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Scalar form factor of the nucleon and nucleon-scalar meson coupling constant in QCD
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Scalar form factor of the nucleon is calculated in the framework of light-cone QCD sum rules, using the
most general form of the baryon current. Using the result on scalar form factor of the nucleon, the
nucleon-scalar o and ay, meson coupling constants are estimated. Our results on these couplings are in
good agreement with the prediction of the external-field QCD sum rules method.
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L. INTRODUCTION

In spite of the great success of QCD as a theory of strong
interactions, the quark structure of scalar mesons is still an
open question and widely discussed in literature (see [1]
for a review). There are many scenarios for the scalar
meson structures like two-quark gg, four-quark Gqgq
states, meson-meson bound states and even a scalar glue-
ball. It is very likely that the scalar meson structure is not
made of such simple structures, but are superpositions of
these contents. Therefore different scenarios can give quite
different predictions on the production and decays of scalar
mesons which can be tested in experiments. One efficient
way to make progress about the nature scalar bosons is to
study their role in the various two-baryon reactions (NN,
AN, 3N, AA, 33).

Our aim in this paper is to calculate the scalar form
factor of the proton in the framework of light-cone sum
rules (LCSR) [2,3] using the most general form of the
proton current and then relate it to the nucleon-scalar o
or ay mesons coupling constants. This method is an alter-
native approach to the traditional sum rule [4]. LCSR is
based on the operator product expansion (OPE) near the
light cone, which is an expansion of the time ordered
product over the twist rather than the dimension of the
operators. Main contribution of this approach comes from
the operators having lower twist. The main ingredients of
the LCSR are the wave functions of hadrons which define
the matrix elements of nonlocal operators between the
vacuum and one hadron states.

This method applied to study the nucleon electromag-
netic form factors [5], and the weak A, — p{v, decay [6].
The higher twist wave functions of baryons have been
obtained recently in [7].

The plan of this article is as follows: In Sec. II we derive
the sum rule for the proton form factor due to the scalar
current. Section III is devoted to the numerical analysis and
discussion.
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II. SUM RULES FOR THE PROTON FORM
FACTOR DUE TO THE SCALAR CURRENT

In the present section we derive sum rules for the scalar
form factor of the proton using the most general form of
nucleon interpolating current. For this aim we start with the
following correlation function:

M(p, q) = i f dxe O T{nO)J@HN(P), (1)

where J(x) = iiu + (—1)"dd is the interpolating current
for the scalar o (I = 0) and ay (/ = 1) mesons, respec-
tively, and 7 is a suitable interpolating current with nu-
cleon quantum number. Few words about the interpolating
current of the nucleon are in order. There exist the follow-
ing currents with the isotopic spin 1/2, without derivative
terms (see [8]):

2
7, (x) = 2g9b¢ Z(uT”(x)CAfdb(x))Aguc(x), 2)
=1

7al0) = 2 e () A () (o)

— (" (x)CLd" (x)) ysdu‘ (x)] 3

where Al = I, A} = y5, A = y5, A = B, and in C is the
charge conjugation operator, a, b, ¢ are the color indices,
and z in Eq. (3) is a lightlike vector with z> = 0. In Eq. (2),
B = —1 corresponds to the Toffe current [9]. Note that in
[5] m5(x) is modified as

n3(x) = e[(u"*(x) CAu" (x))ystd‘ (x)]

The nucleon-scalar form factor which is obtained using the
current 773(x) in the light-cone QCD sum rule approach is
studied in [10]. However, the current 7;(x) couples also to
the states with isospin 3/2, and these contributions should
be eliminated from the final result, which is not done in
[10]. Moreover, terms that are proportional to £ and 7 in
the coordinate space which give contribution to the con-
sidered structure in [11], are also neglected. In the present
work 7); is chosen as the general form of the interpolating
current.
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Let us firstly calculate the hadronic part of the correlator
function. By inserting the complete set of states between
the currents in Eq. (1) with quantum numbers of the
corresponding nucleon, we get the following hadronic
representation of the correlator

_ ©InIN(p))N(PIIIN(p))
my = p”
N Z<0|nlh(p’)><h(p’)|J|N(P)>
h

2 2
my P

I(p, q)

)

where p’ = p — ¢, and ¢ is the momentum carried by the
scalar current. The second term in Eq. (4) takes into
account higher states and continuum contributions and
hadrons /& form a complete set of baryons having the
same quantum number as the ground state baryon B
(here B represents p and n). The matrix elements in
Eq. (4) are defined as

©lnIN(p")) = Ayun(p'), &)

(N(pJIN(p)) = g(QHia(p")u(p). (6)

Using Egs. (4)—(6) and performing summation over nu-
cleon spin, for the phenomenological part of the correlator
we obtain

_ MO+ myulp)
my = (p—q)
where - - - represents contributions from the higher states

and the continuum. It follows from Eq. (7) that the corre-
|

II(p, q) )
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lator function contains three different structures, namely,
structures ~ p, ~¢ and structure proportional to the unit
operator /. In further analysis we will choose the structure
~ 4.

Here we would like to make the following remark: The
nucleon-scalar meson S coupling constant gyys can be
related to the scalar form factor g(Q?), and for this aim
we define the following coupling constant

(N(p")SIN(p)) = gnnsi(p"u(p). ®)
It follows then from Eq. (1) that

_ OISYN(P)SIN(p)XOImIN(ph)

H(p, Q) (m12V — p/z)(m?g _ 6]2)

()]

The matrix element of the scalar current J between the
vacuum and the scalar meson state is defined as

OI718) = As. (10)

Using Egs. (8)—(10) and comparing with Eq. (7), we get the
following relation between nucleon-scalar form factor and
8NNS

2y gnnsAs 11

8(0Q%) i+ Q7 1D

At large Euclidean momenta p? = (p — ¢)* and ¢ =

—(Q?, the QCD part of the correlator can be calculated

from the explicit form of interpolating currents J(x) and
7(0), from which we obtain

2
1 =5 [ dtaeiss S UCAD 1 [ASS(—0], e Q1T OV )5 O}

2 =i

+ (A9),5al (CAD)T S(—x)], g4 €01 T{ul, (0)uufy (x)dS (O)HN) + (AS) . gLCATS(— )]0y 4P COI T, (0)u(0)}lS, (x)IN)},

where S(x) is the light quark propagator. It follows from
Eq. (12) that for calculation of the correlator from QCD
side we need to know the explicit form light quark propa-
gator and the nucleon distribution amplitudes (DAs). The
full propagator of the massless quark is

it {qq) < L4 m%x2>
2mxt 12 16

1 X
—i dv| ——G my
lgs]o U|:16772x4 i

J— 14
vxt G,y

S(x) =

i
The contribution ~G,, can give rise to four and five
particle nucleon DAs. These DAs are usually small
[12,13] and can be neglected.

(12)

{

The second term in Eq. (13) does not give any contribu-
tion to the sum rule after the Borel transformation. So, only
the first term is relevant for our calculations.

As has already been noted, in order to calculate the
nonperturbative contributions to the theoretical part of
the correlator function one needs to know the matrix
element of €*"“(0luf(a,x)uf(ayx)d(a3x)IN(p)) between
the proton and vacuum states. This matrix element of the
nonlocal operator is parametrized in terms of the nucleon
DAs [7,13-17]. Their explicit forms are given in the
Appendix A.

Taking into account the three valence quark light-cone
DAs up to twist-6 and performing integration over x in the
coordinate space, we finally obtain the following expres-
sion for the correlator function:
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1 1 1—1, ~ .
= ZmNﬁ) dzzfo dn S0+ B Vo) + 23T 1+ (3= DBV =20+ BPG)

21— F 1)BIS () + 201+ B) A1) + 23 =1+ (B F DBl A() +[2F 1 — 2 = )BT (1)

+12(1 = B)T5(1;) + [6 F 1 — (6 = DBIT 4(1,)}

m3 T —i - p7 S > =
-2 Yar [Tan [N, [ dn%{r(l—m%(m:(l—ﬁ)ﬂt6<r,->+3[z:1—<2r1>317’8<n>}

o flaf

+R2F1-02= 1),3]72(11') * 2(1 + ,B)T4(fi)}

where any function F(7;) means F(t;) = F(t, 1, 1 —

ty, 1), and functions with ~ are defined as

Vat) = Vi) = Valt) = Va(1)),

A1) = —A, (1) + Ay(1) — As(ty),

A1) = Ay (1) — A1) + As(t) + Aylty) — As(t)
+ Ag(t)),

To(t) = Ty(t) + Ta(t;) = 2T5(1;),

f4(ti) =T,(t;) — Tr(t;) — 2T5(1;),

T (1) = 2T5(1) = 2Ts5(1;) — 2T4(1;) + 2Ts(1) + 2T (1,)
+ 2Ts(t)),

Ij—/S(ti) = —T\(t;) + To(t;) + Ts(t;) — Te(t;) + 2T5(2;)

+ 2Tx(2;).

Explicit expressions of A,(t;), T,(z;) and V,(¢;) can be
found in [17]. Note also that in deriving Eq. (14) we omit
the terms proportional with the unit operators which do not
give contribution to the structure ~ p. Upper (lower) sign
in Eq. (14) corresponds to the scalar form factor due to the
scalar current with the quantum numbers of o (ag).

mN/M

g(0?) =

)2{[2 F1+Q2= I)B]Vz(t) +2+1+QF 1)BIAL)

(14)

[

In order to suppress the continuum and higher state
contributions we need to apply Borel transformation to
the phenomenological and theoretical parts of the correla-
tion function with respect to the variable (g — p)>.

For the theoretical part the Borel transformation and the
continuum subtraction can be done by using the following
substitution rules

fde)z_, _[dx@es/Mi’
(q — xp) x
1
/dx%_’m fdx%esﬂwé (15)
B
P(xo) 7SU/M2
0% + M2 ¢ 5
o
where

s = (1 —x)m% +

\/(Qz + 59 — m%)? + 4m% 0% — (0% + 59 — m%)
XO =

>

2
2my

and Q> = —¢”. Finally, we get the following sum rule for
the scalar form factor.

[m@[da/ eI+ B Volr) + 237 1+ (B = DBIVs(1) £ 21 + B)P, (1)

- 2[2 +1-Q2F DRI ) +2(1+ B A1) +2B3x1+BF )Rl A1) +[2F1 -2 =% l)ﬁ]i“z(r,.)

nu—ﬁﬁm)+m11—w+nmfmm

Aol

+32F1-(Q2=* 1)/3]78@ )} +

¢ M= BVl F (1= B A

[d)\f dtzf dn —-

e M= (1 — B) V(1)

F(1-B)Aglt) +32F1- (2% I)B]Tg(t )}> Ty /1 - /1 S e_‘/M?*{[z F1+ Q=B Var)

+221+ QT DBIA() + 27 1 - @+ DT H(r) =201 + ,3)74(11-)}} (16)

045006-3



T.M. ALIEV AND M. SAVCI

PHYSICAL REVIEW D 75, 045006 (2007)

It follows from Eq. (16) that for determining the scalar form factor, the residue Ay of the nucleon needs to be known. The
residue Ay is obtained from the mass sum rules for the baryons (see for example [18])

6 -
Wit = Mg s + 28+ 83 + 601 - gad) + (-1 + g w)
m2 -
— g L1201 = B2)dd) + (=1 + B2 au)] (17)
B

where x = s,/M3%, and
n Xk
1 _ X r
E,x)=1—e /(Zok!’

which describes the subtraction of higher states and con-
tinuum contributions.

ITII. NUMERICAL ANALYSIS

In this section we present the numerical analysis for the
scalar form factor g(Q?). It follows from Eq. (16) that the
main ingredients of LCSR are the DAs, which involve
nonperturbative parameters fy, A;, Ay, fY, f9, f4, A, v¢
(see Appendix B).

In the numerical calculations we use three different sets
of the DAs (for more details, see [5,17]).

(1) QCD sum rules based DAs,

(2) Asymptotic DAs,

(3) A model for the nucleon DAs. The parameters in

this case are chosen in such a way that, the form of
DAs describes very well the existing experimental
data on nucleon form factors.

The values of the above-mentioned nonperturbative pa-
rameters for these cases at w = 1 GeV scale are given in
[5,17]. Our numerical calculations show that the values of
the scalar form factors of nucleon due to the scalar current
in QCD based DAs case are larger compared to that of the
other two scenarios, and, for customary reasons we present
our numerical results only for this case.

T T T T T T T
“r PO *- —l(---:-—*--l—-—i--:—--x--*"""*""‘"""" —
P * o —6-—6-—0--6--8--8-—8--0-—0--8-"0-0
o .‘,_-e-—o—-e-_@_.o-—e—*r-o"*""" oo 89 = 2.0 GeV?
03 °° QP2=3GeV? f=1—u— -
— aa—-a-a @>=3GeV? =3 --o--
S TIPSR S S AR O
~ oot —.— -o—-n-—t-—o—--o—-o--o-—f--.--‘ Q'I =4 GeV2, B=1-a-
o 02f e-eeeeT Q?=4GeV? f=3 —o- |
S Q?=4GeV?, B=5-a-
e Q?=5GeV?, f=1—
———————————— Q?=5GeV?, f=3-—-
b Q?=5GeV?, f=5 ——-
0.0 1 1 1 1 1 1 1
1.00 1.25 1.50 1.75 2.00 2.25 2.50
M3 (GeV?)
FIG. 1. The dependence of the scalar form factor of nucleon

due to the scalar current with quantum numbers of ¢ meson, on
Borel parameter M3 at s, = 2 GeV? for three different values of
Q% and B: Q%> =3 GeV?, Q> =4 GeV?, Q%> =5GeV? and
B=1,8=3,B8=5.

In the problem at hand we have three auxiliary parame-
ters, namely, Borel mass square M?%, continuum threshold
so and B in the interpolating current of nucleon. Obviously,
any physically measurable must be independent of the
auxiliary parameters. So, in the first hand we have to find
the appropriate regions of these parameters, in where the
form factor is independent of them. The mass sum rules
analysis shows that optimal value for the continuum
thresholds is in the region sy(2 + 2.5) GeV?2.

For this aim we consider the following three-step pro-
cedure. In the first step we try to find the working region of
M2 where scalar form factor is independent of M% at fixed
values of sq and 8. In Figs. 1-4 (Figs. 5-8) we present the
dependence of the scalar form factor induced by I = 0(I =
1) scalar current on M% at different fixed values of Q% and
B at sp = 2.0 GeV? and s, = 2.5 GeV?, respectively.

From these figures we see that, in both cases, the scalar
form factor is practically independent of M% at different
values of Q?, B and s,. To decide on an upper bound for
M3 we require the contribution of continuum be less than
the contribution of continuum-subtracted sum rules and the
lower bound can be determined by requiring that the con-
tribution of the highest power of 1/M?% to be less than, say,
30% of the higher powers of M%. As a result of our analysis
we find that the region 1 GeV? = M3 = 2.5 GeV? satis-
fies both conditions simultaneously.

The parameter B is an auxiliary parameter, and hence,
the physical quantities should be independent of it. For this
reason we need to find the working region of 8 where the
scalar form factor is independent of it. In determining this
region of B two conditions should be satisfied: Eq. (17) and
its logarithmic derivative with respect to 1/M% should be

04
o--6--0--8--6-—6--0--0

89 = 2.5 GeV?

—o-0-—-0-—0-—0-—&~
- _0__6___0,_.9-—-9-—-9- -0-—0
—e--o= T
oo

QP =3GeV? f=1—=— ]
Aok b A TS O 3 G2 B =3 -0

& JUSRE Q@ =3GeV?, f=5--%-- ]
9: 4= —o—-—0—0 —1 g ]
=3 —e- 1

g 02 =5--a--
5GeV? B=1 ]

0.1 -1

0.0 | 1 1 1 1 1 1

M} (GeV?)

FIG. 2. The same as in Fig. 1, but at s, = 2.5 GeV>.
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07F 3
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1.00 1.25 1.50 175 2.00 2.5 2.50
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FIG. 3. The same as in Fig. 1, but for values of B: B8 = —1,

-3,-5
-0.2 _—'

03
04
& sk
&5 :
o o6k
(S -0.6:
07F
08
09F 1 1 1 1 1 1 1 -
1.00 1.25 1.50 1.75 2.00 2.25 2.50
M} (GeV?)
FIG. 4. The same as in Fig. 2, but for values of B: g = —1,
B=-3,B=-5
T T T T T T T
SRR TR S
3 ettt
B e
s 2 =3GeV? f=1—a—
06 e-° 89 = 2.0 GeV? 2 =3 GeV?, =3 --o-- -
2 =3 GeV?, B=
& Q@ =4GeV?, B=
Q osf Q=4GeV?, = 3
= eabaamd QP=4GeV?, f=5
S aa A T a8 2= 5 GeV?, f=1 ——
D 4| pamdTITeme T Q?=5GeV?, f=3 - 3
- Q*=5GeV?, B=5
03f 3
02 -1
1 1 1 1 1 1 1
1.00 1.25 1.50 175 2.00 2.5 2.50
ME (GeV?)

FIG. 5. The same as in Fig. 1, but for the scalar form factor
induced by the scalar current with quantum number of a, meson.

positive and independent of B. From an analysis of
Eq. (17) it is found that —0.5 < 8 < 0.5 is unphysical
[18]. It is further shown in [18] that the working region
of B where the second condition is satisfied is obtained for
—0.6 < cosf < 0.3, where tanf = 3, which yields 8 <
—1.3 and B > 3.3.

We perform calculations depicting the dependence of
the scalar form factors on cosé at fixed values of sq (s =

PHYSICAL REVIEW D 75, 045006 (2007)

I , , T
P
) “*'_‘__*__*.*--l—-*--*—l_ - 1
07f _.,.-.-r--*'*";L:’.'.;—:—o—fr-*’"*“*""*'& o 3
ke X o0 Q*=3GeV? ]
S @ =3Gev?,
06 © 89 = 2.5 GeV? 0?=3Ge
&
\é’ 05
S 04
03[
02f .
1 1 1 1 1 1 1
1.00 1.25 1.50 175 2.00 2.25 2.50
M} (GeV?)
FIG. 6. The same as in Fig. 5, but at 5, = 2.5 GeV?>.
03F =
04 F -
n A e E
05 Toe—e —:‘-:-':::,:'_‘:‘_:.—s..‘_ e s 89 = 2.0 GeV?
Py g )
a° 06F E-m @Q?=3GeV? f=—-1—u— ]
9’; Begg g Q*>=3GeV? f=-3--o—-
> . SSggg g gg g @=3CeV f= 5k
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2 =5 GeV?, f=-3 -
09F Q@ =5GeV?, f=—b——- e
Lop 1 1 1 ] 1 1 I =

1.00 1.25 1.50 175 2.00 2.25 2.50
M% (GeV?)
FIG. 7. The same as in Fig. 5, but for values of 8: 8 = —1,
=-3,8=-5.
OE ] = B B B LR BRI B BN
89 = 2.5 GeV?
04
05
&
Q06
S
(=]
S
S 07F
08
Q?=5GeV?, f=—3 -
09 QR =5GeV?, f=—5——— -
1 1 1 1 1 1 1
1.00 1.25 1.50 175 2.00 2.25 2.50
M} (GeV?)

FIG. 8. The same as in Fig. 7, but at s, = 2.5 GeV>.

2.0 GeV? and sy = 2.5 GeV?), M3 (M% = 1.0 GeV? and
M2 = 1.5 GeV?) at three fixed values of Q2 (Q? =
3.0 GeV?, 0* = 4.0 GeV? and Q% = 5 GeV?); and con-
firmed that in the regions when 8 < —1.3 and 8 > 3.3, the
form factor is practically independent of 8. So, the com-
mon region where mass sum and form factor are indepen-
dent of B is the region —0.5 <cosf < 0.3, which
corresponds to 8 < —1.3 and B > 3.3 and which we will
use in further discussions. Note that, the Monte Carlo
analysis that is performed in [19] predicts the optimal value
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of B tobe B = —1.2. Our lower bound is slightly different
compared to this value.

We perform the OPE in the light cone with large
Euclidean Q% and (p — g)> momenta, where the scalar
from factor g(Q?) can reliably be determined at the range
0% >2 GeV?. In the region Q> <2 GeV? OPE becomes
questionable and for this reason in determining g(Q?) we
restrict ourselves to the region Q? > 2 GeV2.

In Figs. 9-12 we present the dependence of g(Q?)
induced by I = 0( = 1) current on Q? at fixed values of
B which lies in the above-mentioned region of 8; at M3 =
1 GeV? and s, =2 GeV?, s, = 2.5 GeV?, respectively,
for the central values all parameters. We observe that the
value of g(Q?) seems to be insensitive to the choice of s,.
We further see from these figures that for positive (nega-
tive) values B, the sign of the form factor is positive
(negative). Therefore determination of the sign of g(Q?)
can give valuable information about parameter (3.

Having the obtained the Q? dependence of the form
factor, we can determine gyys. It follows from Eq. (10)
that

_ (m3 + 0%)g(0%)
SnNs = — -
s
The residues A, and A, of the scalar currents are
determined from two-point QCD sum rules analysis in
[20,21], which is predicted to have the value A, = 0.2
and A, = 0.3. Using the results of Figs. 3 and 4, for the
scalar form factor gyy, We get

61 forB=35
lgNN"lz{siz for B=—5 8= -3,
55+15 for B=5,
lgNN”°|={7i1 for 8= —5,8 = —3.

For completeness we present the results for gyys cou-
pling for the Ioffe current case, despite that 8 = —1 lies

.
0.50 7% ~ar. B
0.25 T A-aa -

0.00

-0.25

go(@?)

050 s0=2.0 GeV2, M} = 1.0 GeV?

f=-14 —u—

075 4"

-1.00

2.0 3.0 4.0 5.0 6.0

Q@ (Gev?)

FIG. 9. The dependence of the scalar form factor induced by
the scalar current with o meson quantum numbers, on Q? at
M% =1 GeV? and S0 =2 GeV?, at fixed values of B=—-14,

B=-3B=-58=5.
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FIG. 10. The same as in Fig. 9, but at 5, = 2.5 GeV?>.
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L0 xe2 B=—50--%-- 7
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1 1 1 1
2.0 3.0 4.0 5.0 6.0
Q? (GeV?)
FIG. 11. The dependence of the scalar form factor induced by

the scalar current with a, meson quantum numbers, on Q> at
M2 =1 GeV? and sy, = 2 GeV?, at fixed values of 8 = —1.4,

B=-3,8=-5pB=5.

1.0%-a -

05 TAea -

0.0

9ap(@)

80 =2.5 GeV?, M} = 1.0 GeV?
f=-14 —=—
B=-3.0--o-—-
B=—5.0--%--
B=-+5.0 —-a-

1 1 1 1

2.0 3.0 4.0 5.0 6.0

Q* (GeV?)

-1.0

FIG. 12. The same as in Fig. 11, but at s, = 2.5 GeV>.

outside the working region of . Our results are

lenvel =122 lgwngl =11 =2

Note that his coupling constant in framework of the
external-field QCD sum rules method using the Ioffe cur-
rent is evaluated in [22], and it is obtained that gyy, =
14.4 = 3.7. This same coupling constant is also shown to
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have the value gyy, = 16.9 [1] from a fit to the NN
scattering data.

A comparison of our result for 8 = —1 shows that,
within the error limits, there is a good agreement between
our result and the above-mentioned one.

In conclusion, we have calculated the nucleon-scalar
form factor in the framework of light-cone QCD sum rules,
using the most general form of the baryon current. Using
the obtained result on scalar form factor, we estimate gyys-
Our result in regard to the coupling constant gy, 1S in a
good agreement with the prediction of the external-field
QCD sum rules method for the Ioffe current. Measurement
of the nucleon-scalar meson coupling constant can give
valuable information about the quark structure of scalar
meson as well as about the value of parameter 8.
|
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APPENDIX A: NUCLEON DISTRIBUTION
AMPLITUDES

In this appendix we present the three-quark distribution
DAs from twist-3 to twist-6 (for more details, see [7,17]).

The matrix element of the nonlocal operator
E“bC(Olu‘;(alx)u%(azx)df/(@x)|N(p)> between the proton
and vacuum states is parametrized in terms of the nucleon
DAs as follows:

4E”bc<0|ug(alx)u%(azx)dg,(a3x)|P> = SlmNCaB(YSN)y + Szm]zvca'g(x’)/sN),y + ’leN(ySC)aﬂNy

x2m2
+ Pk (s Clagt), + (Vi + SV POLs(s),

4

+ Vomy(PC) upg(fysN)y + Vimy(y,C)ap(y*ysN), + Vim3,(C) 4p(ysN),
+ VSm%V(YMC)aB(iU#VxVYSN)y + ’Vém?v(xc)aﬁ({{')/SN)y

2,2
X my

4

+<;41+

M)wscnﬁzvy + Aymy(PysC)ugliN),

+ ‘ﬂ‘3mN(7/L YSC)aﬁ(Y#N)y + ﬂ4m12\l(x75c)aﬁNy
+ Asm¥(y,Y5C)aplic? x,N), + Aem3, (Xy5C),5(XN),

T+ o T )(Pi0,, Chapy" YsN)y + Tomy (P, (75N,

+ T3my(0 4, C)ap(a# ysN)y + T ymy(P? 0, C)p(otx,v5N),

+ Tsmi(x" i, C)ap(y*ysN)y + T em (x*P"ic ., C)aps(ysN),

+ T 3m3(0,,0) ap(0# fysN)y + T gmy(x 0, C) a (P x,y5N),. (A1)

The calligraphic DAs do not have definite twist and can be related to the one with definite twist as:

S =S

P, =P,

vV, =V, QP -x)V, =
2V5 =V,

(4P * X)VS = V4 - V3,

A=Ay

2A5 = A,

(4P - x) A5 = A; — Ay,
T, =T,

2T, =T,

(2P x)S, =8, =8,

(P -x)P, =P, — P,

Vi—=Va—V3

(4P - x) V= =2V, + V3 + V, + 2V,

QP x> Ve==V,+V,+ Vs +V, + Vs =V
QP x) A, = —A, + A, — A;,

(4P - x) A, = =24, — A3 — A4 + 2As,
QP-x)?)Ag=A, — Ay + A; + A, — As + A,,
QP -x)T, =T, + T, — 2T,
QP-x)T,=T,—T, 2T,

QP -x)Ts=—T, + Ts+ 2T, (2P - x)*T ¢ = 2T, — 2Ty — 2T, + 2T5 + 2T, + 2Ty,

@P-0)T; =T, Ty,

QP-x)?Tg=—-T, + T, +Ts — Te + 2T, + 2Ts.
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These DAs can be written as

Fla;p-x) = /dxldxzdx35(x1 + x5 + x5 — l)efip'xzf"f“"F(xi). (A2)

These light-cone DAs are scale dependent and can be expanded next-to-leading spin accuracy with the conformal
operators whose explicit expressions are,

Vi(x;
Va(x;,
Vi(x;,
Vy(x;,
Vs(x;,
Ve(x;,
A (x;
Ay (x;,
Asz(x;,
Ay (xi’
As(x;,
Ag(x;,

T (x;,

T, (xi:
T5(x;,

Ty(x;

Ts(x;,
T (xir

T7('xi)

Tg(x;,

Sl(xi’

S, (x;

) = 120x 03[ p3(w) + o3 (w)(1 — 3x3)],

w) = 24x1x,[dY(p) + ¢ (w)(1 — 5x3)],

1) = 1251 = 1) + 95 (W + 8 — 531 = xp)] + 9 ()1 — 3 — 105,15},
w) = 3H{P()(1 = x3) + 5 (w)[2x1x) — x3(1 — x3)] + ¢ (w1 — x5 — 2(x} + )]},
w) = 6x3[p2(n) + b3 (w)(1 — 2x3)],

m) = 2[pg(w) + ¢g (w)(1 = 3x3)]

p) = 120x1x0x3p5 () (x2 — x1),

) = 24x1x,¢; () (xy — xy),

w) = 12x30x; — {94 () + & ()] + ¥y (w)(1 = 2x3)},

p) =300 = x){=43(w) + g5 (wxs + &5 ()1 — 2x3)}

) = 6x3(x, — x1) s (),

) = 2(x; — x1) g (),

) = 120sxym #) + 565~ S0~ 3 |
) = 24x15,[E(p) + £ (W1 = 5x3)]

p) = 6x{(£5 + & + YD1 — x3) + (&5 + 5 — Y)Wt + 23 — x3(1 — x3)]

A3
F o+ bp + D — x — 10xx)} (A3)

)= SUE + 42+ D~ x4 (& + by = g 2xws — (1~ )]

+ (65 + ¢3 + (W1 — x5 — 207 + )1,
w) = 6x3[ 9 w) + 5 (w)(1 — 2x3)],
w =2 ) + 305 — b1 ~ 31 |
w) = 6x3{(— &5 + &) + YD ()1 — x3) + (=€, + ¢y — ¥ )(Wxf + 13 — x3(1 — x3)]
+ (&5 + 5 + ) ()1 — x5 — 10x1x,)},
W) = %{(—gg + ¢+ YD) — x3) + (&5 + 5 — ) ()2x1x0 — x3(1 — x3)]
+ (€5 + dF YD1 — x5 — 207 + 3)]},
w) = 6x3(xy — x))[(63 + @ + 4 + £5 + f + ) (w) + (65 + ¢4 — i) (w1 — 2x3)],

Sm) = %(Xz —x)[ =g + B8+ ED(w) + (&5 + b5 — Ps)(wxs + (&5 + ¢35 + ¢ ()1 — 2x3)],

Pi(x;, ) = 6x3(xy = x))[(€5 — % — o + &5 — b5 — ) () + (€5 — &y + ) (w1 = 2x3)],

Pz(xi’

W) =5 G = )l + v = D)+ (& = b5 + )y + (= §F — g1~ 2x7)]
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where Vi, A; and T are leading twist-3; Sy, Py, V,, V3, As,
A3, Tz, T3 and T7 are thSt—4, S2, P2, V4, Vj, A4, As, T4, T5
and Ty are twist-5; and Vg, Ag and Tg are twist-6 DAs.

APPENDIX B: NON-PERTURBATIVE
PARAMETERS

The CoefﬁCientS ¢0, g’ ¢g, ¢g’ fg’ g’ ¢2’ l//g), ¢§’ d);r’
by DIy Wi 6 6L b5 b5 s s €55 €5 &

¢¢ in the expansions of the DAs can be expressed in terms

of eight nonperturbative parameters fy, Aj, Ay, f4, f¢, f4,
A, Vi as follows (see [17]):
For the leading confirmal spin,
1
= =fn $) =P ==(fy + A1),
2
] : (B1)
§2=§‘§=6A2, ¢2=¢2=5(f1v—/\1),
for the next-to-leading spin, for twist-3:
21 7
by = EfNA”, Py = EfN(l - 3Vf1), (B2)
for twist-4:

1
5 = ZLnGB = 10v)) + G - 105))
5
b, = _Z[fN(l - 2A'f) -0 - 2f§1 - 4f?)],
1
wi = =g U@+ a1 = sV = L2 - 57 = 579)

Vi =202 = AT =3V = @ =T + D)

[

£ = oMl — 159,

5

=16 (B3)

&y Ay(4 — 15f9),

PHYSICAL REVIEW D 75, 045006 (2007)

for twist-5:

s = _%[fzv(?’ +4vd) — 01 = 4f9)],

5
b5 = _g[fN(l = 2AY) = A (f{ = 1]
5
e = _g[fN(S + 244 = 2VE) — A (1 = 21 = 2f1)],
5
o5 =3 Lw@ = Af =3V + A = 1))
5
&y = £/\2(2 - 919,
5
£ == St (B4)
and for twist-6:
1
6 = E[fN(l —4vi) = 01 =2f)]
(B5)

b5 = L1 + 449 + A,(1 — 471 = 270)]

The values of the nonperturbative parameters fy, A;, Ay,
u f4, f4, A4, V¢ can be found in [5,17].
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