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Proton gravitational form factors
in a light-front quark-diquark model
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Abstract

We present a recent calculation of the gravitational form factors (GFFs) of proton using
the light-front quark-diquark model constructed by the soft-wall AdS/QCD [1]. The
four GFFs A(Q2) , B(Q2) , C(Q2) and C̄(Q2) are calculated in this model. We also show
the pressure and shear distributions of quarks inside the proton. The GFFs, A(Q2) and
B(Q2) are found to be consistent with the lattice QCD, while the qualitative behavior of
the D-term form factor is in agreement with the extracted data from the deeply virtual
Compton scattering (DVCS) experiments at JLab, the lattice QCD, and the predictions of
different phenomenological models.
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1 Introduction

Understanding the parton dynamics inside the nucleon by studying the mechanical properties
of the nucleon like the mass, spin and pressure distribution has recently received widespread
attention following the first experimental evidence of the pressure distribution of quarks inside
the nucleon [2]. The matrix elements of the energy-momentum tensor encode the information
about the gravitational form factors. The gravitational form factors (GFFs) can be assessed
experimentally in hard exclusive processes like deeply virtual Compton scattering (DVCS)
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through generalized parton distributions (GPDs) [2]. The symmetric energy-momentum ten-
sor for a spin-half particle is parameterized in terms of four GFFs. The GFFs A(Q2) and B(Q2)
are related to the mass and total angular momentum of the proton [3] . The GFFs A and B
are constrained at Q2 = 0 as they are related to the generators of the Poincare group. But the
GFF C(Q2) (also called the D-term) is unconstrained at Q2 = 0. The D-term is connected to
the internal properties of the nucleon like the pressure and stress distributions [4,5].

2 Light-front quark-diquark model

In the light-front quark-diquark model the three valence quarks inside the proton are reduced
to a quark (fermion) and composite state of a diquark (boson). Here we assume that a diquark
has spin zero. The light-front wave functions ψλN

λqq(x ,k⊥) are modeled from the solution of

soft-wall AdS/QCD. [6]. The generic ansatz for different spin configurations of nucleon he-
licities λN = ±

1
2 and for quark helicities λq = ±

1
2 of these light-front wave functions can be

written compactly as follows:

ψ
λN
λqq(x ,k⊥) = δλN ,λq

ϕ(1)q (x ,k⊥)−δλN ,−λq
ϕ(2)q (x ,k⊥)

k⊥
x M

eiSign(λN)θk⊥ , (1)

where, the wave functions ϕ(i=1,2)
q (x ,k⊥) are the modified form of the soft-wall AdS/QCD

prediction constructed by introducing the parameters a(i)q and b(i)q for quark q [6,7],

ϕ(i)q (x ,k⊥) = N (i)q
4π
κ

√

√ log(1/x)
1− x

xa(i)q (1− x)b
(i)
q exp
�

−
k2
⊥

2κ2

log(1/x)
(1− x)2

�

. (2)

We have taken the quark to be massless and all parameters are set in accordance with
the electromagnetic properties of the nucleons. The parameters used in this model are taken
from [8].

3 Gravitational Form Factors

The symmetric energy-momentum tensor Tµν for a spin half system can be parameterized in
terms of four GFFs [9,10]

〈P ′, S′|Tµνi (0)|P, S〉 = Ū(P ′, S′)
�

− Bi(q
2)

P̄µ P̄ν

M
+ (Ai(q

2) + Bi(q
2))

1
2
(γµ P̄ν + γν P̄µ)

+ Ci(q
2)

qµqν − q2 gµν

M
+ C̄i(q

2)M gµν
�

U(P, S), (3)

where, P̄µ = 1
2(P

′ + P)µ, qµ = (P ′ − P)µ, U(P, S) is the spinor, Q2 = −q2 and M is the system
mass. The GFFs Ai(Q2) and Bi(Q2) are calculated using the T++i component. The GFFs Ci(Q2)
are C̄i(Q2) are calculated using the transverse components T⊥⊥i .

The distributions of pressure and shear forces inside the nucleon are given by

p(b) =
1

6Mn

1
b2

d
d b

b2 d
d b

D̃(b), s(b) = −
1

4Mn
b

d
d b

1
b

d
d b

D̃(b), (4)

where D̃(b) represents the Fourier transform of GFF D(Q2) = 4C(Q2) and b = |~b⊥| is the
impact parameter.
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Figure 1: The plots of the four GFFs as functions of Q2. The solid magenta lines with
magenta bands are the results at the initial scale, while the dash-dotted blue lines
with blue bands represent the results at µ2 = 4 GeV2 evolved from the initial scale
µ2

0 = 0.32 GeV2.

In Fig. 1 (a) and (b), we show the GFFs Au+d(Q2) and Bu+d(Q2) which are compared with
the lattice QCD prediction [11]. We show the results at the initial scale of µ2

0 = 0.32 GeV2 and
at the evolved final scale of µ2 = 4 GeV2. The evolution is done using the higher order pertur-
bative parton evolution toolkit (HOPPET) [12] following Dokshitzer-Gribov-Lipatov-Altarelli-
Parisi (DGLAP) equations of QCD with next-to-next-to-leading order. We observe that after
QCD evolution, Au+d(Q2) and Bu+d(Q2) are consistent with the lattice QCD results. In Fig. 1
(c) we show our result for the GFF 4Cu+d(Q2) = Du+d(Q2). The evolved value at zero momen-
tum transfer is Du+d(0) = −1.521. The fitted function −1.521

(1+0.531Q2)3.026 reproduces the evolved

result for Du+d(Q2). We find that the qualitative behavior of our result is compatible with lat-
tice QCD [11] and the experimental data from JLab [2] as well as other theoretical predictions
from the KM15 global fit [13], dispersion relation [14], χQSM [15], Skyrme model [16], and
bag model [17]. In Fig. 1 (d) our result for the GFF C̄u+d(Q2) is shown. The error bands re-
flect a 10% uncertainty in the model parameters. In Fig. 2 (a) and (b) we show the profile for
the pressure and shear distributions of the quark inside the nucleon in the impact parameter
space. Our results are compared with the distribution evaluated in leading order light-cone
sum rule [18] and the distribution obtained from the fitting functions of the experimental data
for D(Q2) at JLab [2]. The pressure distribution satisfies the von Laue stability condition [19]
showing a positive core and a negative tail. The shear distribution for stable hydrostatic sys-
tems are positive and has connection to surface tension and surface energy [4]. We observe
that our shear distribution is also positive and the qualitative behavior is in accord with other
approaches [15,16,18].
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Figure 2: Plots of (a) the pressure distribution 4πMn b2p(b), and (b) the shear dis-
tribution 4πMn b2s(b) as a function of b.

4 Conclusion

We calculated the four GFFs of a spin half nucleon in the light-front scalar quark-diquark
model. The D-term was extracted using the perpendicular component of the energy momen-
tum tensor. Our results for A(Q2) and B(Q2) were found to be consistent with lattice QCD pre-
dictions. The evolved result for the D-term is in accord with the experimental data extracted
from DVCS process at JLab. The value of C̄(Q2) is found to be negative at zero momentum
transfer. Our pressure p(b) and shear force s(b) distributions are found to be consistent with
the experimental observation and other theoretical predictions.
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[5] C. Lorcé, H. Moutarde and A. P. Trawiński, Revisiting the mechanical properties of the
nucleon, Eur. Phys. J. C 79, 89 (2019), doi:10.1140/epjc/s10052-019-6572-3.

[6] T. Gutsche, V. E. Lyubovitskij, I. Schmidt and A. Vega, Light-front quark model consistent
with Drell-Yan-West duality and quark counting rules, Phys. Rev. D 89, 054033 (2014),
doi:10.1103/PhysRevD.89.054033.

[7] G. F. de Teramond and S. J. Brodsky, Hadronic Form Factor Models and Spectroscopy Within
the Gauge/Gravity Correspondence, arXiv:1203.4025.

[8] C. Mondal, Helicity-dependent generalized parton distributions for nonzero skewness, Eur.
Phys. J. C 77, 640 (2017), doi:10.1140/epjc/s10052-017-5203-0.

[9] A. Harindranath, R. Kundu and A. Mukherjee, On transverse spin sum rules, Phys. Lett. B
728, 63 (2014), doi:10.1016/j.physletb.2013.11.042.

[10] X. Ji, X. Xiong and F. Yuan, Transverse polarization of the nucleon in parton picture, Phys.
Lett. B 717, 214 (2012), doi:10.1016/j.physletb.2012.09.027.

[11] P. Hagler et al. [LHPC Collaboration], Nucleon Generalized Parton Distributions from Full
Lattice QCD, Phys. Rev. D 77, 094502 (2008), doi:10.1103/PhysRevD.77.094502.

[12] G. P. Salam and J. Rojo, A Higher Order Perturbative Parton Evolution Toolkit (HOPPET),
Comput. Phys. Commun. 180, 120 (2009), doi:10.1016/j.cpc.2008.08.010.
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