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ABSTRACT IN ENGLISH

The axial form factor as well as the axial charge of octet baryons are studied in
the perturbative chiral quark model (PCQM) with the predetermined quark wave
functions, in which the relativistic quark wave functions are extracted by fitting the
theoretical results of the proton charge form factor to the experimental data. It is
found that the theoretical results of the axial form factors and axial charges agree
well with experimental data and lattice-QCD values. The meson cloud plays an
important role in the axial charge of octet baryons, contributing 30%-40% to the
total values, and strange sea quarks have a considerable contribution to the axial

charge of the ¥ and =.
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Chapter 1

Introduction

The nucleon axial form factor is of fundamental significance to weak interaction
properties and to the pion-nucleon interaction. Hence it provides one important
test for theories that attempt to describe the structure of the nucleon. In recent
year, the Q%-dependence of the nucleon axial form factor has been studied in Lattice-
QCD [1, 2] and chiral perturbation theory [3] and other approaches [4, 5], in which
the theoretical results are in good agreement with experimental data. The theoret-
ical and experimental understanding of the axial structure of nucleon at low energy
have been reviewed in Ref. [6]. The axial charges of hyperons, which are the axial
form factors in zero-recoil, have been predicted in chiral perturbation theory [7, 8],
relativistic constituent quark model (RCQM) [9] and Lattice-QCD [10, 11]. How-
ever, there is few theoretical works on the Q2-dependence of the axial form factor of
hyperons, especially in the chiral quark model. This inspires us to study the axial
form factors of octet baryons in the perturbative chiral quark model (PCQM). In
this work, we attempt to study the axial form factors of octet baryons in the PCQM
with the determined wave functions [12] and seriously analysize the strangeness con-

tributions to the axial form factors.



Chapter 2

Perturbative chiral quark

model (PCQM)

The PCQM [12-22] is based on an effective chiral Lagrangian describing baryons
by a core of the three valence quarks, moving in a central Dirac field with Veg(r) =
S(r) + vV (r), where r = |Z|. In order to respect chiral symmetry, a cloud of Gold-
stone bosons (7, K and ) is included as small fluctuations around the three-quark
core in SU(3) extension. With an unitary chiral rotation, as shown in Refs. [15, 19],

the Weinberg-type Lagrangian of the PCQM is derived,

LY (z) = Lo(x)+ LY (z)+ o), (2.1)
Low) = B@)[id V() — SO (a) — S@u(a)(0+ M) # (@), (22)
LY (@) = @b N (@) + T2, (2)0, 8, ()0 (@) M (22.3)

where f;;1 are the totally antisymmetric structure constant of SU(3), the pion decay
constant F' = 88 MeV in the chiral limit, ®; are the octet meson fields, and ¥ (z) is

the triplet of the u, d, and s quark fields taking the form
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The quark field ¥ (x) could be expanded in

P(x) = Z (baua(Z) e tat 4 dLUa(f)eig“t) , (2.5)

[

where b, and d}, are the single quark annihilation and antiquark creation operators.

The ground state quark wave function uo(Z) may, in general, be expressed as

w@=| " e (2.6
ig -z f(r)
where X, xr and ). are the spin, flavor and color quark wave functions, respectively.
The previous work [19] on axial form factor of nucleon has been studied in the
PCQM employed Gaussian-type wave functions. As we argue in Ref. [12], the
Gaussian-type quark wave functions of baryons lead to the theoretical predictions
for the form factors of baryons consistent with experimental data only at very low
momentum transfer Q2. In the numerical analysis, instead, we employ the radial
quark wave functions g(r) and f(r) as shown in Fig. 2.1 which have been extracted
in Ref. [12] by fitting the theoretical results of the proton charge form factor to
the experimental data. More information on quark wave functions can be found in
Ref. [12].
The calculation technique in the PCQM is based on the Gell-Mann and Low
theorem [23], in which the expectation value of an operator O can be calculated

from

0) = Plonl 5 [ e [ate, 12l @) £F @002, (20
n=0

where the state vector |¢o)? corresponds to the unperturbed three-quark states
projected onto the respective baryon states, which are constructed in the framework
of the SU(6) spin-flavor and SU(3) color symmetry. The subscript ¢ in Eq. (2.7)
refers to contributions from connected graphs only. LW (z) is the quark-meson

interaction Lagrangian as given in Eq. (2.3).
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0.14 ———

g(r)
— = —fm

g(r) and f(r)

12 14

r [GevY]

Figure 2.1: Normalized radial wave functions of the valence quarks for the upper
component g(r) and the lower component f(r) with the central values of the expan-
sion coeflicients, which are determined by fitting the theoretical results of proton
charge form factor to the experimental data [12].



Chapter 3

Axial form factors in the

PCQM

In the framework of the PCQM, the axial form factors G5 (Q?) of octet baryons in

the Breit frame are defined by

o 2 .,
OB 1 —ig-x
XES,7XBSG§(Q2) - B<¢O|nz_%n!/6(t)d4xd4x1...d4axne a

XTILY (1) - L7 (wn) As(@)]|0)? (3.1)

xB. and XTB‘, are the baryon spin wave functions in the initial and final states, og
is the baryon spin matrix. G5 (Q?) are the axial form factors of octet baryons with
the squared momentum transfer Q2.

The axial-vector current A!' in Eq. (3.1) is given by

7 )\L ijk T W /\z
A= PO g o — T Gy (2 1) S 4 o(@R.2)

where the renormalization constants Z is determined by the nucleon charge conser-

vation condition as

A 3 o 1 2 1
Z = 1-— dkk*F? (k> )
4(27TF)2/0 i )[wf;(k;Q) T o) ¢

with we (k?) = /M2 + k? and the vertex function Fy(k) for the gg® system taking
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e

(a) <h

(d) (¢) ()

Figure 3.1: Diagrams contributing to the axial form factor of octet baryons : 3q-
core leading order (a), 3g-core counterterm (b), self-energy I (c) self-energy II (d),
meson exchange (e), and vertex correction (f).

the form
Fr(k) = 277/ der/ dfsinfe* <0 [g(r)2 + f(r)*cos26). (3.4)
0 0

In accordance with the interaction Lagrangian £ (z) in Eq. (2.3) and the axial
current A* in Eq. (3.2), there are six Feynman diagrams, as shown in Figure 3.1,
contributing to the axial form factors to the one-loop order. The contributions of
these diagrams are derived as follows:

(a) Three-quark core leading-order (LO) diagram
Glj(QQ)}LO = c?27r/ drrz/ dfsinfe’ @m0 [g (1) + f(r)2cos(26)]. (3.5)
0 0
(b) Three-quark core counterterm (CT) diagram

GR(@)|cr = (2 = DCRQ)] 0 (3.6)
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Table 3.1: The constants ¢ for the octet baryons axial form factors G5(Q?).

1 C2 Cc3 Cq Cs

5/3 5/6 8 0 —5/9
4/3  2/3 0 4 —4/9
~1/3 —-1/6 0 -4 1/9

=

(c) Self-energy I (SE:I) diagram

GE(Q2)|3E;I - 27TF / dkk4/ dx(1 — z?)

FI(k)FH(k ) cs

S Lﬁ(kﬂ) ’

\/ k2 + Q2% — 2k+/Q?x, and the vertex function for the quark-pion-axial

(3.7)

(kQ)}

where k_ =

vector current Fyy(k) is given by

Fri(k) = 72m/ drr? / dOg(r) f(r)sin20e?reos? (3.8)
(d) Self-energy IT (SE:IT) diagram

B 2 _ 4
G @ spr = S2nF)? / dkzkz/ da(1 —2?)

F](k‘)F][(k‘ ) C

S sz% "

(3.9)

(kQ)]

(e) Exchange (EX) diagram

B2 _ 1 /OO 4/ 2
GH@) o = 1) J, dkk 71dm(1 z?)

XFI(k)FII(k)[ g ] (3.10)

(f) Vertex-correction (VC) diagram

GB Q2 ‘ — #/OO dkk‘4F2(k)|: ClB + Cs :| GN(Q2)| 11)
Ve T 20(21F)2? J, P w3 (R2) Wik T4 ko

The constants cf are given in Table 3.1.



Chapter 4

Strangeness contribution to

axial form factors

The numerical results listed in Table 4.1 are the axial charges, namely the axial
form factors in zero-recoil. The uncertainties in the total values of the axial charges
caused by the fitting errors of the quark wave functions [12] are estimated about
15%. As shown in Table 4.1, the theoretical results reveal that the meson cloud
plays an important role in the axial charge of octet baryons, contributing 30%-
40% to the total values. Except for the N, there is no direct experimental data
for the axial charge of the ¥ and =, thus we also compile the chiral extrapolation
estimations of Lattice-QCD results at the physical m, point [10] in the last second
column of table for comparison. It is found that the theoretical N axial charge is
in good agreement with the experimental value [24], and the work predictions on ¥

and = axial charges are consistent with the Lattice-QCD values [10].

Table 4.1: Numerical results for the octet baryon axial charges g5, where the uncer-
tainties are from the errors of the quark wave functions. The experimental data are
taken from [24], while the chiral extrapolation estimations of Lattice-QCD results
at the physical m, point are taken from [10].

3q Meson loops .
LO OT4SEAEXAVC Total Lattice [10] Exp. [24]
gg 0.883 0.418 1.301 4+ 0.230 1.180 + 0.100 1.272 £ 0.002
3 0.707 0.220 0.927 £0.132 0.900 £ 0.096 —
S —0.177 —0.106 —0.283 £0.033 —0.277 £ 0.034 —
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Figure 4.1: Normalized axial form factors G5 (Q?)/g% of octet baryons. The exper-
imental data on nucleon axial form factor are taken from [25-32].

Table 4.2: Contribution of m, K and 7 mesons to the axial charges g%.

Meson loops

m K n
gy 0.375 0.045 —0.002
g% 0.118 0.104 —0.002
gi —0.030 —0.077 —0.001

We show the Q2-dependence of the axial form factors of octet baryons in Fig. 4.1,
which are normalized to one at zero-recoil, with the experimental data on the nu-
cleon axial form factor [25-32] plotted as well. As expected, the theoretical axial
form factors fall off smoothly as the momentum transfer Q2 increases. It is also
found that the theoretical result for the N axial form factor is in good agreement
with the experimental data [25-32], and the axial form factors for ¥ and Z show a
similar Q?-dependence based on the SU(3) symmetry.

We also present in Fig. 4.2 the individual contributions of various processes
shown in Fig. 3.1 to the axial form factors of octet baryons. As shown in Fig. 4.2,
the 3q-core leading order (LO) diagram dominates the axial form factors of octet
baryons while the self-energy (SE) and exchange (EX) diagrams contribute consid-
erably.

To investigate the strangeness effects, we separately list the 7, K and 7 mesons
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contributions to the axial charges in Table 4.2. It is found that the = meson contri-
bution to the IV axial charge dominates over the ones from the K and 7 mesons, but
the K meson contributions to the ¥ and = axial charges are in the same order as the
7 ones. The contribution from the 1 meson is negligible due to the weak coupling
between the s current quark and 77 meson. We also present in Table 4.3 the strange
sea quark contributions (K and 1 meson clouds) of the individual loop diagrams as
shown in Fig. 3.1 to the axial charges g&§. Based on Egs. (3.5)-(3.11), we may point
out the fact that the K meson contributes to the SE and EX diagrams while the
7 meson participates in the VC process only. The results listed in Table 4.3 reveal
that the strange sea quark contribution to the N axial charge is caused mainly by

the SE diagram, but to the ¥ and = axial charges both the SE and EX diagrams

[eN(2)
GX@)

- 00 02 04 06 08 10 00 02 04 06 08 10
QGev?) QXGev?)

———vC

00 02 04 06 08 10

QXGev?)

Figure 4.2: The individual contributions of the different diagrams of Fig. 3.1 to the
axial form factors of octet baryons (left panel for N, middle panel for 3 and right
panel for E).

Table 4.3: Strange sea quark contributions of the individual loop diagrams of Fig. 3.1
to the axial charges ¢%.

CcT SE EX VvC

Y —0.0136 0.0567 0 —0.0006
g5 —0.0109 0.0453 0.0680 —0.0004
2 0.0027 —0.0113 —0.0680 0.0001
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Table 4.4: Numerical results for the octet baryon axial radii <r124>;/2 (in units of
fm), where the uncertainties are from the errors of the quark wave functions. The
experimental data are taken from Ref.[6].

PCQM Datal6)
()Y 0.808+0.088  0.639 4 0.010
()% 0.832+0.089
4

W2 0.780 4 0.087

are important. As shown in the last column of Table 4.3, the 1 meson contribution
is suppressed owing to the weak coupling between the s current quark and 7 meson.
Listed in Table 4.4 are the axial radii of octet baryons, which are derived by

1 dGH(Q?
() =~

. (4.1)

The nucleon axial radius <7°124>j\,/2 in the Table 4.4 is a little bit larger than the

experimental value, and the predicted results for the <r124>;/2 and <r?4>15/2 are in
the same order as <r124>j\{2 since our calculations are restricted to the SU(3) chiral
symmetry.

In summary, one may conclude that the theoretical results of the axial form fac-
tors and axial charges agree well with experimental data and lattice-QCD values.
The meson cloud plays an important role in the axial charge of octet baryons, con-

tributing 30%-40% to the total values, and strange sea quarks have a considerable

contribution to the axial charge of the ¥ and Z.
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Appendix A

Gell-Mann and Low theorem

The Gell-Mann and Low theorem was proved by Murray Gell-Mann and Francis
E. Low in 1951. It is a theorem in quantum field theory that allows one to re-
late the ground (or vacuum) state of an interacting system to the ground state of
the corresponding non-interacting theory. We consider a system described by the

Hamiltonian H which might be written as
H=Hy+ Hy (A1)

where Hy and H; are respectively the free and interaction parts of the Hamiltonian.
Let |¢g) and |n) be the eigenstates of the free and full Hamiltonian, respectively.

One has

Hln) = E™|n),

Holvo) = Eolto), (A.2)

hence

e_th|w0> — Z e_iE(")t|n> iy

n

_ efiEtW}> <¢‘7~/}0> + Z 671E(”>t|n> <n|w0>7 (A3)
n#0

16
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here we have rewritten ground eigenstate |0) and ground eigenvalue E©) in the

above equation respectively as [¢)) and E, that is

Hp) = El). (A.4)

Multiplying the above equation by e!”o?, one derives

P o) = EEN ) (o) + D e T E ) (). (A5)
n#0

Since E(™ > E for all n # 0, we can get rid of all the n # 0 terms in the series by
sending ¢ to oo in a slightly imaginary direction ¢ — co(1—ie). Then the exponential

factor e~ H{E=Eo)t Jies slowest and we have

6iH(ft)efiHo(ft)|w0>

W= R )
= I S E g (a9
here we have used
Ulto,t) = elflt=to)gmifloli=to) (A.7)
In the same way, we can derive
(] = (¢o|U(t,0) (AS)

t—ro0(1—ie) e~ HE=Eo)t (g |eh) |

Now we evaluate the expectation value of the operator O(z) = O(2°, ¥) in the state

[¥)

<¢O|U(t7 O)UT (:L‘O, O)O[(x)U(xO, O)U(O7 _t) |¢o>

@Wlo@°, DY) = lim

t—oo(1—ie) e E=E0)t (g |ip)e B =Eo)t (1)]ao)
_ ~ (¥o|U(t, %) 01 (2)U (2, —t)[tho)
= tﬁololglfis) 6_21(E_E0)t‘<’¢10|’(/}>|2 . (A9)

To get rid of the denominator in the equation, one may divide it by 1 in the form

L= () = tim  LlUGLOUO, =)o)

t—oo(1—ie) e*Qi(E*Eo)tKwOW)‘z (A.10)
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Then finally we derive

WO, D) = tim  PolUt2)0/@UE, o)

t—oo(1—ie) <1/)0‘U(t, 7t)|w0> (All)

The above equation holds for a product of arbitrarily many operators, for example,

for two operators

(Wl T{O1@)Pr() exp[—i [*, dzH ()] }ibo)
t=ro0(1-ic) (ol T{exp[—i *, dzH;(2)]}[to)

(WIT[O(x)P(2)]lp) =
(A.12)



Appendix B

Calculation of the diagrams

for the axial form factor

In the PCQM, the axial form factor of the baryon octet is given by

3 2
S T ¢ —iqx
XTBS/UB7BXBSG§(Q2) = B<¢o|;n!/5(t)d4$d4$1"'d496n€ a
XTI} (21) -+~ L7 (wn) A3 ()] 60) £, (B.1)

where y g, and Xjfg , are the baryon spin wavefunctions in the initial and final states,
& is the spin matrix and 75 is the third component of the SU(2) isospin matrix. On

the baryon level

3
L T 1
XES,JB?BXBS =3 (B.2)

B.1 Leading Order Diagram (LO)

Figure B.1: Leading order diagram

19
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GR@)o
_ iqx 3 5)‘3 B
= 2200l [ S v oo
= ¢0\bT/d3 TPl (2)7°7° 7 Aguo () bol o)
= 277/ dr/ dOr?sinflg(r)* + f(r)?cos(20)]el@reos?
<¢o|boxc/Xf/XS (3A3) XX f Xebo| d0)”
= c{327r/ dr/ dOr3sinf[g(r)* + f(r)%cos(20)]e!@reos? (B.3)
0 0
where

of = <¢o|boxc/xf/xs (3A3) XX £ Xebo| do)”

= (B1| Z[ogAg]WlB 7). (B.4)

k=1

B.2 Counterterm Diagram (CT)

7z —1

Figure B.2: Counterterm diagram
GA(Q%) |CT

= 20| [ Badtae ™ 5(a) (2 — 17 v @)lon)

(Z - 1D)GR(@QY)],0- (B.5)
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B.3 Self-Energy Diagram I (SE;I)

Figure B.3: Self-energy diagram I

GB Q2 ’SE I

B (ol / S(t)d*zd z e 19"

XN{ [15‘#<I|>m1/_)'y”'y5)\mw] . [* J;’;{%/;’Yg/\ilb‘ILj]I}W&B

2i f3;5 T/ 3 3 4. idd ik (#1-7)
= 8 b | dPadPrd ke T ——
4F2(2m)4 "ol e V5 e

X0 (21)7" kY Ajta (€1) 0 (2)7* Ao (2)
/dtdtlét@(tl _ t) zqot zeo(t—tl)e—iaa(t1—t)e—ik0(t1—t)b0|¢O>B

f3z T 3,13 31,10 T T1—F
- 2F2(j) Bpolbl [ dPrdaydPkeiTEeiR (E1-9)

1
x / o Ry = R T il Aea + ko — 7]
xtig (1) (7 ko — 7 - £)7° A jtta (1)t ()7 Nitio () bo|do) ?
B i 3 1315
= m <¢o|boXchXs/d k @(kz)[wq}(ka)+Aga]
Frira(|7— k)

X [W<p(k2)F[a(]€) - FIIOé(k)] [(E : E)Aj]o,a{ [63mnkm0—n)\i]a70

G~ K
+W \/> ks + i€smnomknAila, O}Xstch0|¢0> ) (B.6)
where
[ #raar a7 Fm(_qk'k')[mkmaﬂ
+W[\/@ — k3 + i€3mnTmknAila.0s

(B.7)
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with

Frira(k) = —22— / drrgo(r) fo(r / dQCLY7, 0(0, ¢)et*eeost (B.8)

Frva(k) = 88]‘3/0 drr[ga(r) fo(r) — go(r) fo(r )]Adgcanao<97¢)eikzc030_
(B.9)

Finally, we get
@
GRQ)sp.

/ 3w<1> D Fra(k) — Frra(k)
o (b)) [we (k) + Aca]

/ { (1—2?) FIIIa(k) Frva(k \ﬁx+k1—2$)]}

I

<¢0|b0X¢Xsz2f3z])\ A3 Xs X £ Xeboldo)” (B.10)
For a =0
Frr(k) = —217T/ dr/ dOr?g(r) f (r)sin20e*reos? (B.11)
Fry(k) = (B.12)
Hence

dek*(1 — 22)Frp(k®)Frrp(k?)

|
~
3 =
>
:N
3
Q.
BN
|\H

GR(Q)spr =

1 cB B
. [w%(k?) * wi(k?)y (B13)

where

o0 = Z (oD} Xchstf%)‘)‘USXSXfXCb0|¢0>
ij=1
- B e ), (.11

Dy

7 .
> (Bt |Z[%f3ij/\j)\i0'3](k)|3 . (B.15)
inj=4 k=1
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B.4 Self-Energy Diagram II (SE;II)

Figure B.4: Self-energy diagram II

GB Q2 ’SE IT

Bgoli / S(t)d*zd z e 19"

{[ = By ri®] [5pouemin s and] Yool

_ 2ifsi; g 1 313 dy iqd@ i@ )
— TF2(2n)i (polby | d°xd’xz1d ke M(% T

X tio ()7 Ky ® At (%) o (21)7° Ao (1)

% /dtdtl(st@(t o tl)efiqotefi&‘o(tlft) efiea (tftl)efiko(tftl)bo|¢0>3

I T T/ 3 edB A3 hetT T ik (F—71)
= 320 Blgpolbd | d3xdzd®ke’

1
% / dko [wa (k2) — k2 — i€][Acq + ko — i1]
xig(2)(7°ko — 7 - k)v° Ajtta (@) Ta (217> Mo (21)bo|do) B

— # 3 f3Zj
T 4F2(27) ¢°|b°X°XfXé/d o (k%) [wa (k2) + Acy]

o { Frrra(|q+ k‘l)

[ESmn kman)\i]o,a

7+ K|
7@[ V Q2 + ks + Z"53mna'mk'n)\i]o,oz}
|7+ K|
x [wa (k) F, (k) — Fj1o ()] - ©)Aj]a0XsXfXcbolb0) 7, (B.16)

It is similar to G§ (Q2)|§E_I, we can obtain
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GB Q2 |SE IT

— / dk_k_qu’ k2 FIJra( ) FITIoz(k)
27TF we (k?)[we (k?) + Acy)

X/_ dx{zku —2*)Fya(ks) | Frva(ks) [\/@Hk”}

<¢0|boXchX52fsza)\ XiosxsXfXebo|do) (B.17)
where
o [ ,
Fyo(k) = _21& drrge(r) fo(r) / dQC, Y7, 0(6, ¢)etrreos?, (B.18)
Q

When we restrict the quark propagator to the ground state,

GR(Q)sp,y = GAQN) | gp.1r- (B.19)
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B.5 Exchange Diagram (EX)

Figure B.5: Exchange diagram

GR(Q)|px

2 B<¢0|i/5(t)d4xd4xle_iqz

xN{ [;aucll%mwf’)\mzphl - J;"”g¢73Aiw<Il»j]m}¢o>B
ik-(Z1—%)

if3i) i77
— S B (o) [ drdnd ke T
T

2F2(2m)4

xtig (1) kv Ajuo (1) o ()7 Aiuo (2)

X / dtdt, dte= 0t e~ kot =tp (2)bo (1) |do) P (B.20)

i.e., the ground

Here, there is no quark propagator contribution to G% (Q2)| BX

state gives contribution only. Eq. (B.20) is similar to Eq. (B.6) when a = 0.

oo 1
GE@QY)|,, = 4(T1F)2/0 dk[ldxk4(l—xZ)FH(kQ))FIU(k%)

1 c3B cf B.o1
X@Li(k?)*wwﬂ' (B-21)

where

3

3

= Z (B 1| Z fsijesmnlomAj]|® o N VB 1), (B.22)
i,5,m,n=1 k,l=1
kel

“y

7

3
Cf = Z <B T | Z fgijegmn[dm)\j](k)[O‘n)\i](l)|B T) (B23)
i,7,m,n=4 k,l=1

k£l
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B.6 Vertex Correction Diagram (VC)

Figure B.6: Vertex correction diagram
ap
GR(Q)]ye

= 4B<¢0|7/5(t)d4md4$1d4x2€_lqm

xN{ [;%4%1/77“75)\1@73752310} ) [%&%%”VS)\W} 12}|¢o>B
ik (& —2)

M% — k2% — e
X to (21) 7" kv At (21) o (2)Y*7° Agug (2) g (22)7 ki y® Nivo (22)

= ‘ B T 3,..73 3, g4y iq-&
= 8F2(2n) <¢o|b0/d rd’r1dxed ke T

X /dtdt1dt2§t@(t1 —t)O(t — toe 0t gmic0(ta—t1) o —iea(ti—t)
Xe*iefa(t*tZ)efikO(tl7t2)b0|¢0>B

= m B<¢O|bgd3md3$1d3$2d3kei‘j’feig'(551—552)
0
1
x | dk |
/ " lwa(k?) — (ko)? — iel[ko + Acq — in][ko + Ac — in]

xiig (1) (70 ko — 7 - B)7° Nitta (1) i (2) 7>y g ()
xtig(x2)(v ko — 7 - k)7 Aitto(w2)bo|do)
3GH (@)} 1
= P Gl / Pl e D oa () + Bl
% [w3 (k) Fra (k) F}, (k) — W@(kQ)FIa(k)FITIa(k) — wo(k?) Frra (k) F}, (k)

-, —.

+Fua(k)FHa(kz)]>\ As\; /QdQ(&-k)ag(ﬁ.k)xsxfxcb0|¢0>3, (B.24)

where

.3 N
/d 2iia (2)7V* 7 Agug(2)e' 7" = 55aﬂGX(Q2)|LoXiX}XZ[U3)\3]aﬁxstXc~ (B.25)

Finally, we have
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GR@)ye

_ m 2| / dkk* [w? (k2) Fro (k) FJ, (K)
—wa (k) Fra(k)F 1, (k) = wo (k) Frra (k) Fl, (k) + Fria (k) Ff,, (k)]
B(golbixExExtNidshiosxsxrxeboldo)?

wo (k?)[we (k?) + Aca]?

(B.26)

For the ground state o = 0, we obtain

1 o0
CA@lve = Fmm@h(@lo [ d P ()

cP B ]

X + (B.27)

wi(k?)  wi(k?) ]’

where

o = <¢o|boXchXg>\ A3Aios XX fxcboldo)”

= ZBTlZMgAUB]“HBw
=1 k=1
— BT|Z/\303 )|B 1) (B.28)

g = <B¢|Z[A8A3Asag]<’“>|3 1). (B.29)
k=1
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The axial form factor as well as the axial charges and radii of octet N, X, and = baryons are studied in the
perturbative chiral quark model with the quark wave functions predetermined by fitting the theoretical
results of the proton charge form factor to experimental data. The theoretical results are found, based on
the predetermined quark wave functions, in good agreement with experimental data and lattice values. This
may indicate that the electric charge and axial charge distributions of the constituent quarks are the same.
The study reveals that the meson cloud plays an important role in the axial charge of octet baryons,
contributing 30%—40% to the total values, and strange sea quarks have a considerable contribution to the

axial charges of the  and =.

DOI: 10.1103/PhysRevD.91.034022

I. INTRODUCTION

The form factors play an extremely important role in
hadron physics since they supply necessary information on
the internal structure and electroweak interaction proper-
ties. The Q2 dependence of the electromagnetic and axial
form factors of the nucleon have been studied in a cloudy
bag model [1,2], lattice QCD [3-8], and other approaches
[9-16], in which the theoretical results are comparable with
experimental data. The experimental and theoretical under-
standing of the electromagnetic and axial nucleon structure
at low energy have been reviewed in Refs. [17,18]. In
recent years, the hyperon axial charges, which are the axial
form factors in zero recoil, have been predicted in lattice
QCD [19,20], the chiral perturbation theory [21], and the
relativistic constituent quark model (RCQM) [22]. However,
there are few theoretical works on the Q? dependence of the
axial form factor of hyperons, especially in the chiral quark
model. This inspires us to study the axial form factors
of octet baryons in the perturbative chiral quark model
(PCQM).

The PCQM [23-33] is a powerful tool to study the
baryon structure and properties in the low-energy particle
physics. However, the previous work on the axial form
factor of the nucleon [30] shows that the PCQM theoretical
result of the nucleon axial form factor is in good agreement
with the experimental data only at very low momentum
transfer Q?, descending quickly with the momentum trans-
fer Q7 increasing. It is noted that a variational Gaussian
ansatz has been employed for the quark wave functions
[30]. As we argue in Ref. [23], the Gaussian-type quark
wave functions of baryons lead to the theoretical

“Ixy_gzu2005@126.com
lyupeng@ sut.ac.th

1550-7998,/2015/91(3)/034022(6)

034022-1

PACS numbers: 12.39.Ki, 14.20.-c, 14.40.-n

predictions for the form factors of baryons consistent with
experimental data only at very low momentum transfer Q.
Furthermore, the more reasonable quark wave functions
have been determined in Ref. [23] by fitting the PCQM
theoretical result of the proton charge form factor to the
experimental data, as shown in Fig. 1. In addition, the Q?
dependence of the theoretical electromagnetic form factors
with the determined wave functions in the region Q2 <
1 GeV? is consistent with experimental data. More details

—g)
0.1 — — —f(@

0.08

g(r) and f(r)

0.06

0.04

0.02

0 2 4 6 8 10 12 14
r[GeV™!]

FIG. 1 (color online). Normalized radial wave functions of the
valence quarks for the upper component g(r) and the lower
component f(r) with the central values of the expansion coef-
ficients, which are determined by fitting the theoretical results of
the proton charge form factor to the experimental data [23].

© 2015 American Physical Society
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could be found in Ref. [23]. In this work, we attempt to
study the axial form factors of octet baryons in the PCQM
with the determined wave functions in SU(3) and analyze
the strangeness contributions to the axial form factors. We
also predict the axial charges of light hyperons (X and =).
There are no further parameters to be adjusted in the
present work.

The paper is organized as follows. In Sec. II, we present
the theoretical expressions of octet baryon axial form
factors in the PCQM. The numerical results based on
the predetermined quark wave functions and discussion are
given in Sec. IIL

II. AXTAL FORM FACTORS IN THE PCQM

In the framework of the PCQM, the axial form factors
G5(0?) of octet baryons in the Breit frame are defined by

N

c
)(E / TBZBSGQ(QZ)
By Z / (t)d*xd*x, - - - d*x,e™i4*

TILY (x1) - L1 () A3 (0] Iho) 2, (1)
where the state vector |¢y)? corresponds to the unperturbed
three-quark states projected onto the respective baryon
states, which are constructed in the framework of the SU(6)
spin-flavor and SU(3) color symmetry. The subscript ¢ in
Eq. (1) refers to contributions from connected graphs only.
X, and ﬂf« are the baryon spin wave functions in the initial

and final states, and 6 is the baryon spin matrix. G5(Q?)
are the axial form factors of octet baryons with the squared
momentum transfer Q2.

The quark-meson interaction Lagrangian £}'(x) in
Eq. (1) takes the form

1

L1 (x) = ﬁau@i(x)l/_/(x)y”y%iw(x)
+ 0,00, p WA, @

where F' = 88 MeV; v is the triplet of u, d, and s quark
fields; and ®; are the octet meson fields. The axial-vector
current A% in Eq. (1) is given by

Ai Sijk
AP = FO*®. 4+ wytyd 2L LUK Sl )y ®
; H®; + yryty SV SR P
_ 5 5 Ai >
+w(Z - 1)ty §w+0(¢i)’ (3)

where the renormalization constant Z is determined by the
nucleon charge conservation condition as
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A 3

7=1-—"_ % aritF2 (12
4(27F)? A 1)

1 2 1
8 [wz<k2> N 9w2<k2>} ’

with wg(k?) = /M3 + k* and the vertex function F;(k)
for the gg® system taking the form

k) = 2x / ” drr? / " 46 sin Geikreosd
0 0

x [g(r)? + f(r)? cos 26)]. (5)

(4)

The ground-state quark wave function uy(X) may, in
general, be expressed as

uo(X) = < )(Cf)( )>xsmc, (6)

where y, x, and y, are the spin, flavor, and color quark
wave functions, respectively. In the numerical analysis, we
employ the radial quark wave functions g(r) and f(r) that
have been extracted in Ref. [23] by fitting the theoretical
results of the proton charge form factor to the experimental
data. More information on the PCQM and quark wave
functions can be found in Ref. [23].

The Feynman diagrams contributing to the axial form
factor of octet baryons in accordance with the £} (x) in
Eq. (2) and the AY in Eq. (3) are shown in Fig. 2. The
corresponding analytical expressions for the relevant dia-
grams are derived as follows:

(a) Three-quark core leading-order (LO) diagram:

G (Q)lo = leZit/oo drr? /” 40 sin 0eiQrcoso
0 0
x [g(r)? + f(r)?cos(20)). (7)

(b) Three-quark core counterterm (CT) diagram:

GE(QV)ler = (2= 1)GF(@) Lo (8)

(c) Self-energy I (SE I) diagram:

/ dkk4/ dxl—x
7rF)

Fi(k)Fu(

Vi

GR(Q)lse1 =

o)
)

where k_ = \/ k* + Q% — 2k+/Q%x, and the vertex
function for the quark-pion-axial vector current
F;(k) is given by

)[ 2 "
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(a) (b)

(¢) (f)

FIG. 2. Diagrams contributing to the axial form factor of octet
baryons: 3g-core leading order (a), 3q-core counterterm (b), self-
energy I (c), self-energy II (d), meson exchange (e), and vertex
correction (f).

Fpu(k) = —2in / ¥ dr?

0

X / " d6g(r)f(r) sin20eros?. (10)
0

(d) Self-energy II (SE II) diagram:

/ dkk4/ dxl—x
2F

GE(Q2)|SE:II

Fy(k)Fp(k_) )

e [ = " K<k2>]'

(11)

(e) Exchange (EX) diagram:
GHOlex = 53 F)/ dkk“/ dx(1 = )
F,(k)F (k2) cy
Ve e )
(12)
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TABLE 1. The constants c? for the octet baryons axial form
factors G5(Q?).

C Cy C3 Cy Cs
N 5/3 5/6 8 0 -5/9
z 4/3 2/3 0 4 -4/9
= -1/3 -1/6 0 -4 1/9

(f) Vertex-correction (VC) diagram:

1 )
GE(Q%)lve = W/) dkk*F7 (k)
[ C? 4 C? } - GY(0Y)|
wi(kZ) a)z(k2) A Q LO"

(13)

The constants ¢? are given in Table L. It is noted that the
constant ¢} = 5/3 in Eq. (7) is determined by the spin and
flavor of the three-quark core of the nucleon, namely, the
naive SU(3) quark model. In addition, Egs. (9) and (11)
present the same results for the diagrams (c) and (d) of
Fig. 2 based on the T symmetry.

III. NUMERICAL RESULTS AND DISCUSSION

In this section, we present the axial charges and form
factors of octet baryons with the determined quark wave
functions [23]. The calculations are extended to the SU(3)
flavor symmetry, including z, kaon, and n-meson cloud
contributions. Note that there are no further parameters in
the following numerical calculations on the axial form
factors of octet baryons.

The numerical results for the axial charges, which are the
diagonal axial charges shown in Eq. (1) with Aj, are listed
in Table II. The uncertainties in the total values of the axial
charges caused by the fitting errors of the quark wave
functions [23] (the same hereinafter in Table III) are
estimated around 15%. As shown in Table II, the theoretical
results reveal that the meson cloud plays an important role
in the axial charge of octet baryons, contributing 30%—40%
to the total values. Except for the N, there are no direct
experimental data for the axial charge of the £ and =, and
thus we have the chiral extrapolation estimations of lattice
QCD results at the physical m, point [19] compiled in the
table for comparison. It is found that the theoretical N axial
charge is in good agreement with the experimental value
[34], and the work predictions on X and = axial charges are
consistent with the lattice QCD values [19]. In Ref. [22],
the axial charges of hyperons are evaluated in the RCQM
without considering the chiral symmetry. Our tree-level
(LO) results of the X~ and = axial charges are comparable
with the RCQM values while the meson loop diagrams
contribute some correction to our tree-level results of ¢&.
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TABLE II.  Numerical results for the octet baryon axial charges ¢%, where the uncertainties are from the errors of
the quark wave functions. The experimental data are taken from Ref. [34], while the chiral extrapolation estimations
of lattice QCD results at the physical m, point are taken from Ref. [19].

3q Meson loops

LO CT+SE+EX + VC Total Lattice [19] Data [34]
@ 0.883 0.418 1.301 £ 0.230 1.180 = 0.100 1.272 £ 0.002
' 0.707 0.220 0.927 £0.132 0.900 £ 0.096
95 -0.177 —-0.106 —0.283 +0.033 —0.277 £ 0.034

Listed in Table IIT are the axial radii of octet baryons,
which are derived by

1 dG5(0?)

s =65 A2 )
A 0*=0

The nucleon axial radius (2))/* in Table I1I is a little bit

larger than the experimental value, and the predicted results
for the (2)+/* and (r3)Y/? are in the same order as (r3))/*
since our calculations are restricted to the SU(3) chiral

symmetry. As discussed in Ref. [30], the contributions of

TABLE IIL

(ri);/ % (in units of fm), where the uncertainties are from the
errors of the quark wave functions. The experimental data are
taken from Ref. [17].

Numerical results for the octet baryon axial radii

PCQM Data [17]
()12 0.808 + 0.088 0.639 + 0.010
()2 0.832 + 0.089
(2)1/2 0.780 + 0.087

TABLE IV. Contribution of z, K, and # mesons to the axial
charges ¢f.

Meson loops

b4 K n
g 0.375 0.045 —0.002
' 0.118 0.104 —0.002
' —0.030 —0.077 —0.001

TABLE V. Strange sea quark contributions of the individual
loop diagrams of Fig. 2 to the axial charges ¢&.

CT SE EX VC
7 —0.0136 0.0567 0 —0.0006
' -0.0109 0.0453 0.0680 —0.0004
' 0.0027 -0.0113 —0.0680 0.0001

excited-state quarks in loop diagrams generate some
corrections to the N axial form factor. The inclusion of
the excited-state quarks in loop diagrams may be addressed
in a future work.

Furthermore, we have studied the separate contribution
of z, K, and n mesons to the axial charges. As shown in
Table IV, the 7 meson contribution to the N axial charge
dominates over the ones from the K and # mesons, but the
K meson contributions to the £ and = axial charges are in
the same order as the z ones. It is noticed that the
contribution from the # meson is negligible. We also list
in Table V the strange sea quark contributions (K and 7
meson clouds) of the individual loop diagrams as shown in
Fig. 2 to the axial charges g§. Based on Eqs. (7)—(13), we
may point out the fact that the K meson contributes to the
SE and EX diagrams, while the # meson participates in the
VC process only. The results listed in Table V reveal that
the strange sea quark contribution to the N axial charge is
caused mainly by the SE diagram, but to the X and = axial

X —

L 3 |
0.6 \\g 4
L ANYES } 4

=
~ ~
o N
S XK
T X
\~
0.4} N -
= Amaldietal., 1970 N "~_§
e Nambuetal., 1970 S
A Amaldietal, 1972 IS ST
'l v Bloomet al., 1973 ~3
021 o Braveletal, 1973 7
O  Brainetal., 1974
s Guerraetal., 1976
r| v  Esaulovetal., 1978
0‘0 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
0.0 0.2 04 0.6 0.8 1.0
0*(GeV?)

FIG. 3 (color online). Normalized axial form factors
G5(0Q?)/ g8 of octet baryons. The experimental data on nucleon
axial form factor are taken from Refs. [35-42].
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1.0 : : : : 1.0 0.05
0.8] 08|
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0.6] 06|
- ~ _ —0.05
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< m<
© © C ool
0.2 0.2
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FIG. 4 (color online).
(left panel for N, middle panel for Z, and right panel for Z).

charges, both the SE and EX diagrams are important. As
shown in the last column of Table V, the n meson
contribution is suppressed due to the weak coupling
between the s current quark and # meson.

We show the Q2 dependence of the axial form factors of
octet baryons in Fig. 3, which are normalized to 1 at zero
recoil, with the experimental data on the nucleon axial form
factor [35-42] plotted as well. As shown in Fig. 3, the result
for G (Q?) is close to the experimental data [35-42], and
the predicted results on G3(Q?) and G5 (Q?) show a similar
Q? dependence based on the SU(3) symmetry. Considering
the PQCM result of ¢ is 2.5% larger than the experimental
value, the non-normalized result for GY (Q?) could be in
better agreement with the experimental data. As expected,
the theoretical axial form factors fall off smoothly when the
momentum transfer Q2 increases. The predetermined quark
wave functions employed in the work take a form similar to
Coulomb wave functions and have large values at small r
region as shown in Fig. 1, compared to the Gaussian-type
wave functions employed in the previous work [30]. This
may be the main reason why the theoretical axial form factor
evaluated with the predetermined wave functions is con-
sistent with the experimental data especially at larger Q.

We present in Fig. 4 the contribution of various processes
as shown in Fig. 2 to the axial form factors of octet baryons.
It is found that the sea quark or meson cloud contributes to
axial form factors mainly through the SE and EX diagrams.
The LO diagram results in a dipolelike axial form factor,

0*(GeV?)

0*(GeV?)

The individual contributions of the different diagrams of Fig. 2 to the axial form factors of octet baryons

while the meson cloud leads to a flat contribution to the
axial form factor. The flat contribution indicates that the sea
quarks distribute mainly in a very small region, which is
rather surprising and needs to be further studied.

In summary, one may conclude that the fact that the
theoretical results of the axial form factors and axial
charges agree well with experimental data and lattice
QCD values, with the predetermined quark core wave
functions in the electromagnetic sector, may indicate that
the electric charge and axial charge distributions of the
constituent quarks are the same. The study reveals that the
meson cloud plays an important role in the axial charge of
octet baryons, contributing 30%—40% to the total values,
and strange sea quarks have a considerable contribution to
the axial charge of the £ and Z=.

The center-of-mass correction has been considered in
relativistic quark models in Refs. [43-45]. The nucleon
mass is very sensitive to the center-of-mass effect, decreas-
ing some 40% [45], while the theoretical results in Ref. [43]
reveal that the center-of-mass correction reduces the
magnetic moments of the nucleon by about 10%.
Therefore, it is necessary to investigate the center-of-mass
correction in the PCQM in our future work.
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