
Cons%tuent)
Quark)Models)

)and)electromagne%c)form)factors)
))
)

E.)Santopinto)
INFN))

Genova)
)
)

Trento,)February))2013)



Outline of the talk!
!

!   The Model (hCQM)!

!   The helicity amplitudes!

!   The elastic e.m. form factors of the nucleon !

! The Unquenched Quark Model ( higher Fock 

components in a systematic way )!

!  The axial form factor in SL and TL( PANDA & BES? 

and Why?) !

!
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Comment!
The description of the spectrum is the first task of a model builder!



LQCD (De Rújula, Georgi, Glashow, 1975)!
!
 the quark interaction contains!
!a long range spin-independent confinement!

          a short range spin dependent term!

Spin-independence         SU(6) configurations!



SU(6) configurations for three quark states 

6 X 6 X 6 = 20 + 70 + 70 + 56 
                    A      M    M      S 

Notation 
(d, Lπ) 

d = dim of SU(6) irrep 
L = total orbital angular momentum 
π = parity 
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One can introduce the hyperspherical coordinates, which are obtained by
substituting ⌅ = |�⌅| and ⇥ = |�⇥| with the hyperradius, x, and the hyperangle,
⇤, defined respectively by

x =
⇥

�⌅2 + �⇥2 , ⇤ = arctg(
⌅

⇥
). (2)

Using these coordinates, the kinetic term in the three-body Schrödinger equation
can be rewritten as [?]

� 1
2m

(�⌅ + �⇥) = � 1
2m

(
�2

�x2
+

5
x

�

�x
� L2(⇥⌅,⇥⇥, ⇤)

x2
) . (3)

where L2(⇥⌅,⇥⇥, ⇤) is the six-dimensional generalization of the squared angular
momentum operator. Its eigenfunctions are the well known hyperspherical har-
monics [?] Y[�]l⇥l�(⇥⌅,⇥⇥, ⇤) having eigenvalues �(� + 4), with � = 2n + l⌅ + l⇥
(n is a non negative integer); they can be expressed as products of standard
spherical harmonics and Jacobi polynomials.

In the hypercentral Constituent Quark Model (hCQM) [1], the quark inter-
action is assumed to depend on the hyperradius x only V = V3q(x). It has been
observed many years ago that a two-body quark-quark potential leads to matrix
elements in the baryon space quite similar to those of a hypercentral potential
[?]. On the other hand, a two body potential, treated in the hypercentral ap-
proximation [12], that is averaged over angles and hyperangle, is transformed
into a potential which depends on x only; in particular, a power-like two-body
potential

�
i<j (rij)n in the hypercentral approximation is given by a term pro-

portional to xn. The hypercentral approximation has been shown to be valid,
since it provides a good description of baryon dynamics, specially for the lower
states [12].

The hyperradius x is a function of the coordinates of all the three quarks
and then V3q(x) has also a three-body character. There are many reasons sup-
porting the idea of considering three-body interactions. First of all, three-body
mechanisms are certainly generated by the fundamental multi-gluon vertices
predicted by QCD, their explicit treatment is however not possible with the
present theoretical approaches and the presence of three-body mechanisms in
quark dynamics can be simply viewed as ”QCD-inspired”. Furthermore, flux
tube models, which have been proposed as a QCD-based description of quark in-
teractions [], lead to Y-shaped three-quark configurations, besides the standard
��like two-body ones. A three-body confinement potential has been shown to
arise also if the quark dynamics is treated within a bag model [?]. Finally, it
should be reminded that threee-body forces have been considered also in the
calculations by ref. [?] and in the relativized version of the Isgur-Karl model
[7].

For a hypercentral potential the three-quark wave function is factorized

⇧3q(�⌅,�⇥) = ⇧⇤�(x) Y[�]l⇥l�(⇥⌅,⇥⇥, ⇤) (4)
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Quark-antiquark lattice potential! G.S. Bali Phys. Rep. 343, 1 (2001)!

V = - b/r + c r!



x =  !  ρ2  +  λ2'

hyperradius!



Results  (predictions) 
with the Hypercentral Constituent 

Quark Model 

for 

"   Helicity amplitudes 

"  Elastic nucleon form factors 
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SYSTEMATIC STUDY OF LONGITUDINAL AND . . . PHYSICAL REVIEW C 86, 065202 (2012)

namely the I = 1
2 states,

P11(1440), D13(1520), S11(1535), S11(1650),
(14)

D15(1675), F15(1680), P11(1710),

and the I = 3
2 ones,

P33(1232), S31(1620), D33(1700),
(15)

F35(19005), F37(1950).

Besides these states, we also considered the states D13(1700)
and P13(1720), which are excited in an energy range
that is particularly interesting for the phenomenological
analysis.

The calculations of the matrix elements of Eqs. (12)
are performed using as baryon states the eigenstates of the
Hamiltonian (9). For each resonance, in the appendix we list
the states in the SU(6) limit; the physical states of the various
resonances are given by the configuration mixing produced by
the hyperfine interaction in Eq. (9).

It should be stressed that, after having fixed the free
parameters [see Eq. (10)], in order to reproduce the baryon
spectrum the baryon states are completely determined and the
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FIG. 3. (Color online) The P11(1440) proton transverse (a) and
longitudinal (b) helicity amplitudes predicted by the hCQM (full
curves), in comparison with the data of Refs. [49,60], and the
MAID2007 analysis [50] of the data by Refs. [51,52,61,62]. The PDG
point [38] is also shown.
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FIG. 4. (Color online) The D13(1520) proton helicity amplitudes
predicted by the hCQM (full curves) A3/2 (a), A1/2 (b), and S1/2 (c),
in comparison with the data of Refs. [49,60], with the compilation
reported in Refs. [65,66] and the MAID2007 analysis [50] of the data
by Refs. [51,52]. The PDG points [38] are also shown.

results for the helicity amplitudes reported in the following
sections are parameter-free predictions of the hCQM.

A. The photocouplings

The proton and neutron photocouplings predicted by the
hCQM [16] are reported in Tables I–III and compared with the
PDG data [38]. The overall behavior is fairly well reproduced,
but in general there is a lack of strength. The proton transitions
to the S11(1650), D15(1675), and D13(1700) resonances vanish
exactly in absence of hyperfine mixing and are therefore
entirely due to the SU(6) violation. The results obtained
with other calculations are qualitatively not much different
[16,17] because the various CQM models have the same SU(6)
structure in common.
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FIG. 5. (Color online) The S11(1525) proton transverse (a) and
longitudinal (b) helicity amplitudes predicted by the hCQM (full
curve), in comparison with the data of Ref. [67] (open diamonds),
[49] (full diamonds), [68] (crosses), [69] (open squares), [70] (full
squares), the MAID2007 analysis [50] (full triangles) of the data by
Ref. [51], and the compilation of the Bonn-Mainz-DESY data of
Refs. [71–74] (stars), presented in Ref. [70]. The PDG point [38]
(pentagon) is also shown.

B. The transition form factors

Taking into account the Q2 behavior of the transition
matrix elements, one can calculate the hCQM helicity
amplitudes [35].

In order to compare results with the experimental data,
the calculation should be performed in the rest frame of the
resonance (see, e.g., Ref. [48]). The nucleon and resonance
wave functions are calculated in their respective rest frames
and, before evaluating the matrix elements given in Eqs. (12),
one should boost the nucleon to the resonance c.m.s. In our
nonrelativistic approach such boost is trivial but not correct,
because of the large nucleon recoil. In order to minimize the
discrepancy between the nonrelativistic and the relativistic
boost when comparing results with the experimental data, we
use the Breit frame, as in Refs. [4,35]. Therefore we use the
following kinematic relation:

!k2 = Q2 + (W 2 − M2)2

2(M2 + W 2) + Q2
, (16)

where M is the nucleon mass, W is the mass of the resonance,
k0 and !k are the energy and the momentum of the virtual
photon, respectively, and Q2 = !k2 − k2

0. For consistency, in
the calculations we have used the values of W given by the
model and not the phenomenological ones.
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FIG. 6. (Color online) The proton helicity amplitudes predicted
by the hCQM for the excitation of S31(1620) (a) and S11(1650) (b),
respectively, in comparison with the data of Ref. [49] (A1/2 open
diamonds, S1/2 full diamonds), [75] (A1/2 open diamonds, S1/2 full
diamonds), the compilation reported in Ref. [65] and the MAID2007

analysis [50] (A1/2 up triangles, S1/2 down triangles) of the data in
Refs. [51,52], and the compilation of the Bonn-Mainz-DESY data of
Refs. [71–74] (crosses) presented in Ref. [70]. The PDG points [38]
(pentagons) are also shown.

The matrix elements of the e.m. transition operator between
any two 3q states are expressed in terms of integrals involving
the hyper-radial wave functions and are calculated numer-
ically. The computer code has been tested by comparison
with the analytical results obtained with the h.o. model of
Refs. [13,14] and with the analytical model of Ref. [45].

C. The excitation to the ! resonance

The N − ! helicity amplitudes are shown in Fig. 2. The
transverse excitation to the ! resonance has a lack of strength
at low Q2, a feature in common with all CQM calculations.
The medium-high-Q2 behavior is decreasing too slowly with
respect to data, similar to what happens for the nucleon
elastic form factors [20,23]. In this case, the nonrelativistic
calculations are improved by taking into account relativistic
effects. Since the ! resonance and the nucleon are in the
ground state SU(6) configuration, we expect that their internal
structures have strong similarities and that a good description
of the N − ! transition from factors is possible only with a
relativistic approach. Such a feature is further supported by
the fact that the transitions to the higher resonances are only
slightly affected by relativistic effects [20].
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squares), the MAID2007 analysis [50] (full triangles) of the data by
Ref. [51], and the compilation of the Bonn-Mainz-DESY data of
Refs. [71–74] (stars), presented in Ref. [70]. The PDG point [38]
(pentagon) is also shown.

B. The transition form factors

Taking into account the Q2 behavior of the transition
matrix elements, one can calculate the hCQM helicity
amplitudes [35].

In order to compare results with the experimental data,
the calculation should be performed in the rest frame of the
resonance (see, e.g., Ref. [48]). The nucleon and resonance
wave functions are calculated in their respective rest frames
and, before evaluating the matrix elements given in Eqs. (12),
one should boost the nucleon to the resonance c.m.s. In our
nonrelativistic approach such boost is trivial but not correct,
because of the large nucleon recoil. In order to minimize the
discrepancy between the nonrelativistic and the relativistic
boost when comparing results with the experimental data, we
use the Breit frame, as in Refs. [4,35]. Therefore we use the
following kinematic relation:

!k2 = Q2 + (W 2 − M2)2

2(M2 + W 2) + Q2
, (16)

where M is the nucleon mass, W is the mass of the resonance,
k0 and !k are the energy and the momentum of the virtual
photon, respectively, and Q2 = !k2 − k2

0. For consistency, in
the calculations we have used the values of W given by the
model and not the phenomenological ones.
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FIG. 6. (Color online) The proton helicity amplitudes predicted
by the hCQM for the excitation of S31(1620) (a) and S11(1650) (b),
respectively, in comparison with the data of Ref. [49] (A1/2 open
diamonds, S1/2 full diamonds), [75] (A1/2 open diamonds, S1/2 full
diamonds), the compilation reported in Ref. [65] and the MAID2007

analysis [50] (A1/2 up triangles, S1/2 down triangles) of the data in
Refs. [51,52], and the compilation of the Bonn-Mainz-DESY data of
Refs. [71–74] (crosses) presented in Ref. [70]. The PDG points [38]
(pentagons) are also shown.

The matrix elements of the e.m. transition operator between
any two 3q states are expressed in terms of integrals involving
the hyper-radial wave functions and are calculated numer-
ically. The computer code has been tested by comparison
with the analytical results obtained with the h.o. model of
Refs. [13,14] and with the analytical model of Ref. [45].

C. The excitation to the ! resonance

The N − ! helicity amplitudes are shown in Fig. 2. The
transverse excitation to the ! resonance has a lack of strength
at low Q2, a feature in common with all CQM calculations.
The medium-high-Q2 behavior is decreasing too slowly with
respect to data, similar to what happens for the nucleon
elastic form factors [20,23]. In this case, the nonrelativistic
calculations are improved by taking into account relativistic
effects. Since the ! resonance and the nucleon are in the
ground state SU(6) configuration, we expect that their internal
structures have strong similarities and that a good description
of the N − ! transition from factors is possible only with a
relativistic approach. Such a feature is further supported by
the fact that the transitions to the higher resonances are only
slightly affected by relativistic effects [20].
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•  The)hCQM)seems)to)provide)realis%c)threeVquark)wave)func%ons)

•  The)main)reason)is)the)presence)of)the)hypercoulomb(term)
)

Solvable)model)
)
V(x))=)Vτ/x)+)α)x))))))linear)term)treated)as)a)perturba%on)
)))))))))))))))))))))))))))))))))))wf)mainly)concentrated)in)the)low)x)region)
)
#  energy)levels)expressed)analy%cally)
#  unperturbed)wf)given)by)the)1/x)term)
# major)contribu%on)to)the)helicity)amplitudes)))

E.)Santopinto,)F.)Iachello,)M.Giannini,)Eur.)Phys.)J.)A)1,)307)(1998))))

Good)results)due)to)semplicity)



The)nucleon)elas%c))
form)factors))

)



- elastic scattering of polarized      !
!electrons on polarized protons!

-  measurement of polarizations   !
!asymmetry gives directly the !ratio  

Gp
E/Gp

M!

-  discrepancy with Rosenbluth data (?)!

-  linear and strong decrease!

-  pointing towards a zero (!)!
!
- latest data   seem to confirm ! !

!the behaviour!





RELATIVITY)

Various)levels)

• ) )rela%vis%c)kine%c)energy)

• ) )Lorentz)boosts)

• ) )Rela%vis%c)dynamics)

• ) )quarkVan%quark)pair)effects)(meson)cloud))

• ) )rela%vis%c)equa%ons)(BS,)DS))



Point Form Relativistic Dynamics!

Point Form is one of the Relativistic Hamiltonian Dynamics!
                   for a fixed number of particles    (Dirac)!
!
Construction of a representation of the Poincaré generators!
     !Pµ (tetramomentum), Jk (angular momenta), Ki (boosts)!
 !obeying the Poincaré group commutation relations!
    in particular             !
                                           [Pk , Ki ] = i δkj H!

Three forms:!
!Light (LF), Instant (IF), Point (PF)!

Differ in the number and type of (interaction) free generators!



Point form:         Pµ interaction dependent!
                            Jk  and Ki      free!

Composition of angular momentum states as in the 
non relativistic case !

M = M0 + MI!Mass operator!

M0 = Σi! pi
2 + m2

!   Σi pi = 0!

Pi undergo the same Wigner rotation -> M0 is invariant!
Similar reasoning for the hyperradius)

The eigenstates of the relativistic hCQM are interpreted as!
eigenstates of the mass operator M!

Moving three-quark states are obtained through !
(interaction free) Lorentz boosts   (velocity states)!



GE
p!

GE
n! GM

n!

GM
p!

Calculated values!!
• Boosts to initial and final states!
• Expansion of current to any order!

• Conserved current!

De)Sanc%s,)Giannini,)Santopintoi,)Vassallo)Phys.)Rev.)C76,)062201)(2007))



Ricco),,et)al.,)PR)D67,(094004)(2003))

Ra%o)between))
proton)Nachtmann)moments)&)

CQ)distribu%on)

n)=)2)

(approximate))scaling)func%on))))))))))))square)of)CQ))ff)

Inelas%c)proton)scaYering)))))as)elas%c)scaYering)on)CQ)

BloomVGilman)duality)

F(Q2))=)1/(1+)1/6)rCQ
2)Q2)) rCQ(≅(0.2Y:0.4(fm(

Further)support)2)



With)quark)form)factors))

De)Sanc%s,)Giannini,)Santopinto,)Vassallo)Phys.)Rev.)C76,)062201)(2007))
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Ra?o(µp(GE
p/GM
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De#Sanc(s,#Ferre-,#Santopinto,#Vassallo,#Phys.#Rev.#C#84,#055201#(2011)#

38(Interac%ng)Quark)Diquark)model),)E.#Santopinto,#Phys.#Rev.#C#72,#022201(R)#(2005)#
)



Unquenching the quark  model"
!

" "" " "!

(((((((((((((((((((((((((((((((((((((((((((((((((((((((.))
)
)
)
)
)

E. .Santopinto,. Bijker PRC 80, 065210 (2009), 
PRC 82, 062202 (2010);J. Ferrettii,Santopinto, Bijker 
 Phys. Rev. C 85, 035204 (2012) 
 



different)CQMs)for)bayons)

Kin. Energy SU(6) inv SU(6) viol date

Isgur-Karl non rel h.o. + shift OGE 1978-9

Capstick-Isgur rel string + coul-like OGE 1986

U(7)  B.I.L. rel M^2 vibr+L Guersey-R 1994

Hyp.   O(6) non rel/rel hyp.coul+linear OGE 1995

Glozman Riska non rel/relPlessas h.o./linear GBE 1996

Bonn rel linear 3-body instanton 2001



 
 

Non strange spectrum"

Caps?ck(and(Isgur,(Phys.#Rev.#D34,#2809.# Bijker,(Iachello,(Leviatan,(Ann.(Phys.(
236,(69((1994)#

.#

Giannini,(Santopinto,(Vassallo,((Eur.#Phys.#J#.A12:447#
#

Caps?ck(&(Isgur’s(Model# U(7)(Algebraic(Model#

Hypercentral(CQM#

Glozman(&(Riska,(Phys.#Rept.#268,#263#(1996)#
#

GB(Model#
V(x) = - τ/x + α x !



)
Many)versions)of)CQMs)have)been)developed)

(IK,))CI,)GBE,)U(7),)hCQM,Bonn,)etc.))
)non)rela%vis%c)and)rela%vis%c)

While)these)models)display))peculiar)features,))
they)share)the)following)main)features):))

the)effec%ve)degrees)of)freedom)of)3q)and)a)confining)poten%al)
the)underling)O(3))SU(3))symmetry)

)All)of)them)are)able)to)give)a)good)descrip%on)of)the)3)and)4)stars)
spectrum)

))

)
)
)
)



s!"CQMs:"
"
"Good description of the spectrum  and magnetic moments!

                !
!Predictions of many quantities:!

  ! ! ! !strong couplins!
! ! ! !photocouplings!
! ! ! !helicity amplitudes!
! ! ! !elastic form factors!
! ! ! !structure functions!

!
!Based on the effective degrees of freedom of 3 constituent quarks
! ! ! " " ""



Γ Ν π  width –  Rel. Models"



A_1/2( helicity amplitude ½)   for the  S11  !

hCQM))))JPG)24,)753)(1998))

A 1\2 



 Is it a degrees of freedom problem?!

regionouter  in theimportant   ? scorrection   qq

)))))U(7)))))PRC)54,)1935)(1996)))
)))))))hCQM))))JPG)24,)753)(1998))

?scorrectionqq −

A 3\2 

A 1\2 

D13 transition amplitudes 



Considering also CQMs for mesons, CQMs able to 
reproduce the overall trend of hundred of data"

 !
•  … but they show very similar deviations for 

observables   such  as !
 !
•  photocouplings "
!

•  helicity amplitudes,!
"
!

!



(please(note)

•  the)medium)Q2)behaviour)is)fairly)well)reproduced)
•  there)is)lack)of)strength)at)low)Q2)(outer)region))in)the)e.m.)

transi%ons)
)))))))))))))))))))

•  emerging)picture:))
)))))))quark)core))))))))plus)))(meson)or)seaVquark)))cloud)

Quark core!Meson)cloud)



"
"
"
"
"
"
"
"
"
"
"

There are two possibilities:"
"
"
"
"

phenomenological parametrization "
  "
"

                      microscopic explicit quark description"
"

                                        "
"
"
"
"
"
"
"
"
"
"
"
"

One needs to find a qqbar creation  mechanism 1) QCD inspired"
2) without the problem of  double counting"

"
!



Problems "
"

  1) find a quark pair creation mechanism QCD inspired"
"

   2) implementation of this mechanism at the quark level but  in such a 
way to "
"

do not destroy the good CQMs results "
!



Unquenching)the)quark)model)

Mesons ))))))P.)Geiger,)N.)Isgur,)Phys.)Rev.)D41,)1595)(1990)))
) ) ) ) ) )D44,))799)(1991))

q)an%)q)

q)loop)

Note:)))
• ))sum)over)complete)set)of)intermediate)
states)necessary)for)preserving)the)OZI)rule)
• ))linear)interac%on)is)preserved)arer))
))))))renormaliza%on)of)the)string)constant)

)))))))

PairVcrea%on)operator)with)3P0)quantum)number)





The good magnetic moment  results of the CQM are preserved by the UCQM!
"

Bijker,(Santopinto,Phys.Rev.C80:065210,2009.)



Flavor Asymmetry 
Gottfried sum rule!



Proton Flavor asymmetry !
Santopinto, Bijker, PRC 82,062202(R) (2010)!

!



Flavor asymmetry of the octect baryons in the  UCQM"

Flavor asymmetry!
Nonperturbative QCD!

Pauli blocking (Field & Feynman, 1977) too small!
Pion dressing of the nucleon (Thomas et al., 1983)!
Meson cloud models !

Santopinto, Bijker, PRC 82,062202(R) (2010)!



Flavor asymmetries of octect baryons!
Santopinto, Bijker, PRC 82,062202(R) (2010)!

Alberg !

Eichen !
 Y.-J Zhang!



Genova 2012!

3. Proton Spin Crisis 
1980’s! 1990’s! 2000’s!

Naive parton model!
3 valence quarks!

QCD: contributions from !
sea quarks and gluons!

.. and orbital angular!
momentum!

HERMES, PRD 75, 012007 (2007)!
COMPASS, PLB 647, 8 (2007)!



Proton Spin 
•  COMPASS@CERN: Gluon contribution is small (sign 

undetermined) 
•  Unquenched quark model 

 
 
 
•  More than half of the proton spin from the sea! 
•  Orbital angular momentum  
 

Ageev et al., PLB 633, 25 (2006)!
Platchkov, NPA 790, 58 (2007)!

Suggested by Myhrer & Thomas, 2008, but 
not explicitly calculated!



4. Strangeness in the Proton 
•  The strange (anti)quarks 

come uniquely from the sea: 
there is no contamination 
from up or down valence 
quarks 

•  The strangeness distribution 
is a very sensitive probe of 
the nucleon’s properties 

•  Flavor content of form 
factors 

•  New data from Parity 
Violating Electron Scattering 
experiments: SAMPLE, 
HAPPEX, PVA4 and G0 
Collaborations 

Genova 2012! 60!

“There is no excellent beauty that hath 
not some strangeness in the proportion”                                 !
            (Francis Bacon, 1561-1626)!



Quark Form Factors 
•  Charge symmetry 
 
•  Quark form factors 

Kaplan & Manohar, NPB 310, 527 (1988)!
Musolf et al, Phys. Rep. 239, 1 (1994)!

 Genova 2012!



Genova 2012! 62!

Static Properties 



Strange Magnetic Moment 

Jacopo Ferretti, Ph.D. Thesis, 2011!
Bijker, Ferretti, Santopinto, Phys. Rev. C 85, 035204 (2012)!

Genova 2012! 63!



Strange Radius 

Genova 2012! 64!

Jacopo Ferretti, Ph.D. Thesis, 2011!
Bijker, Ferretti, Santopinto, Phys. Rev. C 85, 035204 (2012)!



Genova 2012! 65!

Strange Proton 
•  Strange radius and magnetic 

moment of the proton 
•  Theory 
•  Lattice QCD 
•  Global analysis PVES 
•  Unquenched QM 

Jacopo Ferretti, Ph.D. Thesis, 2011!
Bijker, Ferretti, Santopinto, Phys. Rev. C 85, 035204 (2012)!



Main points 
•  Unquenching quark model:we have constructed the formalism 

in an explicit way, also thanks to group theory tecniques. Now, 
it can be applied to any quark model. !

•  We think we have maked up the problems of quark models 
adding  the  coupling  with  the  continuum,  thus  opening  the 
possibilty of many, many applications!

•  Future: application  to open problems in hadron structure and 
spectroscopy : helicity amplitudes, strong decays,and so on.!



TWO-COMPONENT MODEL FOR THE AXIAL FORM FACTOR . . . PHYSICAL REVIEW C 78, 035201 (2008)

TABLE I. Fitted α parameter and corresponding χ2/n.d.f. for the different model-dependent extractions of
the axial data.

Model DR FPV SP PCAC # Global Ref.

α 1.38 ± 0.08 1.90 ± 0.14 1.15 ± 0.06 1.80 ± 0.06 1.21 ± 0.07 1.57 ± 0.04 [12]
χ 2/n.d.f. 0.19 0.81 3.9 0.79 0.43 1.78
α 0.75 ± 0.10 1.23 ± 0.15 0.52 ± 0.09 1.17 ± 0.07 0.53 ± 0.09 0.95 ± 0.05 [13]
χ 2/n.d.f. 0.40 0.75 3.45 0.67 0.49 1.45

systematically larger, nor were data from [24]. The data,
normalized to one, are plotted in Fig. 1. Different symbols
correspond to different models used for the extraction of the
data but may correspond to the same experiment.

The form factor g(Q2) in the two-component model
describes the coupling to the intrinsic structure (three valence
quarks) of the nucleon, where γ was determined from
a fit of nucleon electromagnetic form factors to be γ =
0.25 GeV−2 [12] or γ = 0.515 GeV−2 in a more recent
fit [13]. We note however that the former value is not good
from a t channel point of view, because it gives a pole in the
physical region at t0 = 1/γ = 4 GeV2 (> 4m2 = 3.52 GeV2,
the corresponding threshold). In the latter case, the pole is
shifted to the unphysical region. In our calculations of the axial
form factors we keep γ as a fixed parameter, and consider both
values mentioned above.

Individual one–parameter fits to the five data sets were
performed, as well as a global fit, according to Eq. (2). The
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FIG. 1. (Color online) Comparison between theoretical and ex-
perimental values of the axial form factor of the nucleon GA(Q2) as
a function of Q2. The theoretical values are calculated in the two-
component model using Eq. (7) with α = 1.57 and γ = 0.25 GeV−2

[12] (dashed line), and α = 0.95 and γ = 0.515 GeV−2 [13] (solid
line), and the dipole form of Eq. (1) with MA = 1.069 GeV (dotted
line). The experimental values were extracted according different
models: PCAC [25] (pink, solid circles), FPV (red, solid squares) [26],
SP (green, solid triangles) [24], DR (blue, trianglesdown) [27], #

(yellow, open circles) [28].

results are shown in Table I and in Fig. 1. The global fit
gives α = 1.57 ± 0.04 with χ2/n.d.f. = 85.36/48 = 1.78 for
γ = 0.25 GeV−2 [12], and α = 0.95 ± 0.05 with χ2/n.d.f. =
69.60/48 = 1.45 for γ = 0.515 GeV−2 [13]. In both cases,
the χ2 for individual fits may be smaller than the global χ2,
owing to the dispersion of the data, but the errors associated to
the parameters of the global fits are smaller, owing to the larger
number of points. These values of α can be considered as an
average of the different corrections. The associated systematic
error, which takes into account the dispersion of the model
analysis, can be evaluated from the results of the individual
fits to be < |0.35|.

In Fig. 1 we show a comparison between the experimental
and theoretical values of the axial form factor for the dipole
fit, the global fit with α = 1.57 and γ = 0.25 GeV−2 [12],
and α = 0.95 and γ = 0.515 GeV−2 [13]. It is possible to
give a reasonable description of the data, if we consider the
average value, since we average not only statistical errors, but
also the systematic errors related to the model-dependence
extraction of the data. In the range up to Q2 = 1 GeV2 the
description of the data is comparable to the quality of a dipole
fit, though it is clear that already around Q2 = 1 GeV2 the three
parametrizations start to show a different behavior. According
to Eq. (3), the two fitted values of the α parameter imply a
different asymptotic behavior with a change of sign at Q2 =
2.65 GeV2 for the IJL parametrization [12], but not for BI [13],
nor for the dipole (see also Fig. 2).
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FIG. 2. (Color online) As Fig. 1, but for the absolute value of
the axial form factor |GA(t)| in the space-like (t < 0) and time-like
(t > 0) regions. In the time-like region, δ = 0.925 for IJL [14] and
δ = 0.397 for BI [13].
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TABLE I. Fitted α parameter and corresponding χ2/n.d.f. for the different model-dependent extractions of
the axial data.

Model DR FPV SP PCAC # Global Ref.

α 1.38 ± 0.08 1.90 ± 0.14 1.15 ± 0.06 1.80 ± 0.06 1.21 ± 0.07 1.57 ± 0.04 [12]
χ 2/n.d.f. 0.19 0.81 3.9 0.79 0.43 1.78
α 0.75 ± 0.10 1.23 ± 0.15 0.52 ± 0.09 1.17 ± 0.07 0.53 ± 0.09 0.95 ± 0.05 [13]
χ 2/n.d.f. 0.40 0.75 3.45 0.67 0.49 1.45

systematically larger, nor were data from [24]. The data,
normalized to one, are plotted in Fig. 1. Different symbols
correspond to different models used for the extraction of the
data but may correspond to the same experiment.

The form factor g(Q2) in the two-component model
describes the coupling to the intrinsic structure (three valence
quarks) of the nucleon, where γ was determined from
a fit of nucleon electromagnetic form factors to be γ =
0.25 GeV−2 [12] or γ = 0.515 GeV−2 in a more recent
fit [13]. We note however that the former value is not good
from a t channel point of view, because it gives a pole in the
physical region at t0 = 1/γ = 4 GeV2 (> 4m2 = 3.52 GeV2,
the corresponding threshold). In the latter case, the pole is
shifted to the unphysical region. In our calculations of the axial
form factors we keep γ as a fixed parameter, and consider both
values mentioned above.

Individual one–parameter fits to the five data sets were
performed, as well as a global fit, according to Eq. (2). The
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FIG. 1. (Color online) Comparison between theoretical and ex-
perimental values of the axial form factor of the nucleon GA(Q2) as
a function of Q2. The theoretical values are calculated in the two-
component model using Eq. (7) with α = 1.57 and γ = 0.25 GeV−2

[12] (dashed line), and α = 0.95 and γ = 0.515 GeV−2 [13] (solid
line), and the dipole form of Eq. (1) with MA = 1.069 GeV (dotted
line). The experimental values were extracted according different
models: PCAC [25] (pink, solid circles), FPV (red, solid squares) [26],
SP (green, solid triangles) [24], DR (blue, trianglesdown) [27], #

(yellow, open circles) [28].

results are shown in Table I and in Fig. 1. The global fit
gives α = 1.57 ± 0.04 with χ2/n.d.f. = 85.36/48 = 1.78 for
γ = 0.25 GeV−2 [12], and α = 0.95 ± 0.05 with χ2/n.d.f. =
69.60/48 = 1.45 for γ = 0.515 GeV−2 [13]. In both cases,
the χ2 for individual fits may be smaller than the global χ2,
owing to the dispersion of the data, but the errors associated to
the parameters of the global fits are smaller, owing to the larger
number of points. These values of α can be considered as an
average of the different corrections. The associated systematic
error, which takes into account the dispersion of the model
analysis, can be evaluated from the results of the individual
fits to be < |0.35|.

In Fig. 1 we show a comparison between the experimental
and theoretical values of the axial form factor for the dipole
fit, the global fit with α = 1.57 and γ = 0.25 GeV−2 [12],
and α = 0.95 and γ = 0.515 GeV−2 [13]. It is possible to
give a reasonable description of the data, if we consider the
average value, since we average not only statistical errors, but
also the systematic errors related to the model-dependence
extraction of the data. In the range up to Q2 = 1 GeV2 the
description of the data is comparable to the quality of a dipole
fit, though it is clear that already around Q2 = 1 GeV2 the three
parametrizations start to show a different behavior. According
to Eq. (3), the two fitted values of the α parameter imply a
different asymptotic behavior with a change of sign at Q2 =
2.65 GeV2 for the IJL parametrization [12], but not for BI [13],
nor for the dipole (see also Fig. 2).
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FIG. 2. (Color online) As Fig. 1, but for the absolute value of
the axial form factor |GA(t)| in the space-like (t < 0) and time-like
(t > 0) regions. In the time-like region, δ = 0.925 for IJL [14] and
δ = 0.397 for BI [13].
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C. ADAMUŠČÍN et al. PHYSICAL REVIEW C 78, 035201 (2008)

parametrized in terms of a dipole [1]

GD
A (Q2) = GA(0)

(
1 + Q2

/
M2

A

)2 . (1)

At Q2 = 0, the axial form factor can be determined from
neutron β decay as GA(0) = 1.2695 ± 0.0029 [21]. The axial
mass MA is adjusted to the experimental data. From charged
pion electroproduction one obtains MA = 1.069 ± 0.018 GeV,
whereas in neutrino scattering experiments, MA is extracted
from a weighted average to be MA = 1.026 ± 0.021 GeV,
which is somehow inconsistent with the best fit value obtained
from the electroproduction experiments. Even if the neutrino
data suffer from great uncertainties, the weighted average for
the root mean square radius and thus also for MA (〈r2〉A =
12/M2

A) is considered to be quite reliable.
Similarly to the Rosenbluth separation for electromagnetic

form factors, the axial (pseudoscalar) form factor is related
to the slope (intercept) of the near threshold differential cross
section as a function of the polarization of the virtual photon.
By means of low energy theorems it is possible to calculate
the electric dipole amplitude at the threshold in the case of soft
pions. Model-dependent corrections, have to be introduced in
order to take into account the finite pion mass. It has been
shown in [1] that if one takes into account the corrections
due to the finite pion mass in chiral perturbation theory which
should be applied to the root mean square axial radius as
extracted from charged pion electroproduction data, they do
indeed correspond to an increase in the root mean square
value. This leads to a lowering of the MA value as extracted
from electroproduction of the order of 5%, which makes it
compatible with the neutrino value.

Additional experimental information on the axial form
factor may be obtained from weak neutral current processes
in parity violating electron scattering experiments. There
is a proposal of the G0 collaboration for dedicated runs
at backward angles in order to extract information on the
axial coupling of the photon with the nucleon [22]. The
SAMPLE experiment yielded values for the axial form factor
by combining the results for proton and deuteron targets [23].

III. TWO-COMPONENT MODEL

In the two-component model [12,13], the axial nucleon
form factor is described as

GA(Q2) = GA(0)g(Q2)
[

1 − α + α
m2

A

m2
A + Q2

]
,

(2)
g(Q2) =

(
1 + γQ2)−2

,

with Q2 > 0 in the space-like region. g(Q2) denotes the
coupling to the intrinsic structure (three valence quarks) of the
nucleon, and mA is the mass of the lowest axial meson a1(1260)
with quantum numbers IG(JPC) = 1−(1++) and mA =
1.230 GeV. We note that, unlike other studies, in which mA is
a parameter, here it corresponds to the mass of the axial meson
a1(1260). In the present case, γ is taken from previous studies
of the electromagnetic form factors of the nucleon [12,13].
Therefore, α is the only fitting parameter.

It is interesting to note, that this form of the axial form
factor can give rise to a zero in the space-like region. If α > 1,
the axial form factor goes through zero at Q2 = m2

A/(α − 1).
Since for large values of Q2 the contribution of the axial meson
cloud vanishes, the asymptotic behavior of the axial form factor
of Eq. (2) is given by its intrinsic part only

lim
Q2→∞

GA(Q2) = GA(0)(1 − α)
(γQ2)2

, (3)

which becomes negative if α > 1.
The behavior of the axial form factor at low values of Q2

can be used to determine the axial radius

〈r2〉A = −6
dGA(Q2)

dQ2

∣∣∣∣
Q2=0

(4)

=
{ 12

M2
A

dipole

6
(

2γ + α
m2

A

)
two-component.

A comparison of the axial radius for the dipole and the two-
component model may be used to express the coefficient α

α = 2m2
A

(
1

M2
A

− γ

)
, (5)

in terms of the mass of the lightest axial meson mA, the fitted
value of the axial mass MA appearing in the dipole form and
γ , which is proportional to the intrinsic radius.

IV. ANALYSIS OF THE DATA IN THE SPACE-LIKE
REGION

In this section, we study the axial form factor of the proton
in a two-component model. The experimental data are taken
from a compilation of pion electroproduction experiments on
the nucleon [1]. Since the present neutrino data suffer severe
uncertainties [1], in the present analysis we only consider the
pion electroproduction data.

The Q2 dependence of the nucleon axial form factor
GA(Q2), has been measured in several pion electroproduction
experiments at threshold over the last few decades. The
slope of the total unpolarized differential cross section at
threshold contains information on GA(Q2), but the numerical
value of this form factor is highly model dependent. In
general, four different approaches have been used to extract
the values of the axial form factor of the nucleon: the soft
pion approximation (SP) [24], the partially conserved axial
current approximation (PCAC) [25], the Furlan approximation
(FPV) [26] (enhanced soft pion production), and the Dombey
and Read approximation (DR) [27]. As a consequence of these
competing approaches, up to four experimental values may
be extracted from a single measurement (at fixed Q2). A
total of 67 experimental points are available, corresponding
to 32 measurements. Data from Ref. [28] were considered
separately, as they correspond to $ excitation in the final
state. In order to evaluate the systematic error, the data were
therefore separated into five groups according to the approach
used and the processes measured. The data from [29] were
not considered in the fit, following Ref. [1], as they are
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The values of α obtained in the global fits are close to
the values that can be derived from Eq. (5) with mA =
1.230 GeV and MA = 1.069 GeV in which it is assumed that
the axial radius for the dipole and the two-component model
is the same: α = 1.89 for γ = 0.25 GeV−2 [12] and α = 1.09
for γ = 0.515 GeV−2 [13].

The axial radius
√

〈r2〉A can be obtained from Eq. (4):
0.60 fm for IJL, 0.62 fm for BI and 0.64 fm for the dipole. In
the two-component model the contributions of the quark core
and the axial meson cloud to the axial radius are given by

〈r2〉A =
{

12γ (1 − α) quark core

6α
(

2γ + 1
m2

A

)
axial meson cloud.

(6)

The difference between the two parametrizations of the two-
component model (IJL and BI) is in the values of γ and α.
The value of γ corresponds to the spatial extent of the intrinsic
dipole form factor 〈r2〉1/2 $ 0.34 fm [12] and $ 0.49 fm [13],
whereas α is related to the coupling of the axial meson. Finally,
the contributions of the core and the meson cloud to 〈r2〉A are
−1.71 and 10.94 GeV−2 for IJL, and 0.31 and 9.64 GeV−2 for
BI. Therefore, both for IJL and BI the dominant contribution
to the axial radius of the nucleon comes from the meson cloud.

We note, that the negative sign of the contribution of
the quark core to the nucleon axial radius for the IJL
parametrization is related to the change in sign of the axial form
factor at Q2 = m2

A/(α − 1) = 2.65 GeV2 and the occurrence
of a pole in the physical region at t0 = 1/γ = 4 GeV2, which
indicates that BI is the preferred parametrization. This is not
surprising, since the IJL and BI parameters were determined
in a fit to experimental data available in 1973 and 2004,
respectively.

V. TIME-LIKE REGION

The extension of the axial form factor of the nucleon in the
two-component model to the time-like region can be done by
analytic continuation, just as for the case of the electromagnetic
form factors [13,14]: (i) the kinematical variable Q2 is changed
into Q2 → −t , (ii) a complex phase eiδ is introduced into the
intrinsic form factor of Eq. (2), similar to Refs. [13,14], and
(iii) the vector-meson dominance term corresponding to the
exchange of an axial meson has to be modified in order to take
into account the considerable width of the axial meson. Here
it has been substituted by a Breit-Wigner formula with $A =
400 MeV. These modifications lead to the following expression
for the axial form factor in the time-like region

GA(t) = GA(0)g(t)

[

1 − α + α
m2

A

(
m2

A − t + imA$A

)

(
m2

A − t
)2 + (mA$A)2

]

,

(7)

with

g(t) =
(
1 − eiδγ t

)−2
. (8)

Once the parameter α has been determined from the
space-like data, the time-like behavior of nucleon axial form
factor can be calculated using Eqs. (7), (8). In Fig. 2, we show
the axial form factor in the space-like (t < 0) and time-like

(t > 0) regions for the two-component model obtained from
Eq. (7) with α = 1.57, γ = 0.25 GeV−2 and δ = 0.925
[12,14] (dashed line), and α = 0.95, γ = 0.515 GeV−2 and
δ = 0.397 [13] (solid line), the dipole form of Eq. (1) with
MA = 1.069 GeV (dotted line) and the experimental data
used in the fit of the axial form factor in the space-like
region.

Even though the different parametrizations of the axial form
factor coincide in the range of 0 < Q2 < 1 GeV2, outside this
range they show large and important differences. The position
and the shape of the peak in the time-like region is determined
by the values of γ and δ in the intrinsic form factor. It is
interesting to note that, outside the region of the peak, the
magnitude of the axial form factor is significantly higher in
the time-like region than in the space-like region. Moreover,
contrary to the other calculations, the IJL parametrization [12]
predicts a zero at Q2 = 2.65 GeV2 in the space-like region.

VI. CONCLUSIONS

In conclusion, we have proposed a new parametrization of
the existing space-like data for the axial nucleon form factor
by means of a two-component model of the nucleon. The
physical interpretation of this model corresponds to a compact
core surrounded by a meson cloud. This parametrization
satisfies the analytical properties of the form factors and
can be extended to the whole kinematical region. The axial
form factor of the two-component model displays a behavior
similar to that of the dipole parametrization in the space-like
region up to Q2 = 1 GeV2, whereas outside this region the
behavior is quite different: IJL predicts a zero around Q2 =
2.65 GeV2, whereas the dipole and BI do not show a change of
sign.

It is important to note that the values of the axial form
factor extracted from the experimental data in the space-like
region are model-dependent, whereas in the time-like region
there is no experimental information available. A possible way
to access the axial form factor in the time-like region and in
the unphysical region (below the reaction threshold) has been
suggested through the reactions Np̄ → γ ∗Nπ and the crossed
channels [18–20]. The cross section related to these processes
is large and such experiments may be performed in future
colliders, such as FAIR (Germany), BES3 (China), DANAE
(Italy). Such experiments also seem to be encouraged by our
finding of a non-negligible time-like axial form factor, at least
up to a few GeV2, as shown in Fig. 2.

We have also discussed the importance of accurate knowl-
edge of the axial form factor in order to be able to extract
good data on the strange form factors in parity-violating
experiments. Possible improvements of the present analysis,
which will be required in the event of new and more precise
data, can be foreseen in two directions. First, since the axial
meson a1 has a large decay width, even larger than that of the
ρ meson, the corresponding propagator has to be modified to
a more complicated form, similar to what was done for the ρ
meson [12]. Secondly, one may consider the contribution of
other axial mesons with higher masses. A similar study can be
applied to the pseudoscalar nucleon form factors.
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