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Abstract The transversity Generalized Parton Distributions (tGPDs) and related transversity form factors of
the pion are evaluated in chiral quark models, both local (Nambu—Jona—Lasinio) and nonlocal, involving a
momentum-dependent quark mass. The obtained tGPDs satisfy all a priori formal requirements, such as the
proper support, normalization, and polynomiality. We evaluate generalized transversity form factors accessi-
ble from the recent lattice QCD calculations. These form factors, after the necessary QCD evolution, agree
very well with the lattice data, confirming the fact that the spontaneously broken chiral symmetry governs the
structure of the pion also in the case of the transversity observables.

This presentation is based on our two recent papers [13,29], where more results and details may be found.
The tGPDs are the least-explored Generalized Parton Distributions (for extensive reviews see [3,6,31] and
references therein). For the quark sector they correspond to the hadronic matrix elements of the tensor quark
bilinears, g (x)o*"¢(0), and are the maximum-helicity chirally odd objects. Information on these rather elusive
entities comes from the recent lattice determination [7] of the pion transversity form factors (tFFs), defined via
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moments of tGPDs in the Bjorken x variable. That way the lattice calculations provide a direct path to verify
the underlying models for quantities which are very difficult to be accessed experimentally.

Our analysis consist of two distinct parts: (1) the model determination of tFFs and tGPDs of the pion
and (2) the QCD evolution. For the first part and within a non perturbative setup we apply chiral quark
models which have proven to be very useful in the determination of the soft matrix elements entering var-
ious high-energy processes [1,2,5,9-12,15-17,21,22,25-28,30,32,33,36,40,42-48,50-52,54,55]. We use
the standard local Nambu—Jona—Lasinio (NJL) model with the Pauli—Villars regularization [49] and two ver-
sions of the nonlocal models, where the quark mass depends on the virtuality: the instanton-motivated model
[23] and the Holdom-Terning—Verbeek (HTV) model [35] (these variants differ in the form of the quark-pion
vertex).

The second ingredient is the QCD evolution where renormalization improved radiative and perturbative
gluonic corrections are added to the low energy matrix element. The scale where the quark model calculation
is carried out can be identified with the help of the momentum fraction carried by the quarks. According to
phenomenological extractions [34,53] as well as lattice calculations [4], the valence quarks carry about 50% of
the total momentum at the scale u = 2GeV. In quark models, having no explicit gluon degrees of freedom, the
valence quarks carry 100% of the momentum. This allows us to fix the quark model scale, 11, such that upon
evolution to 2 GeV the fraction drops to 47 £2%. The result of the LO DGLAP evolution is ;o = 31 31“%8 MeV.
This perturbative renormalization scale is unexpectedly and rather uncomfortably low. Yet, the prescription
has been favorably and independently confirmed by comparing to a variety of other high-energy data or lattice
calculations (see [12] and references therein). Moreover, the NLO DGLAP modifications have been shown
to yield moderate corrections as well [22]. To summarize, “our approach = chiral quark models + QCD
evolution”.

The pion u-quark tFFs, B;fi’" (1), can be defined in a manifestly covariant way (see, e.g., [24]) with the help

of two auxiliary four-vectors, a and b, satisfying a> = (ab) = 0 and b> # 0. Then
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with the skewness parameter defined as £ = —a - ¢/(2a - P) (we use the so-called symmetric kinematics).

The symbol D # = 3 # —igAP denotes the QCD covariant derivative, and 9 # = %( d P — 9 #). Further,
p’ and p are the initial and final pion momenta, P = %(p’ +p),qg=p — p,andt = —g>. The factor 1/m
is introduced by convention in order to have dimensionless form factors. Finally, the bracket [. . .] denotes the
antisymmetrization in the vectors a and b. The tFFs defined in (1) apply to the u-quarks, while the tFFs for the
d -quarks follow from the isospin symmetry, B;Zi’d(t) = (—1)"B,71Ti’"(t). The definition of the corresponding
tGPD is [3]
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where we do not write explicitly the gauge link operator needed to keep the color gauge invariance. The tFFs
are related to the Mellin moments of the tGPD,

n—1
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displaying the polynomiality property. Thus, the information carried by tGPDs is contained in (infinitely many)
tFFs. Some of them (n = 1, 2) have been calculated on Euclidean lattices [7].

The details concerning the chiral quark models and parameters used have been presented in [13,29]. The
calculation of the tFFs and tGPDs is made through the use of standard techniques at the one-quark-loop level,
which corresponds to the large- N, limit with confinement neglected.

Next, we describe the LO DGLAP-ERBL evolution. For the case of tFFs the procedure is very straight-
forward, as it gives a triangular-matrix multiplicative structure (see, e.g., [8]). Explicitly, with the short-hand
notation B,; = By}, (t; u) and B,?l. = B (t; o), we have
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The anomalous dimensions in the transversity channel are given by ynT = % D1 1/k—8, By = 13—1NC - %N £

and the running coupling constant is o(un) = 47 /[Bo log(uz/AzQCD)], with Agcp = 226 MeV for N, =
Ny =3.
The two lowest tFFs available from the lattice data, Bﬁ;“ and B%“, evolve multiplicatively as follows:

!/ (2Bo)
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which numerically gives
B"(1;2 GeV) = 0.75B;" (t; j0), Byg"(t:2 GeV) = 0.43B%;" (; o). 7

Note a stronger reduction for Byg compared to Bjg as the result of the evolution. In the chiral limitand at = 0
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The results of the model calculation followed by evolution are presented in Fig. 1. We note a very good
agreement with the data [7] for the NJL model, as well as for the non-local HTV model. The agreement for
the instanton model is worse, which shows that the calculation can be used to discriminate between various
approaches.

Next, we show the results for the full tGPD. Having explored the #-dependence in tFFs, here we set t = 0
and focus on the X behavior for fixed £ = 1/3 or £ = 0. Since the evolution is different for the symmetric
and antisymmetric combinations, we explore the isovector and isoscalar tGPDs:

EFITNX 6 00 = EFS (X6 07) = EF(X.£ 0°) + EF(-X.&, 7).
ERIT0(x, €, 0% = EFAX,E, 0%) = EF(X. &, Q) — EF (X, &, 0D,
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Fig. 1 The transversity form factors of the pion, B{;"(r) and By;" (1), evaluated at m, = 600MeV in the local NJL model
(left panel) and in nonlocal models (right panel, solid line HTV model, dashed line instanton model) and compared to the lattice
data [7]
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Fig. 2 The symmetric (left panel) and antisymmetric (right panel) tGPDs of the pion att = 0 and & = 1/3, evaluated in the NJL.

model in the chiral limit at the quark-model scale ;1o = 313 MeV (solid lines) and evolved to the scales u© = 2 GeV (dashed
lines) and 1 TeV (dotted lines)
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Fig. 3 The tGPD of the pion at # = 0 and § = 0, evaluated in the chiral limit in the NJL model (left panel) and in the instanton

model (right panel) at the quark-model scale g = 313 MeV (solid lines) and evolved to the scales u© = 2 GeV (dashed lines)
and 1 TeV (dotted lines)

The evolution has been carried out with the method involving the Gegenbauer moments [37-39,41]. The results

for £ = 1/3 in the NJL model are shown in Fig. 2. The curves are conventionally normalized in such a way
that at the quark model scale

1
/dXE?S(X, £t =0; no)/N = # )
0
We note the decreasing, shifting to lower X, effect of the QCD evolution. In Fig. 3 we compare the result in the
NIJL model (left panel) and the nonlocal instanton model (right panel). Except for different end-point behavior
(see [29] for details), the results are qualitatively very similar.

In conclusion we wish to stress that the absolute predictions for the multiplicatively evolved Bjg and Bsg
agree remarkably well with the lattice results, supporting the assumptions of numerous calculations following
the same ‘“chiral-quark-model + QCD evolution” scheme. It would also be interesting to access the tGPDs
directly through the use of the transverse-lattice techniques [14,18-20].

Open Access This article is distributed under the terms of the Creative Commons Attribution Noncommercial License which

permits any noncommercial use, distribution, and reproduction in any medium, provided the original author(s) and source are
credited.

References

1. Anikin, 1.V, Dorokhov, A.E., Maksimov, A.E., Tomio, L., Vento, V.: Nonforward parton distributions of the pion within an
effective single instanton approximation. Nucl. Phys. A 678, 175-186 (2000)



Transversity form factors and GPD 299

2.
3.
4.
5. Bissey, F., Cudell, J.R., Cugnon, J., Lansberg, J.P., Stassart, P..: A model for the off-forward structure functions of the

12.
13.
14.
15.

17.

18.
19.

20.
21.
22.
23.
24.
25.
26.
27.
29. Dorokhov, A.E., Tomio, L.: Pion structure function within the instanton model. Phys. Rev. D 62, 014016 (2000)
30.

31.
32.

33.

34.
35.

36.
37.

38.

Anikin, I.V., Dorokhov, A.E., Tomio, L.: On high q2 behavior of the pion form-factor for transitions y*y — mo and
y*y* — mo within the nonperturbative approach. Phys. Lett. B 475, 361-371 (2000b). hep-ph/9909368

Belitsky, A.V., Radyushkin, A.V.: Unraveling hadron structure with generalized parton distributions. Phys. Rept. 418, 1-387
(2005). hep-ph/0504030

Best, C., et al.: Pion and rho structure functions from lattice qcd. Phys. Rev. D 56, 2743-2754 (1997). hep-1at/9703014

pion. Phys. Lett. B 587, 189-200 (2004). doi:10.1016/j.physletb.2004.03.023

. Boffi, S., Pasquini, B.: Generalized parton distributions and the structure of the nucleon. Riv. Nuovo Cim. 30, 387 (2007).

doi:10.1393/ncr/i2007-10025-7

. Brommel, D, et al.: The spin structure of the pion. Phys. Rev. Lett. 101, 122001 (2008). doi:10.1103/PhysRevLett.101.

122001

. Broniowski, W., Ruiz Arriola, E.: A note on the QCD evolution of generalized form factors. Phys. Rev. D 79, 057501 (2009).

doi:10.1103/PhysRevD.79.057501

. Broniowski, W., Ruiz Arriola, E.: Impact-parameter dependence of the generalized parton distribution of the pion in chiral

quark models. Phys. Lett. B 574, 57-64 (2003). doi:10.1016/j.physletb.2003.09.009

. Broniowski, W., Ruiz Arriola, E.: Pion photon transition distribution amplitudes in the spectral quark model. Phys. Lett. B

649, 49 (2007). hep-ph/0701243

. Broniowski, W., Ruiz Arriola, E.: Gravitational and higher-order form factors of the pion in chiral quark models. Phys. Rev. D

78, 094011 (2008). doi:10.1103/PhysRevD.78.094011

Broniowski, W., Ruiz Arriola, E., Golec-Biernat, K.: Generalized parton distributions of the pion in chiral quark models and
their QCD evolution. Phys. Rev. D 77, 034023 (2008). doi:10.1103/PhysRevD.77.034023

Broniowski, W., Dorokhov, A.E., Ruiz Arriola, E.: Transversity form factors of the pion in chiral quark models. Phys. Rev. D
82, 094001 (2010). doi:10.1103/PhysRevD.82.094001

Burkardt, M., Dalley, S.: The relativistic bound state problem in qcd: Transverse lattice methods. Prog. Part. Nucl. Phys. 48,
317-362 (2002). hep-ph/0112007

Bzdak, A., Praszalowicz, M.: An attempt to construct pion distribution amplitude from the pcac relation in the nonlocal
chiral quark model. Acta Phys. Polon. B 34, 3401-3416 (2003). hep-ph/0305217

. Courtoy, A., Noguera, S.: The Pion—Photon transition distribution amplitudes in the Nambu—Jona Lasinio Model. Phys. Rev.

D 76, 094026 (2007). doi:10.1103/PhysRevD.76.094026

Courtoy, A., Noguera, S.: Pion—Photon TDAs in the NJL Model. Prog. Part. Nucl. Phys. 61, 170-172 (2008). doi:10.1016/
j-ppnp.2007.12.040

Dalley, S.: Mesons on a transverse lattice. Phys. Rev. D 64, 036006 (2001). hep-ph/0101318

Dalley, S.: Generalised parton distributions of the pion on the transverse lattice. Few Body Syst. 36, 69-76 (2005). hep-
ph/0409139

Dalley, S., van de Sande, B.: Transverse lattice calculation of the pion light-cone wavefunctions. Phys. Rev. D 67, 114507
(2003). hep-ph/0212086

Davidson, R.M., Ruiz Arriola, E.: Structure functions of pseudoscalar mesons in the su(3) njl model. Phys. Lett. B 348,
163-169 (1995)

Davidson, R.M., Ruiz Arriola, E.: Parton distributions functions of pion, kaon and eta pseudoscalar mesons in the njl model.
Acta Phys. Polon B 33, 1791-1808 (2002). hep-ph/0110291

Diakonov, D., Petrov, V.Y.: A theory of light quarks in the instanton vacuum. Nucl. Phys. B 272, 457 (1986). doi:10.1016/
0550-3213(86)90011-8

Diehl, M., Szymanowski, L.: The transverse spin structure of the pion at short distances. Phys. Lett. B 690, 149-158 (2010).
doi:10.1016/j.physletb.2010.05.014

Dorokhov, A.E.: Instanton induced soft pion wave function and hard pion form-factor. Nuovo Cim. A 109, 391-405 (1996).
doi:10.1007/BF02731088

Dorokhov, A.E.: Pion distribution amplitudes within the instanton model of qcd vacuum. JETP Lett. 77, 63-67 (2003).
hep-ph/0212156

Dorokhov, A.E., Tomio, L.: Quark distribution function in pion within instanton liquid model (1998). hep-ph/9803329

Dorokhov, A.E., Broniowski, W., Ruiz Arriola, E.: Generalized quark transversity distribution of the pion in chiral quark
models 1107.5631 (2011)

Esaibegian, S.V., Tamarian, S.N.: The structure of wave function of 7 (K) mesons in an instanton vacuum. Sov. J. Nucl.
Phys. 51, 310-313 (1990)

Feldmann, T.: Generalized parton distributions. Eur. Phys. J. Spec. Top. 140, 135-167 (2007)

Frederico, T., Pace, E., Pasquini, B., Salme, G.: Pion generalized parton distributions with covariant and light-front constituent
quark models. Phys. Rev. D 80, 054021 (2009). doi:10.1103/PhysRevD.80.054021

Frederico, T., Pace, E., Pasquini, B., Salme, G.: Generalized parton distributions of the pion in a covariant Bethe-Salpeter
model and light-front models. Nucl. Phys. B (Proc Supp) 199, 264 (2010). 0911.1736

Gluck, M., Reya, E., Schienbein, I.: Pionic parton distributions revisited. Eur. Phys. J. C 10,313-317 (1999). hep-ph/9903288
Holdom, B., Terning, J., Verbeek, K.: Chiral lagrangian from quarks with dynamical mass. Phys. Lett. B 245, 612-618 (1990).
doi:10.1016/0370-2693(90)90700-G

Holt, R.J., Roberts, C.D.: Distribution functions of the nucleon and pion in the valence region. Rev. Mod. Phys. 82,
2991-3044 (2010). doi:10.1103/RevModPhys.82.2991

Kirch, M., Manashov, A., Schafer, A.: Evolution equation for generalized parton distributions. Phys. Rev. D
72, 114006 (2005). doi:10.1103/PhysRevD.72.114006

Kivel, N., Mankiewicz, L.: Conformal string operators and evolution of skewed parton distributions. Nucl. Phys. B. 557,
271-295 (1999a). hep-ph/9903531


http://dx.doi.org/10.1016/j.physletb.2004.03.023
http://dx.doi.org/10.1393/ncr/i2007-10025-7
http://dx.doi.org/10.1103/PhysRevLett.101.122001
http://dx.doi.org/10.1103/PhysRevLett.101.122001
http://dx.doi.org/10.1103/PhysRevD.79.057501
http://dx.doi.org/10.1016/j.physletb.2003.09.009
http://dx.doi.org/10.1103/PhysRevD.78.094011
http://dx.doi.org/10.1103/PhysRevD.77.034023
http://dx.doi.org/10.1103/PhysRevD.82.094001
http://dx.doi.org/10.1103/PhysRevD.76.094026
http://dx.doi.org/10.1016/j.ppnp.2007.12.040
http://dx.doi.org/10.1016/j.ppnp.2007.12.040
http://dx.doi.org/10.1016/0550-3213(86)90011-8
http://dx.doi.org/10.1016/0550-3213(86)90011-8
http://dx.doi.org/10.1016/j.physletb.2010.05.014
http://dx.doi.org/10.1007/BF02731088
http://dx.doi.org/10.1103/PhysRevD.80.054021
http://dx.doi.org/10.1016/0370-2693(90)90700-G
http://dx.doi.org/10.1103/RevModPhys.82.2991
http://dx.doi.org/10.1103/PhysRevD.72.114006

300

W. Broniowski et al.

39.
40.
41.
42.
43,
44,
45,
46.
47.
48,
49,
50.

S1.
52.
53.
54.
55.

Kivel, N., Mankiewicz, L.: On scale dependence of QCD string operators. Phys. Lett. B 458, 338-346 (1999b).
hep-ph/9905342

Kotko, P., Praszalowicz, M.: Pion-to-photon transition distribution amplitudes in the non-local chiral quark model. Acta
Phys. Polon. B 40, 123, 0803.2847 (2009)

Manashov, A., Kirch, M., Schafer, A.: Solving the leading order evolution equation for GPDs. Phys. Rev. Lett.
95, 012002 (2005). doi:10.1103/PhysRevLett.95.012002

Nguyen, T., Bashir, A., Roberts, C.D., Tandy, P.C.: Pion and kaon valence-quark parton distribution functions. Phys. Rev. C
83, 062201 (2011). doi:10.1103/PhysRevC.83.062201

Noguera, S., Vento, V.: Pion parton distributions in a non local lagrangian. Eur. Phys. J. A 28, 227-236 (2006).
hep-ph/0505102

Petrov, V.Y., Polyakov, M.V., Ruskov, R., Weiss, C., Goeke, K.: Pion and photon light-cone wave functions from the instanton
vacuum. Phys. Rev. D 59, 114018 (1999). doi:10.1103/PhysRevD.59.114018

Polyakov, M.V., Weiss, C.: Skewed and double distributions in pion and nucleon. Phys. Rev. D 60, 114017 (1999).
hep-ph/9902451

Praszalowicz, M., Rostworowski, A.: Pion light cone wave function in the non-local NJL model. Phys. Rev. D
64, 074003 (2001). doi:10.1103/PhysRevD.64.074003

Praszalowicz, M., Rostworowski, A.: Pion generalized parton distributions in the non-local NJL model. In: Proceedings of
the XXX VIIth Rencontres de Moriond (2002). hep-ph/0205177

Praszalowicz, M., Rostworowski, A.: Pion generalized distribution amplitudes in the nonlocal chiral quark model. Acta
Phys. Polon. B 34, 2699-2730 (2003). hep-ph/0302269

Ruiz Arriola, E.: The Low-energy expansion of the generalized SU(3) NJL model. Phys. Lett. B 253, 430-435 (1991).
doi:10.1016/0370-2693(91)91746-1

Ruiz Arriola, E.: Parton distributions for the pion in a chiral quark model. In: Melnitchouk, W., et al. (ed.) Proceedings
of the workshop Lepton Scattering, Hadrons and QCD, Adelaide, Australia, 2001, World Scientific, Singapore (2001).
hep-ph/0107087

Ruiz Arriola, E.: Pion structure at high and low energies in chiral quark models. (v). Acta Phys. Polon B 33, 44434479
(2002). hep-ph/0210007

Ruiz Arriola, E., Broniowski, W.: Pion light-cone wave function and pion distribution amplitude in the nambu-jona-lasinio
model. Phys. Rev. D 66, 094016 (2002). hep-ph/0207266

Sutton, P.J., Martin, A.D., Roberts, R.G., Stirling, W.J.: Parton distributions for the pion extracted from drell-yan and prompt
photon experiments. Phys. Rev. D 45, 2349-2359 (1992)

Theussl, L., Noguera, S., Vento, V.: Generalized parton distributions of the pion in a bethe- salpeter approach. Eur. Phys. J.
A 20, 483-498 (2004). nucl-th/0211036

Tiburzi, B.C.: Estimates for pion photon transition distributions. Phys. Rev. D 72, 094001 (2005). doi:10.1103/PhysRevD.
72.094001


http://dx.doi.org/10.1103/PhysRevLett.95.012002
http://dx.doi.org/10.1103/PhysRevC.83.062201
http://dx.doi.org/10.1103/PhysRevD.59.114018
http://dx.doi.org/10.1103/PhysRevD.64.074003
http://dx.doi.org/10.1016/0370-2693(91)91746-I
http://dx.doi.org/10.1103/PhysRevD.72.094001
http://dx.doi.org/10.1103/PhysRevD.72.094001

	Transversity Form Factors and Generalized Parton Distributions of the Pion in Chiral Quark Models
	Abstract
	References


