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The tree-level b — ¢V, based hadronic transitions have been the focus of much attention since
recording significant deviations of the experimental data, on the ratios of the branching fractions in 7 and
e — p channels of the semileptonic B — D transition, from the SM predictions by the BABAR Collaboration
in 2012. It can be of great importance to look whether similar discrepancies take place in the semileptonic
baryonic A, — A.£V, decay channel or not. In this accordance we estimate the decay width as well as the
ratios of the branching fractions in 7 and e — y channels of this baryonic transition by calculating the form
factors, entering the amplitude of this transition as the main inputs, in the framework of QCD sum rules in
full theory. We compare the obtained results with the predictions of other theoretical studies. Our results
may be compared with the corresponding future experimental data to look for possible deviations of data

from the SM predictions.
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I. INTRODUCTION

One of the main goals of the LHC, after the discovery of
Higgs, is to search for the new physics (NP) effects. This is
done via two ways: direct search at colliders and indirect
search for the NP effects in hadronic decay channels.
Recently, there have been recorded significant deviations
from the SM predictions: the BABAR measurements [1] on
the ratios of the branching fractions of the semileptonic
B — D decay in 7 channel to those of the e or y had shown
to deviate at the global level of 3.4¢ from the SM
predictions [2,3]. One of the most important results newly
obtained at LHC is the sign of the lepton flavor universality
violation (LFUV) in the semileptonic B decays. The LHC
data [4] on

_ Br(B* = K*up)
* T Br(BT > Ktee)
= 0.7457099 (stat) £ 0.036(syst) (1)

lies 2.66 below the SM prediction in the window
g* € [1,6] GeV?. Similar indications have been newly
reported in semileptonic decay, B — K [5]. Hence, the
semileptonic B decays seem to be good probe to search for
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the new physics beyond the SM. In principle, similar
behaviors and deviations from the SM predictions can
occur in other b-hadron decays. In [6], it was shown that
some experimental data on the differential branching
ratio as well as lepton forward-backward asymmetry in
Ap = Aptu~ channel cannot be described by the SM
predictions provided by the lattice QCD and QCD sum
rules. Although there previously were predictions of differ-
ent models in heavy quark effective theory limit, the form
factors of A, — AZ "¢~ were first calculated in 2010 in full
theory including all twelve form factors in Ref. [7]. The
obtained results on the order of branching fractions at
different lepton channels had shown that these channels
were accessible at hadron colliders. One year later, the CDF
Collaboration observed this baryonic flavor-changing neu-
tral current decay in p channel [8]. In 2015 the LHCb
Collaboration measured the differential branching ratio and
made angular analysis of the same decay mode [9]. In 2016,
the lattice predictions became available, where the form
factors, differential branching fraction, and angular observ-
ables with relativistic b quarks associated to this channel
were calculated [10]. Considering the new experimental
developments on the spectroscopy and decays properties of
heavy hadrons, it seems that the b-baryon decays, espe-
cially the A, baryon decay modes become important not
only for exact determinations of different SM parameters
but as essential sources of the physics BSM: very recently
the LHCb Collaboration has found evidence for CP
violation in A, to pz~ztz~ decays with a statistical
significance corresponding to 3.3 standard deviations
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including systematic uncertainties. This represents the first
evidence for CP violation in the baryon sector [11].

Many parameters related to different decay channels of
the A, state have been previously studied using different
approaches such as relativistic quark model, soft-collinear
effective theory, heavy quark effective theory, covariant
quark model, zero recoil sum rule, lattice QCD and QCD
sum rules (see for instance Refs. [7,12-26] and references
therein). The tree-level b — c£v, based semileptonic A, —
A C, transition is one of the prominent decay channels of
the A, baryon. This channel has been investigated using
different quark models and lattice QCD [16-24]. We
analyze this decay in e, u, and 7 channels. In particular
we calculate all six form factors entering the matric
elements of the effective Hamiltonian sandwiched between
the initial and final baryonic states in full QCD without
making the heavy quark effective theory approximation.
We calculate the decay width and branching ratios in all
lepton channels and compare the results with the predic-
tions of other theoretical approaches as well as existing
experimental data. We compute the ratio of the branching
fractions in 7 channel to those of the e or u associated to this
transition, as well.

This paper is organized as follows. In Sec. II, we
calculate the six form factors defining the A, — A £,
transition using the technique of QCD sum rules [27]. In
Sec. III we numerically analyze the form factors and find
their g>-dependent fit functions. Section IV is devoted to
calculations of different physical observables related to the
decays under consideration and comparison of the results
obtained with the predictions of other theoretical studies as
well as existing experimental data. Section V is reserved for
our concluding remarks and, finally, we move some
analytic expressions for the spectral densities used in the
calculations to the Appendix.

II. TRANSITION FORM FACTORS

The A, — A.£V, decay channel proceeds via b — c¢£v,
at quark level. The low-energy effective Hamiltonian
describing this transition can be written as

G _ -
Hegr = 7%Vcbcyu(1 - 75)171?’”(1 - 75)’4 (2)

where G is the Fermi coupling constant and V., is one of
the elements of the CKM matrix. The amplitude of this
channel is found by sandwiching this effective Hamiltonian
between the initial and final baryonic state,

M = (A [Het|Ap), (3)
where the pointlike particles immediately go out of the
matrix element and remaining parts are parametrized

in terms of six form factors F(q?), F2(q?), F3(¢*), and
G1(¢%), Ga(q?), G3(g?) in full QCD:

(AP’ s )VEI A (P s))

P! p*
=0 (7'5) [P+ Fala?) 2t ) 2

Ay Mx,
X Up, (p.s),
(Ac(p',s")|A*| AL (. )
— r 2 n P 2 P
=i (P, 8") |G ()" + Go(q7) — + G3(q)
mAb mA(
X Ys5Up, (p.s). (4)

In above equation, V* = ¢y,b and A* = ¢y,ysb are the
vector and axial vector parts of the transition current,
g = p — p' is the momentum transferred to the leptons; and
up,(p.s)and up (p',s’) are Dirac spinors of the initial and
final baryonic states.

The main goal in the following is to calculate the six
transition form factors in full QCD using the technique of
the three-point sum rule as one of the powerful and
applicable nonperturbative tools to hadron physics. As
usual prescriptions, the starting point is to consider an
appropriate correlation function of interpolating and tran-
sition currents in a time ordered manner. The sum rules for
transition form factors are found by equating the phenom-
enological or physical representation of this three point
function to the theoretical or QCD side of the same function
which is obtained using the operator product expansion
(OPE). The three-point correlation function for our aim is

X (OIT|TM ()T M ()T ™ (1)[0). (5)

. . . tr,V(A)
where 7 is the time-ordering operator, J, =
¢yub(Cy,ysb) is the vector (axial-vector) part of the
transition current and J”¢(x) with Q being b or ¢ quark

is the interpolating current for the A, or A, baryon. It is
given in its more general form as:

The(x) = L anc{2[(q1T (x)Cq3(x))rsQ° (x) + (g™ (x)Crsq5(x)) Q° (x)] + (g1 (x)CQ(x))rsq5(x)

V6

+ Blaf" (x)Crs Q" (x)) g5 (x) + (@ (x)Ca3 (x))rsqi (x) + B(Q (x)Crsqs (x))qf (x) }. (6)
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where a, b and ¢ are color indices, C is the charge conjugation
operator, g; and g, are u and d quark fields, respectively. The
f is a general mixing parameter with f = —1 being corre-
sponding to Ioffe current. The physical or phenomenological
|

Ph
Hﬂ ys(p’ p,7 q) =

(017 (0)|A(P)) (A (P)ITi " (0)|A (P))

side is found by inserting complete sets of the initial and final
baryonic states with the same quantum numbers as the
interpolating currents into the correlation function. By
performing integrals over four-x and -y we end up with

A(PIT ™ )[0)

(p/2

where - - - stands for the contributions of the higher states
and continuum. Besides the transition matrix elements we
need to define the following matrix elements in terms of the
residues of the initial and final states:

(017" (0)Ac(p")) = ﬂA up, (p's),
(Ap(p)| T (0)[0) = 4%, 1y, (- 5).- (8)
The final step is to put all the matrix elements defined

above into Eq. (7) and use the summation over Dirac
spinors

up, (p'.s")un (p'.s") =

up, (P, 5)iin, (P, s) =

P +my,
p+my,. 9)

As aresult we find the following representation for the final
form of the physical side in terms of the structures used in
the calculations in Borel transformed form that has been
applied to suppress the contributions of the higher states
and continuum:

BIL"(p,p'. q)

1
= mAbFlﬁlyﬂ R FZPMﬂﬂ+ F3pﬂﬁﬂ
b
+mp,mp Gry,rs — m— Gapu V' Prs
b
A, ‘2
———G3p, ' Pys + | A, A€ MZ] e M'2 (10)
Ay

where M? and M"> are Borel parameters that should be
fixed later and we kept only the structures that will be used
in further analyses.

To find the correlation function in terms of quark-gluon
degrees of freedom on QCD side, i.e., by utilizing the light
and heavy propagators, we use the interpolating current
given by Eq. (6) in Eq. (5), and contract the related quark
fields. After some manipulations including the contraction
of the quark fields, we find the QCD side in terms of the
heavy and light quarks’ propagators in coordinate space.
Thus, for the light quark we use

(7)
Al.)(P2 - mzzx,,)
I
. . m (aq) xmy(aq)
S 0) = Bans 33 = b gz 3= dan - F 0™y
¥ me
-6 G 10 G
aTg5 (290G4) + i0ap 155 (90G4)
9Gay o XA (qq)?
—iz—>> 3 2 2 [xaaﬁ + Uaﬂx] léabW
x*aq)(g*G?)
-5, T T 11
7648 (1)
and the heavy quark propagator is given as [28];
sy =i [ e—zkx{4a
0 4 2 2
(27) k* —my
_ gGH oap(f +mo) + (K + mg)oa
4 (k2 Q)2
22 2
g°G k% +mol
84 . 12
T teMeE it (12)
where we used the following notations
Gl =G, G*=GAGh, (13)

with a, b = 1, 2, 3 being the color and A,B,C =1,2...8
being the flavor indices. In Eq. (13) 4 = 14/2, 4 are the
Gell-Mann matrices and the gluon field strength tensor
Gl = G)p(0) is fixed at x = 0.

By replacing the heavy and light quark propagators we
apply the following Fourier transformation:

'(_1)n+12D—2nﬂ.D/2

1 _ dPt Y
[y = x)]" / (27)P

(D/2—n) [ 1\P/n
() 1

Then, the four-dimensional x and y integrals are performed

. )
in the sequel of the replacements x, — 3, and

is procedure brings two four-dimensional

Yu = =i (91
Dirac delta functions which are used to perform the four-
integrals over k and k¥’ coming from the heavy b and ¢
quarks propagators. Then the Feynman parametrization and
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N in? (—l)ﬁ‘“F(ﬁ +2)I(a—p-2)
T TR

(15)

are used to carry out the remaining four-integral over ¢. The

function T3P (p, p'.q) includes twenty-four different
structures that not all of them are written here:

L (p.p'.q) =12 (0% p. 4" 1,

ny ) (P p%.)p P+ (16)

+
where, the invariant functions H?CD (p%, p”. q¢*), with i
representing different structures, are represented in terms of
a double dispersion integral as

CD
meP(p, p2.4%) = / " ds / ® gy L (5:547)
l Smin s (S - p2><sl - plz)

min

-+ subtracted terms, (17)
where sy, = (m, +mg +my)%, s = (m, +myg +m.)?
and plQCD (s,s’,q%) are the spectral densities corresponding

to different structures. These spectral densities that
are obtained by taking the imaginary parts of the
P (p2, p, ¢?) functions according to the standard
prescriptions of the method used, include two different

parts and can be classified as

5

PP (s, 5" q%) = plert(s.s'. %) + Y _pi(s.s'.q%). (18)
n=3

where by pf(s,s’, g*) we denote the nonperturbative
contributions to p?CD(s, s',¢*): n=3, 4 and 5 stand for
the quark, gluon and mixed condensates, respectively. Due
to the lengthy expressions of the spectral densities, we
present only the explicit forms of the spectral densities
p;,eg (s,s",q*) and p;,h(s, s',q*) corresponding to the
Dirac structure p'y, in the Appendix.

After applying the double Borel transformation on the
variables p? and p’? in QCD side and subtracting the
contribution of the higher resonances and continuum states
supported by the quark-hadron duality assumption and
matching the coefficients of different structures from the
physical and QCD sides of the correlation function, we find
the required sum rules for the form factors that will be used
in numerical calculations.

III. NUMERICAL RESULTS
FOR FORM FACTORS

In this section, we shall give our numerical results for the
form factors and find their fit functions in terms of ¢*. In
our calculations, we set m, and m, equal to zero. Other
input parameters used in our evaluation are collected in

TABLE I. Input parameters used in calculations.

Parameters Values

me (1.28 +0.03) GeV [29]
nmy, (4.18%93) GeV [29]

m, 0.00051 GeV [29]

m, 0.1056 GeV [29]

m, 1.776 GeV [29]

my, (5619.51 +0.23) MeV [29]
My, (2286.46 + 0.14) GeV [29]
Gr 1.17 x 107°GeV~2 [29]
Vep (39 £ 1.1) x 1073 [29]
m? (0.8 +0.2) GeV? [30,31]
Ta, 1.47 x 10712 [29]
(uit) = (dd) (0.24 £0.01)* GeV? [32]

(0] 1a,G62/0) (0.012 4 0.004) GeV* [32]

Table 1. The sum rules for form factors contain extra four
auxiliary parameters: the Borel parameters M? and M'* as
well as the continuum thresholds s, and s{,. According to
the standard prescriptions of the method, the results of form
factors should be practically independent of these param-
eters. Hence their working regions are settled such that the
results of form factors depend possibly weakly on these
parameters.

The continuum thresholds s, and s;, are not entirely
arbitrary parameters and they are in correlation with the
energy of the first excited states in the initial and final
channels. We choose then the intervals

(ma, + 0.1 GeV? < 5 < (my, +0.5)> GeV?,
and
(my, +0.1)2 GeV? < 5 < (my, +0.5)* GeV?.

The working regions for the Borel mass parameters are
determined such that the results show good stability with
respect to the variations of these auxiliary parameters. The
are a lot of ways to fix these mathematical quantities (see
[33] for one of these ways). To find the working regions of
these parameters we apply the requirements that not only
the higher state and continuum contributions are sup-
pressed but also the contributions of the higher order
operators are small, i.e., the sum rules are convergent.
Thus, the upper bound of the Borel parameters are found
demanding that the ground state contributions in the initial
and final channels exceed the contributions of the higher
states and continuum, i.e., we impose the condition

) St M2 M2
50 s fs"ﬂ ds'e s/ M e s' /M pi(S,S/,qz)

Smi s .
min min

® ds [ ds'e™s/M =5 1M" (5§ q?)

Smi S .
min min

>%. (19)
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TABLE II. Parameters of the fit function for different form factors corresponding to A, — A, transition.

Fi(q?) Fa(q?) F3(q%) Gi(q*) Gx(q%) Gi(4%)
F(¢?=0) 1.220 + 0.293 —0.256 £+ 0.061 —0.421 +£0.101 0.751 +£0.180 —0.156 +0.037 0.320 + 0.077
& 1.03 2.17 2.18 1.41 1.46 2.36
& -4.60 —8.63 -1.02 -3.30 -6.50 -2.90
& 28 51.40 18.12 21.90 41.20 28.20
&y =53 -85.2 =32 —40.10 —74.82 —45.2

To find the lower bounds on the Borel parameters we
demand that the perturbative part exceeds the total non-
perturbative contributions and the highest order operator
constitutes maximally 10% of the total contribution in each
case. With these requirements, the working regions for the
Borel parameters are found to be

6 GeV? < M? < 10 GeV?,
and
4 GeV? < M"? <6 GeV2.

The aforesaid intervals for the Borel and threshold
parameters prompts the below window to the parameter f:

-0.5 <x <405,

where we utilize x = cos @ with # = tan™! 3 to examine the
full region i.e., —oo to oo for f# by changing x in the interval
[—1, 1]. Note that the Ioffe current with x = —0.71 stays out
of the trustworthy region in this evaluation.

Having determined the working regions for the auxiliary
parameters we proceed to find the behaviors of the form
factors in terms of g2. Our analysis shows that the form
factors are well fitted to the function

where the average values of the parameters, F(0), &, &,
&3, and &4 for A, — A U transition are presented in the
Table II. Note that to find the average values for different
parameters presented in Table II, we first find their values at
different values of the auxiliary parameters M2, M", sy, s,
and x in their working intervals then take the average of the
obtained values at various points.

Figures 1 and 2 show the dependence of the form factors
F;and G, on ¢* inits allowed region, m? < g* < (my, —m,_)*
and at average values of auxiliary parameters. As is seen we
encounter the uncertainties of the form factors in these
figures. The solid lines show the average behavior of the
form factors. From these figures we see that the form factors
demonstrate a good behavior and gradually increase with
increasing the transferred momentum squared. The fit
functions of form factors will be used as the main input
parameters to evaluate different physical observables in the
next section.

IV. DECAY WIDTH AND BRANCHING RATIO
OF A, — AtV

In this section we would like to evaluate the decay widths
and branching fractions of the semileptonic A, — A,7D,
transitions in all lepton channels. To this end we use the
previously defined amplitude [see Egs. (2) and (3)], i.e.,

Gr . -
F(O M =—=V_ ly"(1 —ys)v{A.(p)|cy,(1 —ys)b|A ,
Flq?) = . q4( ) . . (20) N (1= ys)v(Ae(P)Cr,(1 = 75)bIA (D))
(1_£1ﬁ+£2m§\,,+53m_&+§4m_§\b> (1)
4 T T T T T 0.0 0.0 T T T T T
-0.5 \
=10
-15
-2.0 L L L L .
0 2 4 6 8 10
7'[Gev’] ¢’[GeV’] ¢’[GeV’]
FIG. 1. F,, F,, and F5 form factors as a function of ¢> at average values of auxiliary parameters.
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2.0 T T r r r 0.0 2.0

1.5F

&5 1.0 . ;

osf ) /

B T e e S S S T e R T
7[GeV] lGev’] 7lGev?]

FIG. 2. G,, G,, and G5 form factors as a function of ¢> at average values of auxiliary parameters.

as well as definitions of the transition matrix elements in
terms of form factors from Eq. (4). By applying the Fermi
golden rule and using the square of the above amplitude,
after lengthy calculations according to the standard pre-
scriptions, the angular distribution of the decay A, —
AW~ (—>¢"Dy) is obtained as (see also [18,19,21,34]):

dU(A, = A£D,) G2

= V., |?
dg*d cos 0 (2x)3 Ve

P2~ m2)?
48mf\bq2

w(0.q%),
(22)

where, m, is the lepton mass, 0 is the angle between the
momenta of lepton £~ and W~,

A=Mm3, m} .4°)

=my, +m} +q*=2(m} m} +m} ¢>+m3 q°). (23)
and
3
W(0.q*) = 3 {(1 + cos?0)Hy(g?) — 2 cos OHp(g?)
m
+ 25in%0H, (¢7) + 7 (2Hs(4?)
+ sin?0Hy, (¢%) + 2cos?0H, (¢?)
—4cos GHSL(qz))}. (24)

The parity conserving helicity structures entering the above
equations are defined [18] as

Hu(q?) = [Hyipa | + [Hoy oo

HL(q%) = [Harjp0l* + [Ho1 /200

Hs(q?) = [Hy1 0> + [Ho1j2.
Hs.(q%) = Re(HH/z.oHL/zJ + H—l/zﬁoHT_l/z,,), (25)

where, the parity violating helicity structure is given
by [18]

”‘”P(Clz) = |H+1/2,+1|2 - |H—1/z,—1|2- (26)

The helicity amplitudes entered the above relations are
also defined in terms of the corresponding form factors
as [18,34]

V.A 1

Hivpno= \/?\/2’”/\/"& (wF1)

x [(my, :I:mA(_)FY'A(w) tmy (wE I)F;/’A(w)

£my, (wE 1)Fy*(w)],
HK’I’%J ==2y/my,my (WF I)FY’A(W>,
1
HY, = —=1/2mp,mp (WwE1)
IRV :
x [(my, F mA(.)FY’A (w) £ (my, —mALW)F;/'A(W)
£ (mp,w—mp ) F3 ()], (27)
with

2 2 2
" my, + my —4q
=t e
2mAhmAC

where the upper and lower sings corresponds to V and A,
respectively and FlV =F, Ff‘ =G; (i=1, 2, 3). Here,
HX,’QW are the helicity amplitudes for weak transitions

generated by vector and axial vector currents, while A’
and Ay are the helicities of the final baryon and the virtual
W-boson, respectively. 4y = ¢ for total angular momentum
J =0, with t meaning temporal. The amplitudes for
negative values of the helicities can be purchased using [18]

=+H)"

V.A
H—}/.—/lw A Ay
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TABLE III. Decay width (in GeV) and branching ratio of the semileptonic A, = A.£7, transition.
Parameter Present Work [18] [19,21] [22] [20] [23] [16] Experiment [29]
Ab - Ac(enu)a(e,ﬂ)
I'x 10" 2.32 +0.64 291 3.03 2.23
Br (%) 6.04 +1.70 6.48 6.9 4.83 6.3 6,2:1:;‘
Ay = A1,
I'x 105 7.35 +2.06 9.15 1.25 7.34
Br (%) 1.87 £0.52 2.03 2.0 1.63
and the total helicity amplitude for the vector-axial vector Br[A, — A (e, u)D
| AP g = Bl = AclemPenl o314 01y a1
current can be written as [18]

Hg/‘gw - H/‘I/’./IW - Hﬁ',ﬂw' (28)

Performing the integral over cosé in Eq. (22), the
differential decay width is obtained as [18,21,34]:

dl(A, — A.tv;) G AM2(q? —m2)?

2 - 3 |Vcb|2 3 2 lH]tot(‘]z)7
dgq (27) 48my q
(29)
where
m2 3m2
M) = [H(?) + 1)1+ 525 ) + 5os sl
(30)

Now, using the fit functions of the form factors pre-
viously found and other inputs we are able to estimate the
decay width and branching ratios of the transitions under
consideration. The numerical values for the decay widths
and branching ratios at different channels are shown in
Table III. In this table, we also present the predictions of
other theoretical methods (in some cases we have changed
the original unit to GeV) as well as the existing exper-
imental data. From this table we see that the order of
magnitude for the widths and branching fractions from
different theoretical predictions are the same, though they
show considerable differences in values in some cases. Our
result on the branching ratio in e, p channel is in nice
agreement with average experimental value presented in
PDG [29]. Our predictions at 7 channel can be checked by
future experiments.

As a final task we would like to report the ratio of
branching fraction in z channel to that of the e, u:

Br[A, = A.tD,]

which may also be checked by future experiments.

V. CONCLUSION

The recent serious deviations of the experimental data
from the theoretical productions made in the context of SM
on the ratios of the branching fractions of the mesonic
B — D) decays in 7 channel to that of the (e, x) have put
this subject in the focus of the much attention. While direct
searches end up with null results in the search of NP effects
at different colliders, these can be considered as significant
indications for the NP effects beyond the SM. The
corresponding b — c£7, based transition at baryon sector
that is possible to study in future experiments is the
semileptonic A, — A.£D, transition. we shall look at
different experiments whether similar deviations is the
case in this transition or not? In this connection we studied
this transition at all lepton channels by calculating the
responsible form factors in full QCD. we used the fit
functions of the form factors to estimate the corresponding
decay rates and branching fractions. We found the ratio

R= 2o =0.31£0.11, which may be checked

in future experiments. If we observe serious deviations of
data on this ratio from the SM predictions, like those of the
mesonic channels, this will increase our desire to indirectly
search for new physics effects in heavy hadronic decay
channels.
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APPENDIX: THE SPECTRAL DENSITIES

In the following we present the explicit forms of spectral
densities corresponding to the form factor F;:
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pl;j;:[(s, s q?) = /)1 du Al_u dv {ﬂ2{15367r4(u1+ S 1) [—16m3 (u — 1) v(u + v) + 16mim.uv(u + v)
+my(=7s"(u = 1)%u? + (u— Vul8(s + ") = T(s + 25" )u + ¢*(23u — 8)|v
+[=9s + 8(=3¢> + 35 + 5 )u + (23¢> = 7(2s + 5'))u?|v* + 5(9 — Tu)v® — 16m2(u — 1)u(u + v))
+meu(s(u+v—1)[u+Tuv +v(2 + 70)] + u[16m2(u + v) + s'(u + v = 1)(1 + Tu + 7v)]

— qPulu + 23uv + v(23v - 6) — 1])] }

1
* 7687 (u+ v —1)>2

{=12m3 (u — V)v(u+ v) + 12mim.uv(u 4 v) + my[-7s"(u — 1)?u?

+ (u—Du(6(s + ") = 7(s + 25")u + ¢*(19ug))v + (=55 + 6(=3¢*> + 35 + s")u

+[19¢> = 7(2s + ") |u®)v? + s(5 = Tu)v® — 12m2(u — u(u + v)]

+ moulq*u(u —19uv + (8 = 19v)v — 1) + s(u + v — 1) (v(7v = 2) + u(7Tv = 1))

+u(12m?(u+v) + 5" (u+v—1)(Tu+7v - 1))]}O[L(s, 5", ¢*)], (A1)

5, (5.5 ) = @ A ' du A T o {(dQ) (2B (4 + 3u) — B4 — 120)120) + (i) (=382 + u) + 4B(3u — 1) +2)}

x O[L(s.s".q")]. (A2)
p;“ (s,5'.¢*) =0, (A3)
Py, (5:8'.0%) =0, (A4)
where,
L(s,s'.q*) = —miu+ s'u — s'u®> — m3v + sv+ q*uv — suv — s'uv — sv° (A5)

with ©]...] being the unit-step function.
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