4 + Vs + 245(—1 + B)
2P =S+ L+ 4T +9T5 +
+ ﬂ( — 34 + 545

+6V + V= TV5s —2[P, = S,
+T5 + 8T, + 575 + 14?7])]

— 42+ B) + A (4 + 8B)

— (=14 BGT + 11T Imy)

3
VL3N - P+ B

1477)

51+ T,

%{4%(% B) + Ar(4 +8B)

-1+ peh+ 1T |+ 1 54
—3V, + 7V — P — 38, +34;(1 + B) — 57,
+B[74 = 3D + 5V + Py

+38) + 57 - 123 | + 1275 .

Invariant function [T/ (p, ¢) for the structure g, s

D35 (x)

@ Springer

2

Ny« ~
= {40k + O (=14 B T

+mb[me*(—4§'6Q2(—1 +8)
+4V60%(—1 + B) + (Pm}(5+ B)
—Q*(T+38)T6—80*(—1+p)Ts)
—l—m;,( — 6Z6x2m%v*(1 +B)

i3 (x) =

1902 (—1 + B) To — 2m% (6 Ve(1 + B)
+ (=14 P)5Ts— 14Ty)
mp(xmys 2 Ag(—1 + B) + 6 V(—1+ B)
—(5+B) Te—2(5+98)Ts)

+5(-1+ ) Tomn) ]}

2
- mi{/?{”(gz — Q%8+ 2x%m. (1 +28))

— QX1+ (VM

+27{")

—x?m3. @V 2+ ) =91+ BT
+mb[me*(;ff/’ +3VM(—1+B)
— AV —(5+9pTM)

—(=1+ BYAY + M 427 m, |}
2
8x
— 701+ B) T — x°m2.(6 Ve(1 + B)
F (=14 B)OTs— 14T5))
oy (4T + 4 (1 + B) — 4 Ve

{ 6 Aex?m2. (1 + B)

+15T6+ 11876 +8(=1 4+ B) Ts)
—9(—1+8) ?’mb]}
n %{xmm [4.22()62111%\,* — 0H(1+2p)

X
+ 2 m% AV 2 + B) — (=1 + B)(5Ts + 13T4)]
+ Q2< — 8, — 6V + 185 — 8P, + 85>
+644(1 4+ B) —184s(1 + B) — 7T, — 114
—24(Fs +2T) + 1[-4D, — 6Ty + 1875
+8P> — 85, + 7% + 7% + 24% + 43F1) |

- [3x2m12v*V4 — 5x2m%,* Vs + 2x2m%\,*732

—2(A; +3V) 0% — 2x%m%.S)
+ AgxPm3 (=1 + B) — TAsx’m%(—1 + B)
— 3x2m%\,*174/3

+ 5x2m%v*175/3 + 2)‘2’"%\/*732:3

+ 2A2Q2ﬂ + 61,078 — 2x°m3 S

—5x?my. T +50°T — *my. T2 + 0’ BT
+5x2 mN*']Z — ISQZ’E +x mN*,B’ZZ

— 1902874 + 10x2m%. T5 + 18x*m3%. 875
+28x%m%. (1 + ﬂ)%]mb

+ Xy [—1 1 As—2%— 3P4+ 75— 6P, 428,
— 245 (—14-B)+3A4(14+B)—5To+ 11— 1475
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~24% + p( =745 + 205 — 3%y + 1175 + 67 X2 A6x2mps (—1 + B) — 0% (1 + B) T

28+ 5B Fi 4 14T 4 4 | 223 (—1 + B (Vs —2T9)1)

_ - +mp (200mpe (=3 Agx>m2. (1 + B)
+[—2A2(—1+ﬂ)—6v2(—1+ﬂ) mb(mez{ or N /i .
—22m3 3 Ve (14 B)+2(—14+B)(T -3 T3)]

) + Q%=1+ p)(Ts - To) )
+ A2 - 02+ 2ximb 1+ 2p)] +mp(2 Asxmly. (=1 +8) + 021+ ) To
X —26%mR (=1 + B) (Ve —2T3)

— Q% (—1+ B)(VM 4-2TM) - -
e +2xmy+[3 (1 + B) + 3 V(1 + )
- mN*[ i@+ p) =91+ AT ] + -1+ A)(T6— 6 Tmy) ) |}

6+ BT+ (154195 T |m3)

+ (=14 B AN + VM +2TM)m3 1. 2 S
P _ } +%mi[—3x3m?v*(Allw—VlM)(l+ﬁ)
* ~ N* -
Dij(x) = == (=1 + B T+ - — xmy+(6x*m%. — 0D (=1 + BT
~ ~ ~ ~ ~ 2.2 2 M oM M
{me* [7A5+10V2+3V4—11V5—3A4(1+,3) —(x mN*[— 0 (=1 + BYAM 4 VM _ 2T My,
~ - o~~~ +3xmy+| (AM — VM1 + B)
+24(1 +58) + 2(732 —38 4+ 3% + 6T
5 5 o +2(—1+5)T1M]m§+(—1+ﬂ)(A{”+v{”—2T{”)mg].
1575 + 1277) n ,3(11A5 +2V, + 39,
—7Vs — 2[P> — 38, + 37T . =
" [%2 ;;] ’ D) = 2 Ly (3 A% (1 4 )
+67; + 575 + 1273] -
+[2Z( L+ B+ 6Th(el 4+ ) — Q* (=14 B)(T¢— Tg) + 3x*my.
2(— 2(— = = = = =
_ _ (Ve + VeB+27T5—-28 Tg))-}-mbl:Z.A()xzm%v*
+0B5+8T —(5+198)74|m ~ ~
+ E{4x2m?v*V1 = 5x°my. Vs +T6—4T9) + my (3emy-[( e + Vo)1 + )
2 2 5 N2 2.2 & =~ ~ *
+ 2x2m%V*V1ﬂ - 7x2m%v*V3ﬁ - 3x2m%\,*’P1ﬂ N Nx
S e 22 aa o2 {—[(x2m2*+Q2)<—3x2m2 Vi + 9x2m2,. Ds
+V10°B —x"my:S18 — Asx“my. (74 5B) N N N
— AI[Q% — 0% + 2x%m% (1 4+ 28)] —4x’m% o + 4x*m3. Sy — 3x2mA VB
+ 9x2m%v*’/f\1 — ZQZ’TE — 9x2m%\,*,3'?1 + 9x2m%V*V5/3 + 4x2m%\7*732/3 — 4x2m%,*82,3
+20%8T; + 12x2m3 (=1 + BT3P 3 A4x2m3,. (1 + B) — 9Asx2m%. (1 + B)
+mb[me*< — 44343V —2°m T — Q°T + 2°my T + Q° BT
R 2x2m%. T — QT4 — 2x*m%. T4 + 0BT
—4V3+ P+ S+ Ai(=1+p) +1; ranz ,‘%+Q1242 ZXﬂ;Nﬁ4+Qﬁ4
+5T: + pAs — 3D, + 475 e e
+P1+ 81 + 97, - 14T) - 14T3) 24 -1+ 9 |
PR _ _ I (Aex2m2.
+ (=14 A+ D+ 2Tm || | (me (=(Asxtmy)
m%v* e o + 2x2m%V*V2 — xzm%\]*w
+o L ﬂ)[/h + Vit + 27, ] — x?m3 Vs + 64507 + 4V, 0% + 2V,0°
—6V50% + 2P, 0% — 20%8,
Invariant function I}/ (p, ¢) for the structure y,ys 120 Pm —20%)(—1 + B)

Dl mye |, 2,2 02214 B F + Ay (Pm + 200 (=1 + B) + Asx’mi. p
15 () = —?{ xmpy(x“mys + Q) (=14+ ) Tg —2x2m3 VB 4 xX2m3 Va4 x2m3. Vs B
+mb[ - ((xzm%\,* + 0% — 645 0°B — 4132Q2ﬁ - 2174Q2,3 +6Vs 0°B
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+2P,0%8 —20°85,8 +20°T, +20°8T>

—4x2m%,*ﬁ + 12Q27~Z + 4x2m%\,*f37~1

+ 1202874 + 4x*m%. Ts + 140°Ts

—4x?m. pTs + 140°8T; +280°(1 + BT}

+ mb( - 915x2m%v* - 6x2m/2\,*1~)2

— 3x2m%\,* 174+9x2m%v* ]75 —4x2m?\,*732+61~/2 Q2

+ 4x2m%,*82 — 9A5x2m/2v*/3 — 6x2m%\,* W8

- 3x2m%\,*V4ﬁ + 9x2m?\,*V5,3

+4xm3 Paf 4+ 6V2 0% B — 4x°m%. S8

+3A4x>my (1 + B)

—6(2mY. — 0O (1 + ) — 4x’md. T

+30°D + 4x’my- pTo — 30°BT

— 8x2m%\,*'f4

+110%7, + 8x°m3%. pTs — 110% 87T,

—12:2m3. 75 + 12x%m%. BT5

+24x°m3 (=1 + BT

+mp{xmpy<(=14+ B)2A + A4

+¢4T5 —21724-94-1-]75

+4Ty — 4T5) +2034,(1 + B)

+3%(1+ ) = (~1+ AT + 5TDm) ) ||
m%v* 33 M OM

+ K{ —33m3. (AY — VMY + p)

— xmpy+(6x*m%. — 0N (—1 + BHTM

+ 3xmy+ [(—A\Ilw + VlM)(l +8)

(=1 + ﬂ)ﬁM]mz

=1+ B)AN 4 VM — ﬁlM)mg}.
2 ~ ~
DI (x) = m{xm *[3,1 (14 B) +3Vs(1+ B)
41 dx N 6 6
+2(=1+ B)(Ts - 37y)|
=~ _ =~ myx* 2 2 &

+(To—1Tom} + — [3x7m3. T
— 9x2m%\,* 175 + 4x2m%,*732 — 4x2m?\,*§2
+3x°m% Vap — 9x2m3 Vs B
— 4x2m%V*’P2,3 + 4x2m%,*82/3
—3A4x*m%.(1 4+ B)
+9As5x>m3. (1 + B)
+ 2x2m%v*7v§ - Q2'Z~§ - 2x2m%\7*,3%
+ Q2T — 2x°m3%. T,
— Q*Ty 4 2x°m% BTa + Q*BTa + 12x°m3%. Ts
—12x2m3. BTs — 24x°m%. (=1 + BT
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+mb[ - (me*(—l + BRA + Ay + As
— 2V + Vg + Vs +47~Z—4?5])
_2(3&(1 +8) + 3V (1 + )

— 1+ B (F + 5T )my ||

1 ~ _
+ i {me*[ — 3x2m,2\,*V1 + 6x2m%,*V3
— Zme%v*’ﬁl + 173 0%+ ’ﬁl 0% - 2x2m%\,*§1
—0%§, - 3x2m%\,*V1,3 + 6x2m%\,*V3ﬁ
+2xm3. P18 — V3 0%8

— P08 +2x°m3. 8518

+ 0818 + 341X m% (1 + B)

+ A[ Q%=1+ B) + 6x°m%. (1 + B)]
—6x%m3 T

+ 0’7y + 6x*m3. 8T, — Q*BT

— 122 m3 e (—1 + ﬁ)ﬁ]

+ (xzm?\,* - 0)(—1+ B (A + V)

= 2Tmy = xm-[ = 3D + 63 +34,(1 + )
+645(1 4 B) + /3( — 3V + 2[37;

+P + 8 +37, —6?3])

—2(Py + 8 + 37 — 6Ty |

—(=1+ ﬁ)(,zl\l +V - Zﬁ)m?)}

3md.r N, o~ .
+ "ZN [(—A{V’+VIM)(1+,3)—2(—1+/3)T1M].

Appendix C: Differential widths for the A, — N*{t{~
decays

In this Appendix we present the differential widths for the
Ap — N*¢T¢~, (¢ = e, u, 7) decays. After lengthy, but
straightforward calculations, for the differential rate of the
Ap — N*€TL~ we get,

dr(s) _ G*aZ,my,

e 1
- |Vlbvt):i}2v )\.(1,}’, S) |:T1(S)+ gTZ(S)]v

ds 409675

2,2 2 2 -5
where s = ¢ /my,. r = my./my , Gp = 1.17 x 10
J1—4m2/q?
is the lepton velocity, and A(a, b, ¢) = a’>+b%+c?—2ab—
2ac — 2bc is the usual triangle function. For the element of

the CKM matrix !V,bV;';l! = (8.2 £ 0.6) x 1073 has been
used [13]. The functions 7} (s) and 7> (s) are given as:

GeV~2 is the Fermi coupling constant, v =
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Ti(s) =

I(s) =

8m§\h{(1+2ﬁ+r—s)

[4m} +m3, (1 =27 +r + 9] 1R

- [4m§(1 +6\F+r—s) —m], ((1 — )2
+4ﬁs—s2)]|F4|2

(1 + 207 47— ) [ama - V)
i, s(1 =27 7 4 9) || Fal?
+m§\bs[(1 — )2 4 rs — sz]v2|F4|2
+4m3(1 = 23/7 + 1 — 5)s|Fg|?

+ (1 =2r+r—ys)

[4m§ +md, (14245 +r+ s)]|G1|2

_ [4m§(1 —6\F+r—s)—m}, ((1 !
—4rs = 5%) 1G4

+ (=27 7 = ) [4mF (1 + V)2
i, 51+ 277 +749)1G2?
—l—m%\bs[(l —r)? —4rs — s2]1)2|G5|2
+4m2(1 + 2/ + 1 — 5)s5|Go |

— 41— )+ 2 + 1 — 5)(2m?

+m3, s)Re[F} F,]

—4m3, (1 = VA + 27 +r — 5)s*Re[ F} F]
= 8mi(1+ VN (1 =27 47 = Re[ F{ F]

— 41+ VN1 =27 41 —5)2m]
+m3,5)Re[G}G>]

—4mA, (1 + /1) (1 = 27 + 1 — 5)sv"Re[G}Gs]]
—8m2(1 — /(A +2/r +71 — s)Re[GjG(,]},
—Smibvz)\(l, r,s)

[IF12 + |4 +1G1 P +1Gal?

—s(IRP+1F5P + G2 +1651) |

The differential decay width for the A} — N*¢T¢~ tran-
sition cam be obtained from the differential decay width
for the A, — N*¢T¢~ by making the following replace-
ments: F; — (~;i, G; —> I?i, my — —my, and by chang-
ing the sign in front of the terms Re[F} Fs], Re[ F} F¢], and

Re[G}Gsl,aswellasmp, — mpz, s — 5" = g2/ m>

AL and

.2 2
r—r _mN*/mAZ.where

2myp,
Fig®) = cog1(q?) — m—c7g{(q2),
A*

b

2my,
Fa(q%) = —coga(q®) — 7mA;;c7g2T @,

mp
F3(q%) = —cog3(q”) — ?(mAZ —my)ergl (@),

2
Gig) = cfitg) = Lol (@),

Ap

2myp,
G2(g*) = —c9 f2(q%) — q—zmA;;msz(qz),

2
G3(@D) = —cof3(q%) — %(m; +mwer (g,

Fi(g?) =

c1081(q),

Fs(g%) = —c1082(q”),
Fo(g*) = —c1083(q?),

Ga(q*) =

c10f1(g%),

Gs(g®) = —c102(¢%).
Ge(q?) = —c10f3(q?).
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