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Analysis of y*A — X transition in QCD
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The y*A — 29 transition form factors are investigated within the light-cone QCD sum rules method.
Using the most general form of the interpolating current of 2° baryon and the distribution amplitudes of
A baryon we calculate the Q2 dependence of the electromagnetic form factors. Our results are compared
with the predictions of the covariant spectator quark model.
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I. INTRODUCTION

The investigation of electromagnetic form factors of
hadrons plays a key role in understanding their internal
structure. The form factors measured in experiments de-
scribe the spatial distribution of charge and magnetization
of hadrons [1], and indicate the deviation of hadron struc-
ture from the pointlike particle. At present, the studies are
mainly focused on the nucleon form factors. Recent ex-
perimental and theoretical progress on this subject can be
found in [1,2] and references therein.

The study of electromagnetic form factors of the ground
state spin-1/2 baryons receives special interest. However,
except the proton and neutron, the electromagnetic form
factors of other members, the octet baryons, have not yet
been measured. The main difficulty can be attributed to the
unstable nature of the baryons containing a strange quark.
From a theoretical point of view, the main problem is related
to the fact that the formation of hadrons belongs to the non-
perturbative region of QCD where the perturbative approach
does not work. For this reason some nonperturbative ap-
proaches are needed in order to calculate these form factors,
and the QCD sum rules method is recognized to be the most
predictive one among all other nonperturbative approaches.
Another advantage of the QCD sum rules method is that it is
based on the fundamental QCD Lagrangian.

The nucleon electromagnetic form factors are calculated
in framework of the light-cone version QCD sum rules
method for the Ioffe and general currents in [3,4]. The
electromagnetic form factors of A, X, and E baryons are
studied for the Chernyak-Zhitnisky and Ioffe currents in
[5]. The electromagnetic form factors of octet baryons for
the most general form of the interpolating currents are
studied within the light-cone QCD sum rules method in
[6]. It should be noted here that the electromagnetic form
factors of nucleons and other members of octet baryons
have already been studied in numerous works within the

*taliev@metu.edu.tr

"Permanent address: Institute of Physics, Baku, Azerbaijan.
*kazizi @dogus.edu.tr

Ysavci@metu.edu.tr

1550-7998/2013/87(9)/096013(7)

096013-1

PACS numbers: 11.55.Hx, 12.38.—t, 13.40.Gp

framework of lattice calculations (see [7] and references
therein), and relativistic constituent quark model [8].

In the present work, we study the electromagnetic tran-
sition form factors of the y*A — 20 in the framework of
the light-cone QCD sum rules method using the most gen-
eral form of the interpolating current for the % baryon. This
decay is studied in the framework of the nonrelativistic
quark model and general QCD parametrization method
[9], the covariant spectator quark model [10], chiral pertur-
bative theory [11,12], chiral quark model [13], and Skyrme
model [14]. The y*A — 3 transition is interesting in
several respects: it is unique between two different baryons
that belong to the same octet family even in an exact isospin
symmetry case. The second interesting peculiarity of this
transition is that having different initial and final baryons
is contrary to the case observed in elastic scattering of the
octet baryons. For these reasons, the electric charge form
factor Gg(Q?) at Q%> = 0 should vanish. Hence, the value of
Gg(Q?) is expected to be small in its dependence on Q2.
Therefore, investigation of the Q? dependence of the form
factors receives special interest. It should be noted that the
magnetic moment for the y*A — X transition is investi-
gated within the light-cone QCD sum rules method in [15].
The modern status of QCD and particularly the QCD sum
rules for baryons is presented in great detail in [16].

The structure of this paper is organized as follows. In
Sec. II, we derive sum rules for the form factors of the
v*A — 20 transition. In Sec. III, we present our numerical
results and conclusions.

II. SUM RULES FOR y*A — X TRANSITION
FORM FACTORS

The transition form factors for y*A — 30 are deter-
mined by the matrix element of the electromagnetic current
between the A and 3.° baryons. Using the conservation of
the electromagnetic current, this matrix element can be
determined in the following way:

. _ dq
0( 1| sel —iwo(p 2 _H4u
S IA) =] F102)(7,~ %)

_WC’WC]VFz(QZ)}MA(P), (1)
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where ¢ =p—p/, 0*=—¢> and o,, =3[y, 7]
Here, F,(Q?) and F,(Q?) are the Dirac and Pauli type
form factors, respectively.

Experimentally, a more convenient set of the electromag-
netic form factors are the Saches form factors defined as
QZ
G 2\ — F PAY

£(Q%) 1(Q%) (mp + mso)?

Gu(Q?) = F (0% + Fy(0?).

In order to calculate the form factors F,(Q?) and F,(Q?)
for the y*A — 30 transition, we consider the following
correlation function:

I,(p.q) =i [ dxe (O T{n® (0)2 OHA(P), ()

F,(0),
(2)

where T means the time ordering, |A(p)) is the A baryon
state with four-momentum p, 7> is the interpolating
current for the % baryon, i.e.,

7> = 2e{(uT CsP)ysd® + (d“TCs")ysu¢
+ B Cyss)d® + B(dTCyss®)uc}. 4)

Here C is the charge conjugation operator, (3 is an arbitrary
parameter, and j‘f} is the electromagnetic current defined as

Ju(x) = e,ii(x)y,u(x) + eqd(x)y,d(x) + e5(x)y,,s(x).
&)

The correlation function can be calculated in terms of
hadrons (phenomenological part) and in terms of quark and
gluon degrees of freedom. Equating these two representa-
tions of the correlation function (1) we get the sum rules for
the form factors of y*A — 2 transition.

Saturating (1) with the hadronic states with the quantum
numbers of 2° baryon and separating the ground state, for
the phenomenological part, we get

Oln> 2o (p )N Zo(p)ljo AP

I,(p.q) = P, ) e, (6)
Myo = P
where - - - denotes contribution of the higher states and

continuum.
The matrix element (0| p>|2,) is determined as

Oln*[Z) = As u(p’),
|
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where Ay is the residue of the 3,0 baryon. Moreover, the
matrix element (2|5 |A(p)) is determined as is given in
Eq. (1). Using these definitions, for the phenomenological
part, we get

g = Al T ms) [ ooy, A
I 220 { (Q )( q2 )
_M%vq”f“z@z)}m(p). (7

We see from Eq. (7) that there appears numerous structures
in determining the transition form factors F,(Q?) and
F,(Q?). For this aim we choose the structures p, and
pué, as a result of which, for the coefficients of the
selected structures, we get

2M5,F1(Q?)
PR

2 As, F>(0%)

o= e = 2 ®

ms, +my m220 -p

As has already been noted, these form factors are de-
scribed in terms of A baryon distribution amplitudes (DAs).
The A baryon matrix element of three-quark operator
e (u(ayx)d}(ayx)s5(a3x)|A(p)) is given in terms of A
baryon DAs. The definition of this matrix element in terms
of DAs and expressions of these DAs can be found in [5].

In constructing sum rules for the transition form factors
F,(Q?%) and F,(Q?), we need the expression for the
correlation function from the QCD side. This correlation
function in QCD can be calculated for large negative p”
and ¢g> = —Q? in terms of A baryon distribution ampli-
tudes using the operator product expansion. Matching
then the coefficients of the structures p, and p, p in the
expressions of the correlation function in the phenomeno-
logical and QCD sides, we get the sum rules for the
transition form factors F;(Q?) and F,(Q?) of the y*A —
30 transition.

In order to enhance the ground state contribution and
suppress the higher state contributions, it is necessary to
perform Borel transformation on the theoretical and phe-
nomenological parts of the correlation function. After the
Borel transformation, we get the final expressions for the
transition form factors F,(Q?) and F,(Q?) as

V2 1 e m2[ 1 Pz(x) ps(x)  pe(x) *(i+i)
F (0 =2-__"_ 0 dxl — i a2
Q) = ¥ 20 " {[Xo x< . M2 2 2M4x3>e
n [ palxg) 1 Pes(x0) 1 X5 (i Ps(xo) )]E_SO/MZ} ©)
0%+ mix(z) 2x, (Q* + mAxO)M2 2(Q*+ mf\xg) dxy xo(Q* + mAx%)M2 ’
f 2 myo + My, o P | P4 _ ph) ) ~(G)
(Q2) =X A, {f dx(— 2 + 42 5 — 64 3)6 x m2
2250 “ x| M 2M
PZ(XO) _ 1 PG(XO) 1 X<2) d p6(x0) — 50/ M?
B i 2 2 2 2 2] 1€ o 10)
Q* + mixj 2x0 (0 + mAx3)M 2 (0% + mA x3 dxg xo(Q? + mAx3)M
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where

pe(x)=

P4(X) =

pa(x)=

pL(x)=

ph(x)=

4e,m3 (1+ B)x(m} x* + Q2)1§6(x) +deym3 (1+ B)x(mi x>+ Q2)§6(x)

+8e,m3 {m3m, (1= B)x2Co + (1 + B)mpx(m3 x> + Q) B — my(Q*Bg + 2m3 2 By) TH(x),
euma{—2m3x{2(1 = B)Co — (1+ B)2Bs — 5B3)1(x) +[2(1 = BY (32 (Ds — Cy +2C5) — 02D, — Cy)
+(1+ B)(Q*(3B, +7B,) + mAx*(2H, —2E, — B, + B, — 10B5 — 20B,))](x)

- 2mgx[;dx3[2(1 — BVM+5(1+ B)TM](x, 1 — x— x3,x3)}

+eqmpl—2m3x[2(1— B)Cs — (1 + B)(2B — 5B5)1(x) + [(1 — B)(—2m3 x2(Ds + C; —2Cs)
+ 0D, + Cy)) + (1+ B)Q*(3B, +7B,) —mAx*(2H, —2E| + B, — B, + 10B5 +208,))](x)

- Zmixfxdxl[Z(l —B)VM+5(1+ B)TH](x),x,1—x; —x)}
0
+2e,my{2my (1 + B)myx(2Bs — By) = m,Bg1(x) + [(1 = B)2(m} x2Cs + 0°C;)
—mymx(2C; — Cy— Cs)) = (1+ B)(Q*(B, —3B,) + mAx*(B, — B, +2B5 + 4B,)
—4dmymyx(By — Bs))1(x) —2m% (1 + B)x[xdxl TV (x), 1 —x; —x,x)},
0
~2e,mp{l(1 = Ay + Co) = (1 BB~ Bl +x [ dal(1 = s +2V, —3V5)
—(1+ B)(P, + 8, =5T, + 10T3)]1(x, 1 — x — x3,x3)} + 2e,mp{[(1 = B) (D, — Cy) + (1 + B)(B, — By)](x)
+xfxdx1[(1 —B)A; =2V, +3V3)—(1+ B)(P, + 8, +5T, — 10T5)](x;, x, 1 —x; —x)}
0
+aefmp[(1—B)C, —(1+ B)(By— By)](x) + Ljdxl{(l — B)(mpaxVs+m,V,)
+ (14 B)2mpaxT; — (myx+2mg )T, Hxy, 1 —x; — x, %)},
—4e,mA (1+ B)(mix>+ Qz)f%(x) —deym} (1+ B)(mix* + Q2)1:36(x)
—8e,m3 {mym,(1 = B)xCo+ (1 + B)L(m3 2 + Q) By + mym,x(Bs — 2By) ),
—e,m3{(1+ B)Bs(x) + 2x[(1 = BY(Dy + Ds — &y — Gy +2C5) + (1 + B)H | — E, — 2B, — 3B, — 5B5s — 108,)](x)
+2(1—-pB) [xdx3(A]1" —VM)(x, 1 —x—x3,x3)} + edmi{—(l + ﬁ)l:?6(x) +2x[(1 = B)(Dy+ D5+ C,+ C,—2Cs)
0
+(1+B)H, —E,+2B,+3B,+5B5+ 10B7)](x) +2(1 — ﬁ)fdxl(AV + VM) (xp, x,1—x; —x)}
0
—2e,mp{5my (14 B)Bo(x) +2[(1 = B)(mpxCs — (myx+mg)Cy) = (1 + B)mpx(By + By +28,)

— (B B0+ 2ma(1 = B) [ Ve 1 =50,
—2¢,(1 —B)ﬂjdm(Al =V 1—x—x3,x3) +2e,4(1 —B)Lxdxl(Al +V)(x,x1—x;—x)

—4es(1—B)fjdxlvl(x,l—x—x3,x3), 11

where M? is the Borel parameter and x is given as

B \/(Q2 + 50 — mf\)2 + 4m3\Q2
2m} '

X0

Here, s is the continuum threshold. In the expressions of pf-l)(x), the functions F(x;) are defined as
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“ X 1—x
Fx)= [1 l dx} [0 : dxz F (X}, 1 —x} — x3,x3),
5 (s [N I I
Flxy) = 1 dx) 1 dxi . dx; F(xf, 1 —x{ — x3,x3),
~ X 1—x),
Foe)= [Ta, [ an Fo a1 -x -,
| 0 (12)
z X X! 1—x”
Fxy) = ’[1 zdxéfl zdxgj:) ’ dxy F(xq, x5, 1 —x; — x4),
~ LE 1—x} ;o
Fxz)= 1 dx} . dx; F(x, 1 —xp — x5, x5),

4 N - N et ]
Fxz)= 1 dx}; 1 dx} . dxy F(xy, 1 —xp —xf, x4).

We also use the following shorthand notations for the combinations of the distribution amplitudes:

B, =T, + T, — 2T;,
B,=T,—T,— 2T,

Bs = —T, + Ts + 2T,

Bg = 2T, — 2Ty — 2T, + 2T5 + 2T, + 2T,

B; =T, — T,

By = —T,+ T, +Ts— Ts+2T; + 2T,

C,=V,—V,— Vs,

Cy= =2V, + V3 + V, +2Vs,

Cs=V,— Vs, (13)
Co= -V +Vy+Vy+V,+ Vs =V,

D, =—A, +A, — A,

Dy = —2A; — Ay — Ay + 2As,

Ds = A; — Ay,
D¢ =A — A+ Ay + Ay — A5 + A,
E, =8 -5,
H =P,—P,.

It follows from Eqs. (9) and (10) that in order to calculate the form factors F,(Q?) and F,(Q?) the residue of the 2. baryon
is needed. The general form of the interpolating current for 2 baryon leads to the following result for its residue [17]:

Aoe

where

— EO/MZ

T —6(~1 + By + (dd)}
m2
g (1= BH6(1 + BYSs) () + (dd) + ( "

2
+<dd>)(1—32>{y5—1 (AXZ)} (S + 28+ SB)5s) = (=1 + (@) + (dd)}

-—%U-—BH3U'FBXQXGW>+<&ﬁ)+(—14-Bxﬁux&ﬂk (14)
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n xk
= — pX —
E,x)=1—e ;;k!

describes the continuum subtraction and x = s,/M?. It
should be noted that the masses and residues of nucleons
and other members of the octet baryons, for loffe current
(B = —1) within the QCD sum rules approach, were firstly
calculated in [18,19].

III. NUMERICAL ANALYSIS OF THE SUM RULES
FOR THE TRANSITION FORM FACTORS

In order to perform numerical analysis of the transition
form factors F,(Q?) and F,(Q?) within the light-cone QCD
sum rules, we need to know the explicit expressions of the
DAs for the A baryon, as well as the values of nonpertur-
bative parameters entering into them. These input parame-
ters for the A baryon are calculated within the two-point
QCD sum rules method in [5] which are given as

fa=(6.0%0.3) X 1073 GeV?,
A = (1.0 % 0.3) X 1072 GeV?,

[A,] = (0.83 = 0.05) X 1072 GeV?,

[A;s] = (0.83 = 0.05) X 102 GeV?.

(15)

Other input parameters used in the numerical analysis are
(iu)(1 GeV) = (dd)(1 GeV) = —(0.243 * 0.01)* GeV?,
(5s)y = 0.8(iu), m3(1 GeV) = (0.8 = 0.2) GeV? [20], and
ms, = 1.192 GeV.

Moreover, the sum rules for the transition form factors
F,(Q?) and F,(Q?) involve the continuum threshold s,
Borel parameter M2, and the arbitrary parameter 3 enter-
ing to the expression for the interpolating current of the 3
baryon. For the value of the continuum threshold we shall
use sy = (2.8 + 3.0) GeV?, which is obtained from the
mass sum rules analysis [15]. The Borel parameter M? is
the auxiliary parameter and physical quantities such as
F,(Q?) and F,(Q?) should be interdependent of it. The
lower bound of the Borel mass is obtained from the con-
dition that the higher states and continuum contributions
should be less than 40% of the perturbative contribution,
while the upper limit of M? is determined by demanding
that the light-cone expansion with increasing twist should
be convergent. Numerical analysis shows that both con-
ditions are satisfied when M? lies in the region 1.3 GeV? =
M? < 2.0 GeV2. In our calculations, we fix the lower
bound of Q? to be Q> = 1.0 GeV?, since above this value
of Q? the higher twist contributions are suppressed. In
order to guarantee the higher resonance and continuum
contributions to be smaller than the spectral density con-
tribution, we consider the upper bound of Q? as Q? =
8.0 GeV?. In Figs. 1 and 2, we depict the dependence of
the magnetic and electric form factors G ,(Q?) and G(Q?)
on Q% at s, = 3 GeV?, M? = 1.4 GeV?, and at several
fixed values of . From these figures we see that the

PHYSICAL REVIEW D 87, 096013 (2013)

M? = 1.4 GeV? B=-1
s0 = 3.0 GeV? p= 1

S
=00
<
0.1}
-02F
0.3
-0.4 ) ) ) ) ) ) 1
1.0 2.0 3.0 4.0 5.0 6.0 7.0 8.0
Q? (GeV?)
FIG. 1. The dependence of the magnetic form factor G, (Q?)

of the y*A — 3% transition on Q% at s, = 3.0 GeV?,
M? = 1.4 GeV?, and at several fixed values of the arbitrary
parameter (3.

0.25

0.20 %ﬂ

% M? = 1.4 GeV? B=—1
By 50 = 3.0 GeV? 3= 1.8

1.0 2.0 3.0 4.0 5.0 6.0 7.0 8.0
Q? (GeV?)

FIG. 2. The same as Fig. 1, but for the electric charge form
factor G(Q?).

A M2 =12 GeV? —a—
045 M? = 1.4 GeV? o 0 = 1.0 Gev?
2 a2 Utaev
M? =16 GeV Y 0 Gan
M? =18 GeV? g T
M? = 2.0 GeV? —-e

0.30

-0.6 -0.4 -0.2 0.0 0.2
cos

FIG. 3. The dependence of the magnetic form factor G, of
the y*A — 30 transition on cosf at Q2= 1.0 GeV?,
so = 3.0 GeV?, and at several fixed values of the Borel mass
parameter M2,
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0.3+

Q*=1.0 GeV?
so = 3.0 GeV?

0.2F

0.1F

0.0
-0.6 -0.4 -0.2 0.0 0.2

cos 0

FIG. 4. The same as Fig. 2, but for the electric charge form
factor G.

magnitude of G,,(Q?) and G(Q?) for negative (positive)
values of B are negative (positive). Only the 8 = —1 case
is exceptional and at this value of B, G(Q?) is positive
although its value is quite small and very sensitive to the
values of the input parameters.

As has already been noted, the sum rules for the tran-
sition form factors F,(Q?) and F,(Q?) contain also the
auxiliary parameter §. For this reason we should find the
“working region” of (3, where these form factors exhibit
no dependence on it. For this aim we shall work with a two-
step procedure. At the first stage we use the mass sum rules
for the 2° baryon analysis of which leads to the domain
—0.6 =cosf = 0.3, where 8 =tan6f (see also [17]).
Having this region for cos 6 obtained from mass sum rules,
next we analyze the dependence of form factors on this
parameter. Hence, we present the dependence of G,,(Q?)
and G(Q?) on cos  in Figs. 3 and 4 at several fixed values
of other auxiliary parameters. We see from these figures
that the domain —0.2 = cos @ = 0.2 is the common region
where the transition form factors are practically indepen-
dent of cos 6.

In order to compare our predictions on the Q? depen-
dence of the transition form factors with the existing ones

PHYSICAL REVIEW D 87, 096013 (2013)

in the literature, we note that there are only four works
[7,8,10,12] in which Q? dependence of the y*A — X0
transition form factors are studied. In all other works, these
form factors are studied only at the point Q> = 0. These
form factors are studied up to Q% = 0.4 GeV? in [12].
Unfortunately, the light-cone sum rules method is not
applicable in the region Q% <1 GeV? and for this reason
we cannot compare our results with the predictions of [12].

When we compare our results on G,,(Q?) with those
given in [8] we see that, they are very close to the pre-
diction of [8] in the working region of —0.2 = cosf =
0.2, while our results on G(Q?) are larger compared to
those obtained in [8]. A comparison of our results on
G;(Q?) with the ones calculated in [10] shows that our
predictions are smaller than theirs. However, the situation
is contrary in the case of Gz(Q?), i.e., our results are larger
compared to the predictions given in [10]. Therefore,
checking the predictions of different approaches on the
study of the Q? dependence of the form factors for the
y*A — 20 transition receives special interest. Further
improvements of our predictions on the transition form
factors could be achieved by including the O(«a,) correc-
tions to DAs, as well as considering possible future
improvements of nonperturbative input parameters.

In conclusion, we studied the y*A — X0 transition form
factors within the light-cone QCD sum rules using the most
general form of the interpolating current for the 3° baryon.
We obtained the working regions for the Borel mass
parameter and the arbitrary parameter B entering to the
expressions of the interpolating current. We observed that
the electric charge form factor Gz(Q?) is quite small as
expected. We also compared our results on Gg(Q?) and
G,(Q?) with the predictions existing in the literature. We
saw that our results on G, (Q?) are very close to those that
are calculated by the relativistic constituent quark model
[8]. We further observed that our prediction on the mag-
netic (electric charge) form factor is smaller (larger) com-
pared to the results of the covariant spectator quark model.
The Q? dependence of the transition form factors presented
in this work can be very useful in choosing the right model.
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