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1 Introduction

According to the quark-gluon picture baryons are represented as their bound states, and
for this reason what is measured in experiments is actually indirect manifestation of their
realizations. The experimental investigation for obtaining information about the internal
structure of baryons is based on measurement of the form factors. One main direction
in getting useful information in order to understand the internal structure of baryons is
to study the electromagnetic properties of the baryons. At present, except the proton
and neutron, the electromagnetic form factors of octet spin-1/2 baryons have not yet been
studied experimentally.

The experiments conducted at Jefferson Laboratory (JLab) and Mainz Microton facilty
play the key role in study of the electromagnetic structure of baryons via the scattering of
electrons on nucleons, i.e., eN — eN*, where N* is the nucleon excitation. These reactions
proceed through the v*N — N*, where v* is the virtual photon, and these transitions
are described by the electromagnetic form factors. The study of the properties of nucleon
excitations, in particular the form factors constitute one of the main research programs of
the above-mentioned laboratories.

In one of our previous works we analyzed the v*N — N*(1535) transition form factors
[1] within the light cone QCD sum rules method (LCSR) [2] (for an application of the
LCSR on baryon form factors, see also [3]). The experiments that have been conducted
at JLab for this experiment have collected a lot of data. The future planned experiments
at JLab will allow the chance to study the structure of N* at high photon virtualities up
to Q* = 12 GeV? (see [4]). This transition has already been studied in framework of the
covariant quark model [5] and lattice gauge theory [6].

In the present work we extend our previous work for the v*N — N*(1535) transition [1]
to all members of the positive and negative parity spin-1/2 octet baryons. In this regard
we analyze the v*¥ — ¥* and v*= — Z* transitions and calculate their transition form
factors within framework of the LCSR. All these transitions are customarily denoted as
v*B — B*, where B represents the spin-1/2 positive parity; and B* represents the spin-1/2
negative parity baryons.

The paper is organized in the following way. In section 2, the sum rules for the form
factors of the v*B — B* transitions are derived in LCSR. Section 3 is devoted to the
numerical analysis, summary and conclusions.

2 Transition form factors of v*B — B*

It is well known that in describing the v*B — B* transition, the electromagnetic cur-
rent Jﬁl is sandwiched between B with momentum p and B* with momentum p’, i.e.,

(B*(p) ‘Jﬁl (q)} B(p)). This matrix element is parametrized in terms of two form factors
as:

(1 el = / _@ * 2
(B*(p) | ()| B(p)) = uB*(p.)Kw p )F1 (@)



where F;(Q?); and Fy(Q?) are the Dirac and Pauli form factors, respectively; ¢ = p — p';
and Q% = —¢*. Appearance of the second term in F} is dictated by the conservation of
the electromagnetic current. In order to derive the LCSR for the form factors Fy(Q?) and
F3(Q?) we consider the following vacuum-to-ground state positive parity baryon correlation
function:

Ha(p,q) = i / dze® (0| T{n(0)J ()} B(p)) - 2)

Here 7 is the interpolating current of the octet baryon, and J;l(:)s) = euliYatteqdyad+es5v,s
is the electromagnetic current. The general form of the interpolating currents for light octet
baryons are given as:
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Ny- = e+ (u —d) ,
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where C is the charge conjugation operator; and Al = I; A2 = Al = ~5; and A2 = 3.

We consider now the hadronic transitions involving negative parity baryons. According
to the standard procedure for obtaining sum rules for the corresponding physical quantities,
we substitute in Eq. (1) the total set of negative and positive parity baryon states between
the interpolating and electromagnetic currents. The resulting hadronic dispersion relations
contain contributions from the lowest positive parity baryon and its negative parity part-
ner. The matrix element of the interpolating current between the vacuum and one-particle
positive parity baryon states is determined as:

(0fnl B(p)) = Apus(p) , (4)

where A\p is the residue of the corresponding baryon. Similarly, the matrix element of the

interpolating current between the vacuum and one-particle negative parity baryon states is
defined as:

(0[n] B*(p)) = Ap-vs5un-(p) - (5)

The hadronic matrix elements (B(p — q) |J&| B(p)) and (B*(p — q) |J'| B(p)) are defined
in terms of the form factors. The second of these matrix elements which is written in terms
of the Dirac and Pauli type form factors is given in Eq. (1). The first matrix element
describing the electromagnetic transition among positive parity baryons can be obtained
from Eq. (1) by making the following replacements Fy',(Q*) — F12(Q?), and then omitting
the ¢q./q? terms and replacing 5 with the unit matrix.



Using the equation of motion (p — mp)up(p) = 0, the correlation function can be
represented in terms of six independent invariant functions as:

(P — 0% ¢*) = (P — 9)* ¢*) e + a((p — 0)°, ¢*)ga + T3((P — 9)*, 4*) gt
+IL((p — 0)%, ¢*)pa + s((p — @), ¢*)pad + (0 — @)%, ¢*)ad » (6)
where all invariant functions depend on (p — ¢)? and ¢°.

Using the definition of the form factors and residues, and performing summation over
the baryon spin we get the following expressions for the invariant functions:
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N2 2y Ap(mb —my) . Ap-(mp- —mp) (2
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i —(p—Q)zFQ(q )+

2 oy _ Ape(mp+mp) Ap- v 2

H3((p q)7q)_ qg[mQB*_p/Q] Fl(q>+(mB*+mB)[m2B*—(p—q)2]F2(q)
A Fy(g®) + - (7)

2mp[my — (p — q)°]
Here dots correspond to the contributions of the excited and continuum states with quantum
numbers of B and B*. According to the quark hadron duality these contributions are
modeled as perturbative ones starting on from some threshold s.

Employing the nucleon interpolating current, we now calculate the correlation function
from the QCD side. In order to justify the expansion of the product of two current near
the light cone 22 ~ 0, the external momenta are taken in deep Eucledian domain. The
operator product expansion (OPE) is carried out over twist which involves the distribution
amplitudes (DAs) of the baryon with growing twist. The matrix element of the three quark
operators between the vacuum and the state of the members of the positive parity octet
baryons is defined in terms of the DAs of the baryons, i.e.,

e (0 ¢t (a12) 35 (a2x) g5, (asz)| B(p)) (8)

where a, b, ¢ are the color indices; a1, as; and as are positive numbers.
Using the Lorentz covariance, and parity and spin of the baryons this matrix element
can be written in terms of 27 DAs as:

4Eabc <O ‘q(fa(a,ll’)qgﬁ(agx)qgﬁ{(agl')‘ B Z f I‘ P2zB )} ’ (9)

where I'* are certain Dirac matrices; and JF; are the DAs which do not posses definite twist.
For completeness, the matrix element (9) is presented in Appendix A.
The matrix element given in Eq. (8) is defined in terms of the definite twist DAs as:

4€abc <O ‘q‘lla(alx)qgﬁ (agx)qgw(ag,x)‘ B Z F F/lz F/22B )] o



and the two sets of DAs are connected to each other by the following relations:

81 = Sl s (2P SL’)SQ Sl — Sg s

Plzpl, (QPSL’)PQ PQ—Pl,

V=V, @2P-2)Vy =V — Vo — Vi,

V3 = Vs, (AP-z)Vy= =2Vi + V3 + V) +2V5

(4P-x) Vs = V4 — V3, 2P-x)*Vs=-Vi+Va+Vs+Vi+ Vs Vs,

Al :Al 5 (2P:)§')A2 - _Al —I—Ag —Ag 5 (10)

2A3 = Ag s (4PSL’)A = —2A1 Ag — A4 + 2A5 s

(4P'SL’)A5:A3—A4, (QPSL’) Aﬁ Al A2+A3+A4—A5+A6,

ﬂ:Tl, (2P$)T:T1+T2—2T3,

275:T7, (2PZL’)7Z:T1 T2—2T7,

(2PZL’)7E,: —T1+T5—|—2T8, (2PZI§') %ZQTQ—2T3—2T4—|—2T5—|—2T7+2T8,
(2P-z)

2
(4P'SL’)7§IT7—T8, 27%=-T1+T2+T5—T6+2T7+2T8.

We also present the explicit expressions of the DAs with definite twist in Appendix B.
The calculation of the invariant amplitudes from the QCD side is tedious but straight-
forward. The invariant amplitudes in terms of the spectral densities py;, p4;, and pg; can be

written as:
B p2i( p4i(x) pei ()
= N/ { (—po  (a—p) (g —px)G} ’ -

where N = 2 for the ©*, ¥~ Z°, and Z~; and v/2 for X° baryons. Explicit expressions
of the spectral densities po;, ps4;, and pg; are presented in Appendix C. It should be noted
that the sum rules derived from combinations of different Lorentz structures are suggested
in [7].

Equating Egs. (7) and (11), and performing Borel transformation over —(p — q)? we get
the following sum rules for the v*B — B* transition form factors:

Mg+ [mp- +mp)Fy(Q?) +mpe —mp)Fy(Q%)] e™™b/M = —[,(Q*, M?, s0) ,
o [ <2 (@) 4 B (@) e = (@20 )
—+ 2mB[3(Q2, Mz, 80) , (12)

and I;(Q%, M?, sy) are determined to be:

Ii(Q2,M2, So) = /1 dl’|:— p%(x) + p4i(£L’) o p6i(x) :|6_8(x)/M2

x x2M? 203 M4
[ pai(o) 1 peilo)
1
2

xo

Q? + 22m% 21 (Q? + x2m3) M?

g d pei(To) 50/ M?
m(dxo o(Q? +x0mQB)M2)]€ } ’ (13)

where

TQ* + xTmy

s(r) = ——,



and zg is the solution of s(z) = sq.

As has already been noted, the analysis of the experimental data for the nucleon system
is performed with the Dirac and Pauli type form factors. The data for the nucleon reso-
nances is mostly analyzed with the help of helicity amplitudes (see for example [4,8,9]). In
other words, in the analysis of data related to the negative parity baryons it is more suitable
to study the helicity amplitudes instead of Dirac and Pauli type form factors. The electro
production of negative parity spin-1/2 baryon resonance in the y*B — B* transitions is
described with the help of two independent, transverse amplitude A;/,; and longitudinal
amplitude S} /3. The relations among the form factors /" and F;, and helicity amplitudes
Ay and Sy is given as:

Ayp = —2e \/ (ma + mp)* + O {F*(QQ) B T ()| (14)

8mp(m%. —m%) mps +mpg

SmB m%, —m%) Q2| mp- —|—mB

S — Ve \/ mp- +mp)? + Q* |q] [mB* FHQ)
 (mp +mB) @ )} )

where e is the electric charge; and ¢ is the photon three-momentum whose absolute value
in the rest frame of B* is given as:

VO +2Q2(mi,. +mp) + (mp. — mp)?
QmB* )

s

In determining the form factors F}" and Fy from the sum rules given in Eq. (12) the
residues g+ of the negative parity baryons are needed, which is obtained from the two-point
correlation function

M) = i / d'ze™ (0T {(2)7(0)}] 0) -

Following the same procedure presented in [1], we get for the mass and residue of the
negative parity spin-1/2 octet baryons

S0
/ dse Mg [mBImHI(s) - Il’Ing(S)]
0

m2B* = S0 ’ (16)
/ ds e /M [mBImﬂl(s) - Imfb(s)}
0
e B*/M 1 50 2
Ao = 2 [ s e T () — Tmlla(s)| 1
P = el [ s [l (5) — Tl ()] (7)

ImlIT; (s) and Imlly(s) correspond to the spectral densities for the p and unit operator
structures, respectively, and they are calculated in [10].



3 Numerical analysis

In the previous section we have calculated the v*B — B* transition form factors and
helicity amplitudes using within the framework of the LCSR method. In this section we
will present our numerical results on the helicity amplitudes.

The main nonperturbative contributions to LCSR are realized by the DAs, which are
presented in the Appendix. In the numerical analysis we will use the DAs of the ¥, = and
A baryons which are calculated in [11-13]. The parameters appearing in the expressions of
the DAs are determined from the two-point QCD sum rules, and their values are given as:

fz = (9.94£04) x 1072 GeV? ,
M= —(2140.1) x 1072 GeV?
Ao = (5.2£0.2) x 1072 GeV? |
A3 = (1.7£0.1) x 1072 GeV? |

fo=1(94+04) x 1073 GeV? ,

M= —(2540.1) x 1072 GeV? |

Ao = (44+0.1) x 1072 GeV? |

A3 = (2.0£0.1) x 1072 GeV? | (18)

We have recalculated these parameters once more and obtained that the sum rules of these
parameters given in [9-11] contain errors. Our reanalysis on these parameters predicts that:

fz = (11.70 £ 0.4) x 1072 GeV? |
A= —(315+£0.1) x 1072 GeV? |
Ay = (6.50£0.2) x 1072 GeV? ,
A3 = (2.154£0.1) x 1072 GeV?

fe = (13.00+£0.4) x 107 GeV? ,

A = —(3.15£0.1) x 1072 GeV? |

Ay = (6.75+£0.1) x 1072 GeV? ,

A3 = (1.80£0.1) x 1072 GeV? , (19)

which we shall use in our numerical analysis. The masses of the negative parity baryons
are taken from the QCD sum rules estimation give in Eq. (17) having the values: my« =
(1.7£0.1) GeV mgz- = (1.75+0.1) GeV, and my~ = (1.7£0.1) GeV which are very close to
the experimental results. For the quark condensate we use (gg)(1 GeV) = — (246135 M eV)3
[14].

The domain of the Borel mass parameter used in the calculations for the form factors is
chosen to be M? = (1.8 +0.4) GeV?, which is decided with the criteria that the power and
continuum contributions are sufficiently suppressed. The value of the continuum threshold
is determined in such a way that the mass sum rules prediction reproduce the experimentally
measured mass to within the limits of 10-15% accuracy, and this condition leads that

6



so = (3.740.3) GeV?2. The working region of the arbitrary parameter 3 is determined from
the condition that \%. be positive and exhibit good stability with respect to the variation
in #. Our analysis shows that the residues of all negative parity baryons satisfy the above-
required conditions in the range 0.4 < # < 0.8, which we shall use in further numerical
analysis.

In Figs. (1) and (2) we depict the photon momentum square Q? dependence of the
helicity amplitudes A;j, and Sy /o for the v*S+ — 1% respectively, at M? = 1.6 GeV?,
so = 3.5 GeV?, and at three fixed values of § picked from its working region. For the
parameters A;, Ay and A3 appearing in DAs, we use our own results given in Eq. (19). In
order to keep higher twist, continuum and higher states contributions under control Q? is
restricted vary in the domain 1 GeV? < Q? < 10 GeV?. It follows from Fig. (1) that, 4,
decreases with increasing @? and tends to zero asymptotically. The situation for S, is
presented in Fig. (2), from which we observe that it also mimics the behavior of A;/, and
tends to zero at large Q2. We see that the transversal helicity amplitude is 3 to 4 times
smaller in modulo compared to the longitudinal helicity amplitude S 5 at all values of Q2.

In Figs. (3) and (4) the dependencies of A;/ and 515 on Q* at the same values of M?
and sg are presented for the v*¥~ — »7* transition, respectively. The trends in regard
to their dependence on Q% are same, i.e., both amplitudes decrease with increasing Q? in
modulo. We also observe that the values of the modulo of A,/ and S/, are small compared
to the v*X+ — X** transition, at least 2 to 3 times.

In Figs. (5) and (6) we present the @ dependence of the transversal and longitudinal
helicity amplitudes for the v*3° — 3% transition. We see from these figures that the
magnitude of A/, seems to be slightly smaller compared to the "X~ — X" case, while
the magnitude of S/, appears to be approximately 50% larger compared to the same
transition.

The Q? dependence of A, s2 and S} /9 for the v*=7 — =77 transition are given in Figs.
(7) and (8). We observe from these figures that the values of A/, are quite similar to the
ones predicted for the 4*¥~ — X 7" transition. In the case of S}/, however, the difference
between the transitions is around 40%.

Finally, Figs. (9) and (10) depict the dependence of the helicity amplitudes on Q2
for the v*2° — =% transition. It follows from these figures that, A;/; change its sign at
Q? = 1.5 GeV? at the fixed value of the arbitrary parameter 8 = 0.8. The maximum value
Ay is equal to 0.04 at Q* =1 GeV?, when = 0.4. We further see that the magnitude of
Si/2 is quite close to the one predicted for the 4*X° — X% transition.

We can summarize our results as follows:

e The transversal helicity amplitude A/, seems to be practically insensitive to the
values of the arbitrary parameter g for the v*>7 — 37" and v*=~ — =" transitions.

e Contrary to the above behavior, the same amplitude A;/, for the "X+ — ¥** is
quite sensitive to the value of 3. The value of A;/, at Q? = 1 GeV? doubles itself
when g changes from 0.4 to 0.8.

e The longitudinal amplitude S}/, does weakly depend on (3 for all considered transi-
tions.



Of course measurement of these electromagnetic form factors is quite difficult due to the
short life-time of hyperons. We hope that along with further developments in experimental
techniques, measurement of these transition form factors could become possible.

It should be noted here that, our results can be improved further with the help of more
reliable calculations of DAs and with the inclusion of perturbative O(ay) corrections, and
the first attempt in this direction has already been made in [15].

In conclusion, we investigate the electromagnetic transition among octet positive and
negative parity baryons within LCSR method. We calculate the transversal and longitudinal
helicity amplitudes described by these transitions. The Q? dependence of these amplitudes
are studied. We show that the longitudinal helicity amplitude seems to be practically
insensitive to the variations in the arbitrary parameter § for all considered transitions.
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Appendix A

In this appendix we present the general Lorentz decomposition of the matrix element of
the three-quark operators between the vacuum and the octet baryon states in terms of the
DAs [16].

4(0 [e9%ul, (ay2)udy(aza)ds (asz) | B(p)) =
SimpCap (15B), + Ssm3Cap (195 B)., + Pimp (15C) 45 By + Pamy (150) 5 (£B),,

2
n (vl B Y ) () .5 (13B), + Vamss (40,5 (£15B), + Vamis (1,C), 5 (1#15B).

r’m%
+ V4m2B (¢C)aﬂ (753)7 _I_ V5m2B (VMC)aﬁ (Z.O-MVZEV’VSB)—Y + Vﬁm% (¢C)aﬁ (¢75B)'y

4
2
+ (Al + Aiw) @750)(1& B, + Aymp (]5’750)(16 (ﬁ{B)«, + Asmp (7;/75C>a5 (’VMB%

r’m%
+ Ay (£750) g By + Asmy (1,75C) o5 (1077, B)., + Asmiy (#750) 05 (#B),

4
1'2sz M v m TR
Tt — T ) W10 C) 5 (4" B)., + Tems (207104, C) 5 (155),
+ Tsmp (00 C),5 (0" B)., + Tamp (00, C) 5 (677,75 B)
+ Tsmig (2%i0,0,C) o5 (V'95B), + Tomip (2910, C) o5 (#75B).,

+ ﬁm% (UMVC)aﬁ (U“V ¢753)y + %m% (:L’VO’MVC)aﬁ (U“pxp’VSB)

o Y

where C' is the charge conjugation operator; and B represents the octet baryon with mo-
mentum p.
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Appendix B

twist-4 DAs:

Va(:) = 24122[0] + ¢f (1 — 5a3)]

Ag(x;) = 24mq29(x9 — 1) D)

To(z;) = 24my3 (€0 + & (1 — 5333)] )

V() = 1203{0(1 — 23) + ¢ (1 — 23 — 10z129) + 2y [27 + 25 — 23(1 — 23)]}
Ag(a;) = 12x3(0 — x1)[(V] + 0 ) + 5 (1 - 2a3)]

Ty(w:) = 6a3{B(¢g + ) + £3)(1 — x3) + (&f + i + &) (1 — 23 — 102175)

+ (91 —¥r + &) [T + a5 — w31 — a3)]}
Ty(x;) = 6x3{ (0] + o) — €1 — 23) + (of + U — &) (1 — 5 — 107175)

+ (01 — U1 —&D)[at + 23 — as(1 —x3)]}
Sy(wi) = 6x3(wy — x1)[(9 + 0§ + & + o5 + U + &) + (¢ — vy + &)1 —2x3)]
Py(x;) = 633(z1 — 22)[(0] + ¢ — &) + ¢ + 0 — &) + (65 — ¥y — &)1 — 2x3)]

twist-5 DAs:

Vi(z:) = 3{gp(1 — w3) + ¢F [1 — w5 — 2(2] + 23)] + 5 20125 — 25(1 — 23)]}
Ag(z;) = 3(952 — a1)[—y + O (1 — 23) + 5 3]

Ty(x;) —{(¢5 + g + &) (1 — s) + (o3 + i + &)1 — w5 — 2(aF + 23)]}
(¢5 vy +&5 )[21'1372 - 553(1 - 553)] )
Ty(z;) = §{(¢g +apy — E) (1 — w3) + (97 + 5 — &1 — a3 — 2(a7 + 23)]

+ ( — 5 + &) 2z — 23(1 — a3)]}

Vi(2) = 6aslgl + of (1 — 213)]

As(w;) = 6z3(z9 — 71)05

Ts(xi) = 6xs[ép + & (1 — 2a3)]

So(w) = o (w2 — )6+ U8 + ) + (6F + 9 + &)1~ 21)
+ (95 — Y5 +&5)as]

Pofa) = 2(on — )63+ 04 — D)+ (6 + 0 — &)(1 — 23)
(¢ — s — 55_)353] )

twist-6 DAs:
Vo(z:) = 2[¢g + o¢ (1 — 3x3)]

11
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Appendix C

In this appendix we present the expressions for the functions po;, py; and pg; which appear
in the sum rules for F*(Q?) for the v*¥T — X*F transition.

(Q +miz?) [4ms = mp) (14 B)(2 — @) + mu(1 = B)z] Bo(a)

+ eumuszQz{élsz(mB* —mp)(1+0)(2 —x) (56 + 56)

(1-5)

+ [sz[SmB* —mB(S—xz)]x§6+Q2[4mB* —mB(4—:c)]§6

— 8m%(mpe — mp)r(2 — ) §8} }(a:)

2 = 2
+ essz%{llmssz(mB* —mp)(1—05)(2— x)x(CG — DG)

+ 4(1 4 B)ymp(mp —mp)(2 — x) [2m8m3x§8 +(Q* + m2B:c2)§6]

+ (1+ B)ms [xsz 8mp- — ma(8 — 22)] + Q*[dmp- — mp(4 — x)ﬂ EG}(;,;)

P2 () = %eum?é@2(l —»){22mp —mp(2— )] (Co+ Do) +m, By Ha)

. eum%%Z(l n 5){ [mB[s (5 —2)a] — mpe (8 — 5;,;)] B
— 3z[2mp — mp(2 — )] ég}(;p)

2 = =
+ euszg—x(l - ﬁ){2m3x[2m3* — mp(2 - )] (CG - D6>

— my [mB(S + ) §6 — 8mp- §6 — 4mB:c§8} }(m)

2 =~ =~ =~
+ e“sz%(l + B){Cf Be — mpx[mpx + 4(mp- —mp)] (36 — 238>

- 2mum3x<56 + BG> }(:c)
— 3 Q(1 - B) [me(@ + 56) +ms(5ﬁ _ 56)] ()
+ esszg—j(l v B){Qme[Q(ms + mpe) — mp(2+ )] By

+ [QmB(mB* — mp)(8 — 3x) — 2Q + my[8mp- — mp(8 + :c)]] Eﬁ}(@
— eumBg—j(l — B){2m3(x3m23 —20Q%) (C’g + D2>

+ 2mpx [QmB(mB* — mB)(QC'Q +Cy —3C5 42Dy — Dy + 3D5) + Q? (02 + Dz)]

+Q? [4m3* (Cg + D2> +m, <32 + 584)}
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— mya? [Q(mB* —mpg) <C’4 —3C5 — Dy + 3D5>

+ m, (Bg — Byt 6By + 128, — 2, + zﬁl)} }@;)
+ eumBg—;(l + ﬁ){ — [2(mpr —mp)Q* + mia?] <B2 + 5B4>

+ 2mp(mpe — mp)z’ <Bz — By +6Bs 4+ 12B; — 2E, + 2H1)
+ mpe| = Q(By+5B.) — 8ms(mp. —mip)(Ba+ 2By + 3B +65; — By + 1))

+ my :mZBxZ(C'4 —3Cs — By + 335) _ (62 + DQ)} }@)
2

— eumg%(l — ﬁ){QmQB(mB* —mp)(2 — :E):)s<5'4 —Cs+ E4 — E5)

+ My Q2 <§2 + §4) + 4mB(mB* — mB)ZL’<§2 — §4 + 2§5)

- m%x(gg — By +2B5 +2F, + 2?[1>] }(x)
+ eumBg—;(l + ﬁ){ — [4(mp- — mp)Q* + mya?] <§2 + §4>

+ 8m%(mpe — mp)? <§5 + 2§7) + me[ — Q? (Eg + §4>
— 8mp(mp —mp) <§2 + B, +2Bs + 4§7>]
+ My, [ —mpx[2mps —mp(2 — )] <54 — 54>

+ mpa[2mp. — mp(2 + )] (55 - 155) + 202 (52 + 152)} }(m)

— comp (1= 8){4(mor — mp) e + Q) (G + D)

A (mpe — mp)(2 — x)x<65 - ﬁ5) +m, [ —2? (62 - ﬁ2)

+ mpe2mp. —mp(2 = 2)](Ci+ Di) + mpal2mp. —mp(2+2)](Cs + D5 ) | }(2)
+ esmBg—;(l + ﬁ){2(mB* — mp)Q? <§2 - 3§4) +mia® (§2 + B;)

+ 2m3(mp — mp)a? <§2 — By +2Bs + 4B, — 2, + 2ﬁ1>

+ mpx [Q2 <§2 + B\4> - SmB(mB* - mB)<§4 + B\5 + 2§7 - 2E1 + ﬁl):|
— my|Q*(By + Bi) — m3a? (B — By + 285 - 2B, - 211,
— dmp(mp. — mB)x(BQ — B+ 2§5)] }(gg)

— eums[2mp- — mp(2 — 1)]Q? /Ow dxs [(1 — B)(AM — VM) —3(1 + B)TIM] (,1 —x — x3,23)

+ et [an {0 - HQAY -+ W)
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+ mpx(l+ 8)[dmp- —mp(4 — :E)]TlM}(xl,x, 1—z —2x)

+ esmpQ°? /r dr, {[QmB(mB —mp-)z — Q*)(1 — B)(AY — VM)

0
+ mpelmp. = mp(2+ 2)](1+ AT Py, 1 - 2y - 2,2)

P (2) = eumty (1 + §) Bo(a)

- eumg%{(l +5) [(mB* — mB)(Bg + 534) + my, <C’2 + D2>]

+ (1-5) [4(m3* —mg) (Bz + B4) + my, <32 + 584)] }(:)3)
Q? ~
+ eumBﬂ{Q(l +0) [ —2(mp —mp) <Bg + B4>
+ mBg:<§4 + Bs+2B; + E; — f]l) + My, <5'2 + fb)}
+ (1-70) [2m3x<6’2 —Cs— Dy — 135) — mu<§2 + §4)] }(:c)
— esmBg—;{(l - B) [4(mB* — mB)<62 — ﬁg) — m3x<64 — @5 — 154 + 155>
— 9m, (52 - ﬁ2>] (14 5) [QmB* (Ez - 3§4) — 9mp(1 — ) By + 6mp By

+ 277’LB£E (§4 + 2§5 + 4§7> — Mg (EQ + §4>] }(ZL’)
+ eumBQz{me* —mp(2—2)](1+8) +m.(1—5)}
X / diU3(P1+Sl+3T1—6T3>(LU,1—LU—SL’3,LU3)
0
— eumpQ*{[2mp: —mp(2 - 2)](1 = B) + mu(1+ B)}
X / drs (A 4+ 243 — Vi +2V5) (2, 1 — o — x3,x3)
0
+ eumBQ2(1 + 6) /x d!L’l |:4(77’LB* — mB)(T1 — 2T3) + mBa:(Pl + Sl + Tl — 2T3)
0
+ mu(Al‘l-Ag—‘/l—i—‘/g)](l’l,lL',l — T —T)
2 z
+ 6um3%(1 — ﬁ)/ dl’l [szAiM + 2mB(mB* — mB)x(Ag — Vé) + Q2(A1 + Vi)
0
+ mume(Pl - 51 + Tl)] (LL’l, S(Z,l — T — SL’)
— esmpQ*(1+ f) / dz, {mB [(2 )P+ S)) + (2 4+ 2)(Th — zTg)]

0
— 2mp« (P + S1 + 11 — 213) + ms(P, — 51 —Tl)}(:vl,l —r1 —T,)
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Q2

i

— Q*(A; — W) —mQB[(A{” — VM) 4 22(A + A3 -V, +V},)]}(:B1,1 — T —T,7)

(1= 5) [ doy {2 (A1 + Ay = Vo4 Vi) + (s + Ay Vs = 13|
0

25 (@) = —eumly CEE 420 )1 4 8) — (e + ma)a(1 — 8)] By(e)

— eumquBé{élmQBQz(Q —z)z(l+5) (56 + 56>

— (1 = B)m%(mp- +mp)z® + mp(mp- — Tmp)Q*xr — 4Q* By
+ 8mbQ*(2 — 2)r(1 - §) Bs  (¢)

— demam QX2 — 2)(1— B) (56 _ 56) (z)

— eyt (14 ){4mpQA(Q? + miya?) 2 2) By

- ms[m%(mB* + mB)l’3 + mB(mB* — 777’LB)Q2ZE — 4@4] gﬁ

— 8mem5Q*(2 — Z’)l’ﬁg}(l’)

p§;+(l’) = —eum%%{Q(l + ﬁ) [8@2 éﬁ — ZEQ2 <5é6 — 6é8) + mB(mB* + mB)ZE2<é6 — 3é8)]
+2(1-B) [Q[mB(mB* +mp)a — 2Q7] (éﬁ + 136) — ma(mp- + mB)éG] }(x)
+ eumZB%{(l +8) [m +m)Q? B — mulmp(mp. +mpg)z — 4@2]x<§6 _ 2§8)
— 2mum3(m3* + mB)l'(éfj + 56)]
+ (1-7) [ng[mB(mB* +mp)r — 2@2]1'(56 — 56>
— 8my,Q? §6 —m,mp(mp- + mB)x<§6 — 4§8>] }(a:)
5 1 N = N N
— esmyp(mps + mB)%{Qx(l —p) [mB:E(CG + D6> + m5<C’6 — D6>]
+ (14 5) [2malms (me- +mi)z +2Q° — 2m,(mp. + m)|z B
+ 2Q[mp- + 3mp(3 — 7)) Bs + my[ms(ms. +mg)z + 8% §6} b)
— 6um3%(1 — B){2m33x3(m3* + mB)C'2 -+ szBQzl’z <é4 — 305 — D4 + 3D5)
— 2mBQ2:c [mB (302 + 204 - 605 — 2D4 -+ 6D5> — mB*ég]
— 4Q*Cy + 2[m%a® (mp- +mp) + mpr(mp- — 3mp)Q* — 2Q*| Dy
+ mu(mg* + mB) [Q2 (Bg + 5B4>

— m%a? (32 — By +6B5 + 12B; — 25, + 2H1>] }@;)
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+ eumB%u + ﬁ){[z@‘* — m(mpe +mp)z’] (32 + 534)

— om%0%? (32 — By + 685+ 128, — 25, + zﬁfl) — mpQr [mB* (32 + 534)

— mp(TBy + 118, + 2485 + 48B; - 8Ey + 811, )|

+ my (mB +mp) [me (04 3¢5 — Dy + 3D5) —20? (OZ + D2>] }(a:)

+ eump— (1 3){2m3Q*(2 — w)e(Cy — G5 + Dy - Ds)

— My [(mB +mp)Q° (Bg + §4) + 4mBQ2x<§2 — By + 2§5>

— m%2%(mpe +mp) (§2 — By+2Bs +2F; + 2?11)} }(x)

+ eump 21 (1+ 5){[4624 — my(mp- + mp)z’] (éz + §4)

— 8m Q% (35 + QB7> — mpQ2x [mB* (§2 n §4)

~ mp <7§2 + 7B, + 1685 + 3223})] _m, [mZB(mB* + mp)r? (54 —Cs— Dy + 55>
— 2mp@2x(Ci+ G = Dy = Ds) = 2mis +mp)Q*(Co+ D) |} (0)

s emes {6 5) (65

+ 4Q* <Cg + D2) - [me (mp- + mB)< — Cs5+ Dy — )
—2mBQ2x(54+(75+154+ﬁ5>+(mB +mp)Q ( )”

+ esmp 21 (1+ ﬁ){mB(mB +mp)w <§2 + B4> 2Q4<B2 3B )

— om% 0% (32 — By +2Bs + 4B, — 2E, + 2H1)

+ mpQe|mp- (B + B) + mp By + 9B+ 8Bs + 16B; — 8By + 811, ) |

— m[(mp- +mp)Q(Ba+ By) — miy(mp- + mp)a? (B — By + 2B; — 2B, — 21,
v 4mBQ2x(§2 ~ B+ 2[35)} }(x)

— cumblmp(mp+ mp)e — 207 [ e (1= gAY - V)

0
—3(1 +B)T1M] (,1 —x — x3,23)

1 x
+ ey [ o {(1= B)mp + me) @AY + V)
+ (1 + B)mp[mp(mps — mp)x — 4Qz]xT1M}(:c1, z,1 —x —x)

+e mBi/ dxy {(1 — B)[mp- +mp(1+22)|Q*(AY — VM)
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— (1 + B)ymp[mp(mp- +mp)x + 2@2]1’T1]V[}(£L'1, l—o—x,1)

5-(1+ 8) Bo(w)

5-(1+ 8) Bo()
+ eumB%{Z(l +3) [Q2 <Bg + 5B4> — my(mp- + mB)<C’2 + Dg):|
+(1-8) [4@2 (02 + Dg) — my(mpe +mp) (32 + 534)] }(x)

1 ~ ~ ~ ~ ~ ~ ~
+ eumB%{ﬂl + 5) |:2Q2 (BQ + B4> + mB(mB* + mB)$<B4 + B5 + 237 + El — H1>

P (x) = eymp(mp. +mp)

—e mB(mB +mp)

+ my(mpe +mp) (62 + 52)} + (mpe +mp)(1 - B) [Qme(ag —Cy—Dy— 55)

— My <§2 + §4)} }(95)
+ eampg{ (1= 8) [l +mp)e(Gs— G — D+ Ds) +4Q2(C, + D)

+ 2mgs(mp- + mB)<52 — 52>:|

— (1+8) [2@2@2 - 3§4) — 2mp(mp + mB)x<§2 + By+2Bs + 4§7>
+ my(mp- +mp) (B2 + Bi) | ()

+ e,smp(1+ ) /Ox dxs {[mB(mB +mp)r — 2Q*)(P, + Sy + 3Ty — 6T3)
— my(mps +mp)(A; + 243 — V; + 2V3) } xr,1 —x — x3,73)
—e.mp(l—p) /j dxs {[mB(mB* +mp)r — 2Q%)(A; + 245 — Vi + 2V5)
+ my(mpe +mp)(PL+ Sy + 371 — 6T3)}(x, 1 — & — 3, 23)

— eump(l+ ) /Ox dxy [4@2(T1 — 2T3) — mp(mp- + mp)x(Py + S + Ty — 273)
— my(mps + mp)(A; + A3 — V1 + V},)] (x1,2,1 — 21 — 2)

— et =) [ o { i ma + ma)(al + V)

— Q2[(mp- +mp) (A +V3) — 2mpa(A; — V)]

— mymp(mps + mp)x(P, — S + Tl)}(:)sl,:z, 11—z —x)

— esmB(l + 5)/ dl’l |:2Q2(P1 + Sl + Tl — 2T3) — mB(mB* + mB)ZL'(Pl + Sl — Tl + 2T3)
0

+ mg(mpg +mg)(Pi — 81 — Tl)] (21,1 — 21 — 2, 2)
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— esmB(l -+ B)/ dl’l |:2Q2(P1 + Sl -+ T1 — 2T3) — mB(mB* —+ mB)x(Pl —+ Sl — T1 + 2T3)
0

+ ms(mB* + mB)(Pl — Sl — Tl)] (1’1, 1— r1 — l’,!lﬁ')
1 T
+ esmp=(1- ﬁ)/ day {my(mpe +mp)(AY = VM) + Q2| (mp- +mp + 2emp) (A1 — V1)
0
+ 2m3x(A3 + ‘/3)} - msmB(mB* + mB):c(Al + Ag + ‘/1 - ‘/3)}(5171, 1-— xry —x, SL’)

In the above expressions for po;, ps; and pg; the functions F(x;) are defined in the
following way:

/ /
d.ﬁ(]l f(xl,x2, 1-— xry — LU2) s

1

d:)sz/ d:vl (21, 9,1 — 21 — a5)

’

ldxl F(ry,1 — 21 — x;,zg) ,

1— x
3 " "

F(xs) dxg dry F(xy,1 —x1 — 25, 23) .

Definitions of the functions B;, C'Z-, D;, F; and H; that appear in the expressions for
pi(x) are given as follows:

By =T+ 17— 213 ,

By =T — T, - 217,

Bs = -T) +T5+ 21y

Bg = 217 — 215 — 2T, 4+ 215 + 215 + 215
B; =17 - T,

By = -T1+ T, +1T5 — T+ 217 + 213
Co=Vi =V = V3,
Cy=-2Vi + V3 + Vi +2V5

Cs =V, — V3,
Co=-Vi+Vat+Va+Vi+V;-V5,
Dy = —A; + Ay — Az,

Dy, = —2A, — A3 — Ay + 245 ,
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Ds = A3 — Ay,
Dg = A — Ay + Az + Ay — As + Ag
EIZSI_S27
H1:P2—P1.

20



Figure captions

Fig. 1 The dependence of the helicity amplitude A/, for the "X+ — £** transition on
Q% at M? = 1.6 GeV?, sy = 3.5 GeV?, and at several fixed values of the auxiliary parameter

B.

Fig. 2 The same as in Fig. 1, but for the helicity amplitude S ;.
Fig. 3 The same as in Fig. 1, but for the v*¥~ — ¥X7* transition.
Fig. 4 The same as in Fig. 3, but for the helicity amplitude 5 ;.
Fig. 5 The same as in Fig. 1, but for the 4*X° — X% transition.
Fig. 6 The same as in Fig. 5, but for the helicity amplitude S ;.

Fig. 7 The same as in Fig. 1, but for the y*Z~ — Z~* transition, at M? = 1.8 GeV?,
so = 4.0 GeV2.

Fig. 8 The same as in Fig. 7, but for the helicity amplitude S ;.
Fig. 9 The same as in Fig. 7, but for the v*=° — X~ transition.

Fig. 10 The same as in Fig. 9, but for the helicity amplitude 5 ,.
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