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Abstract. Double parton distribution functions (dPDF) represent a tool to explore the 3D proton structure. They
can be measured in high energy proton-proton and proton nucleus collisions and encode information on how
partons inside a proton are correlated among each other. dPFDs are studied here in the valence quark region,
by means of a constituent quark model, where two particle correlations are present without any additional
prescription. This framework allows to understand the dynamical origin of the correlations and to clarify which,
among the features of the results, are model independent. Use will be made of a relativistic light-front scheme,
able to overcome some drawbacks of the previous calculation. Transverse momentum correlations, due to the
exact treatment of the boosts, are predicted and analyzed. The role of spin correlations is also shown. Due to
the covariance of the approach, some symmetries of the dPDFs are seen unambigously. For the valence sector,
also the study of the QCD evolution of the model results, which can be performed safely thanks to the property

of good support, has been also completed.

1 Introduction

In the last few years, the study of the contribution of
multiple parton interactions (MPI) to high energy hadron-
hadron cross sections has become an important issue.
In these processes, more than one parton of a hadron
can interact with partons of the other colliding hadron.
Even if the MPI contribution is suppressed by a power
of AZQCD/ Q? with respect to the single parton interaction,
where Q is the center-mass energy, it has been already ob-
served (see, e.g., Ref. [1]). These events can be very im-
portant as a background for the search of new Physics,
e.g., at the LHC. In our analysis we focus actually on
the possibilities offered by double parton scattering (DPS),
which can be observed in several channels, e.g., WW with
dilepton productions and double Drell-Yan processes (see,
Refs. [2-6] for recent reviews), to unveil the 3D nucleon
structure. At the LHC, DPS, already observed some years
ago [7], represents also a background for the Higgs pro-
duction in several channels.

The DPS cross section is written, following the
seminal idea of Ref. [8], in terms of the dPDFs,
F; j(xl,xz,z’ ", 1), which describe the joint probability of
finding two partons of flavors i, j = ¢, g, g with longitu-
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dinal momentum fractions xi, x, and separation Z, in the
transverse plane inside the hadron:

1 R . ;
do =+ Z deJ_ Fij(xl,xz, 2o )W F (X3, x4,Z0, 1)
S i,j.k,l

X Gi(x1x3 Vs, W) ji(x2x4 Vs, p1) . (D

The cross sections § refer to the hard parton scatter-
ing, occurring at short-distance, S is a symmetry factor,
present if identical particles appear in the final state and u
is the renormalization scale. The latter is taken here, for
simplicity, to be the same for both partons.

It is worth to notice that usually, for the evaluation and
simulation of the DPS contributions to proton-proton scat-
tering at the LHC kinematics, the following approxima-
tions are often adopted for the dPDFs:

qi(x1, 1) q (o, ) T(Z 1) (2)
X 01 —x;—x)(1—-x1 —x)",

Fij(x1, %2, 20, 1)

i.e., dPDFs are assumed to be completely factorized. In
particular the Z, and x; — x, dependences are factorized
and that the latter dependence can be expressed through
the standard one-body parton distribution functions (PDF),
q(x). In other words, possible double parton correlations
between the two interacting partons are neglected. More-
over, dPDFs are non perturbative quantities in QCD and
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they cannot be easily evaluated from the theory. In the
case of PDFs, a useful procedure for the estimate of dPDFs
is their calculation at the hadronic scale, Qy ~ Agcp, by
means of quark models. In order to compare the obtained
outcomes with future data taken at high energy scales,
Q > Qo, it is then necessary to perform the perturbative
QCD (pQCD) evolution of the model calculations, using
the dPDF evolution equations, which are known since a
long time ago [9, 10]. The idea supporting our analysis
is that, thanks to this procedure, future data of the DPS
processes could be guided, in principle, by model calcu-
lations. In particular, our interest is focused on the under-
standing of the role of double parton correlations (DPCs)
in the proton, in order to verify, as a first step, the validity
of the approximations Eq. (2), often used for simulations
of data analyses. Moreover, DPCs effects, cannot be ne-
glected in principle (see Refs. [11, 12] for recent contribu-
tion on this subject); however, DPCs are non perturbative
effects in QCD and they can not be easily evaluated from
the theory. In order to understand the role of DPCs in the
proton structure and in the dPDFs, the use of quark mod-
els, where DPCs are naturally included into the scheme,
can be very useful. Thanks to this procedure, in the kine-
matical regions where these predictions are reliable, the
assumptions Eq. (2) can be properly tested.

The first model evaluations of dPDFs have been the
ones in Refs. [13, 14]. In the first scenario use has been
made of a the MIT bag model in the cavity-approximation,
properly modified in order to introduce double parton cor-
relations. In the second case dPDFs have been calculated
in a non relativistic (NR) constituent quark model (CQM)
framework, since CQMs, in the valence region, reproduce
the gross features of PDF data and give reasonable predic-
tions of generalized parton distribution functions (GPDs)
and transverse momentum dependent parton distributions
(TMDs) (see, e.g., Refs. [15-17]). These expectations
motivated the analysis of Refs. [14, 18]. The main results
found in Refs. [13, 14] are that, in the valence quark re-
gion, the approximations described in Eq. (2) are badly
violated. In this CQM picture, where dynamical double
correlations are present into the scheme, the origin of this
violation can be properly understood.

One should notice that both the analyses of Refs.
[13, 14] have inconsistencies. First, they predict a wrong
support, i.e., dPDFs do not vanish in the non physical re-
gion, x; + x, > 1. Moreover, as already pointed out, in
order to obtain some information on dPDFs where LHC
data will be taken, i.e., at small values of x and at high 02,
the pQCD evolution of the calculated dPDFs is necessary.
In a recent paper [18], we calculated dPDFs including rel-
ativity through a fully Poincaré covariant Light-Front (LF)
approach. Thanks to this treatment it is possible in general
to study strongly interacting systems with a fixed num-
ber of on-shell constituents (see Refs. [19, 20] for com-
prehensive reviews). In this framework, which has been
extensively used for calculations of hadron structure ob-
servables (see, e.g., Refs. [21-23]), some symmetries of
dPDFs are correctly restored and the bad support problem
is fixed. This helps in turn to have a precise pQCD evo-

lution of the dPDFs. The results of this analysis will be
summarized in the following sections.

2 Light-Front CQM and dPDFs

In this section, details of the calculations of dPDFs, within
the LF approach will be introduced. In particular, the fac-
torized ansatz Eq. (2), adopted for the quantities under
scrutiny here, will be studied in a relativistic scenario. In
order to have a reliable description of dPDFs, defined in
the non perturbative region of QCD, use has been made
of the Light-Front approach, which is well suited, as al-
ready said, for studies of hadronic processes at high mo-
mentum transfer. Among all the useful properties of this
approach, let us summarize the ones which are appealing
for our aim. First of all, one can obtain a fully Poincaré co-
variant description of relativistic strongly interacting sys-
tems with a fixed number of on-shell constituents. More-
over, LF boosts and the “plus” components of momenta
(a* = ag + a3) are kinematical operators and, being the LF
hypersurface, the one where the initial conditions of the
system are fixed, tangent to the light-cone, the kinematics
of DIS processes is obtained naturally.

In the present analysis, the main quantity of interest is
the Fourier- transform of the dPDF defined in Eq. (1):

N > 7
FI™(x), x0,k1) = fdzl ¢RI (L X0, 21) 3)

The dPDF here introduced depends on the parton flavors
i and j and on their helicities 4;(;, respectively. Since
dPDFs will be calculated here by means of a CQM, it is
necessary to find useful expressions for the dPDFs, by
means of the LF approach. One needs therefore to start
from the light-cone correlator which formally defines the
dPDF in quantum field theory [4]:

3d7
1%

l

A1,42
Fijl 7()ClsXZ’Z)J_)

(_47Z_P+)Z deJ_ elzi]_(lf
a1

NPT /2P 2 /2 ymixi P 2

X
s ola (R @
X </LP=0’O,! (215,235 +ZJ_)
A 7I7l N =2 =
X 03(Z2E+ZL,O)'P=O,/1), )

where, for generic 4-vectors z and 7/, the operator

04z7) = 4i(2) g’”—;k” 91(2) )

has been defined in coordinate space through LF quan-
tized fields of the free quarks. In the above equation,
use has been made of the light-like four vector, n =
(1,0,0,—1), and of the rest frame state of the nucleon with
helicity 4, |I3 =0, A). By properly extending the procedure
described in Refs. [23, 24] for the calculation of GPDs,
one can relate dPDFs to the proton wave function, which
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can be calculated in turn through CQM. Details on this cal-
culation scheme can be found in Ref. [18]. In particular, a
crucial point of this analysis is the description of the proton
state in terms of a sum over partonic Fock states |I~<,<, /llf ,Ti)
of isospin T7;, the so called “LF wave function” (LFWF)
representation [20]. Moreover, in the present work, only
the first, valence contribution |0, 1/, val) has been taken
into account and higher Fock states have been neglected:

3 dxi 3
S| -5
3 dl?,l 3
[zt [2 a

i=1
(i i, AL )]_[|kl,z, o8

i=1

10, ) = |0, A7, val)

X

where /1 is the Light-Front proton wave function, in
principle solution of a LF Hamiltonian directly related to
the QCD lagrangian and the short notation {«;} instead of
a1, @y, a3 is introduced. This representation of the proton
state can be formulated in the canonical Instant-Form as
well as in the LF case through the introduction of canoni-
cal quark states IEi, AL, Ty

10, 2) = |0, A°, val)

Bk -

Wik, A )]_[|kl,

where here Wcl is, instead, the canonical proton wave func-
tion. Since y!/! is basically unknown, being a solution of
the QCD equations of motion, it is worth to construct the
Poincaré operators in order to obtain a kinematical link
between w1 and !, being the latter quantity calculable
by means of the CQM. Formally, one can always relate
free particles states in the LF and in the Instant-Form ap-
proaches (see Ref. [19]):

kA7) = @2 \lm2 + 2 "DV (R (), A7), (8)
/](

where the Melosh rotation, which allows to rotate the
canonical helicity into the LF spin,

X

. ~ =
m+ xiMo — id; - (% X ki1)

N (m+ xiMo)? + léfl

+
has been introduced through x; = ——,

DI (Rep(k) = (u

.

the longitudinal mo-
mentum fraction carried by the parton i, being P* the plus
the total free energy mass of the partonic sylstem and pu
and A generic canonical spins. One can use then the

component of the proton momentum, M

Bakamjian-Thomas construction of the Poincaré genera-
tors in order to extend the relation, Eq. (8), to interact-
ing systems, such as the proton one, so that a kinematical
link between the LF and Instant-Form proton state can be
found [18, 23]:

0, A7, val) = \/Mo(27)*/3(0, A°, val) . (10)

Substituting Egs. (8) and (10) in Eq. (6), one can find
the relation between the LF and the canonical proton wave
functions, see Refs. [18, 23]:

172
o B, A7) = 2<2n)3[w] (11)
! Moyx1x2x3
3

«1/2 (7
x ]_1[ ;DM(RC,A/@))}
x Yk, A8, 7))

This is an important result for the present study, be-
cause it allows to formally relate the LF proton wave func-
tion with a canonical proton one. In principle, the LF pro-
ton wave function is a solution of the LF QCD Hamilto-
nian; here we adopt a phenomenological approach where it
is obtained from a CQM, reproducing only part of the sym-
metries of the theory. Using a lengthy but straightforward
procedure, the final expression of the dPDF is obtained. It
reads [18]:

Fhbixy k) = 3(V3)° f ﬁdﬁz 5[23:1?]

ki, > ki -
X \P*[k1+_Lk2__lk3»{ })

X Py (1)Pg, ()P, (1)Py,(2)

The canonical proton wave function ¥ is embedded
in the function ¥ here above, which can be written as fol-
lows:

3

[

w‘“'uk,», 2,1,

where A and 7; are the canonical parton helicity and the
isospin, respectively. Isospin and spin projection operators
are introduced in order to define dynamical correlations
for the unpolarized and longitudinal polarized i quark of a
given flavor, as follows:

W(ky, ko, ko3 (2], 72))

ZD*”Z(Rcf(k ))}(13)

X

1+ Ao3(0)

, Py (i) = 5 (14)

1+ ns()
Pu(d)(l)=T3
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Figure 1. The distribution uu(x;,x2,ky), Eq. (16), for three
values of x, and k;, = 0.

Figure 3. The distribution uu(x;, x2,k, ), Eq. (16), for x, =
0.4 and five values of &k, .

Ty

Figure 2. The distribution AuAu(x;,x;,k,), Eq. (17), for
three values of x, and k; = 0.

In this work the use of the LF approach is crucial since the
plus component of the momenta is kinematical so that, in
the intrinsic frame, where 1?, + 132 + 133 = 0, one finds the
following condition:

3
P*:ij:Mo. (15)

Thanks to the latter relation, the delta function, defining
the longitudinal momentum fractions carried by the par-
tons in Eq. (12), can be easily worked out without any
additional approximation, at variance with what happens
in the instant form calculations of PDFs and dPDFs (see,
e.g., Ref. [14]). As a direct consequence, the bad sup-
port problem does not show up in our relativistic calcula-
tion. Let us remark again that the main ingredient in Eq.
(12) is the canonical proton wave function so that, in order
to estimate dPDFs, verifying if the approximations, Eq.
(2), hold, use has been made of a relativistic CQM, the
so called hyper-central CQM described in Ref. [22]. For
the present analysis it is sufficient to know that the proton

01—
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Figure 4. The distribution AuAu(x;,x,k,), Eq. (17), for
xp = 0.4 and five values of k.

wave function can be factorized in terms of the momen-
tum space function and the spin-isospin one. As a first ap-
proximation, the latter part will be described within SU(6)
symmetry. Moreover, the momentum space function is ob-
tained by solving a relativistic effective Mass equation, de-
scribed through a potential model in agreement with the
Bakamjian-Thomas construction [18, 22]. The choice of
this model is motivated by its simplicity and capability
to basically reproduce the spectrum of light-hadrons. In-
deed it has been already used for the estimate of PDFs and
GPDs, see Refs. [22-26]. Moreover, in the dPDFs case,
there are not yet data available and model calculations of
these quantities could give essential information on their
relevant features.

3 Results of the calculations at the
hadronic scale

In this section the main results, obtained at the hadronic
energy scale, /1% ~ 0.1 GeV?, will be discussed. In par-
ticular, the emphasis of the present analysis is focused on
testing the validity of the approximations Eq. (2). To this
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Figure 5. The ratio 1, Eq. (18), for five values of &, .
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AuAu(zy,04,k,)/AuAu(0.4,0.4,k,)

Figure 6. The ratio r,, Eq. (19), for five values of k, .

aim, in this work, two specific combinations of the com-
ponents of the spin-dependent dPDFs, Eq. (12), for two
quarks of flavor u, have been evaluated:

wi(xy, v, k) = ) (a0, k), (16)
ij=T.1
Aulu(xy, xp, k) = Zuiui(xn,xz,kﬁ (17
=x
- Z uiuj(-x17-x27 kL) )
i#j=1.

being these distributions observable, in principle, in pro-
cesses involving unpolarized protons. In Figs. 1 and 2
the distributions introduced in Eqs. (16, 17) are shown
for three values of x, and for k;, = 0. One can easily
realize that the support problem has been solved, i.e., the
dPDFs are different from zero only in physical kinematical
regions, when x; + x, < 1. Moreover, thanks to the over-
come of the inconsistency present in the canonical calcu-
lations of dPDFs in Ref. [13], the symmetry in exchanging
x1 and xp, due to the indistinguishability of the two inter-
acting particles when k, = 0, is restored.

x9 = 0.2
—— 2y =04

—— 2, =06

T
~
—

T
~
—_

ITTTTTT
=

Ty

Figure 7. The ratio 3, Eq. (20), for three values of x, and
k, =0.

Ty

Figure 8. The ratio r4, Eq. (21), for three values of x, and
k, =0.

In Figs. 3 and 4 the same distributions are shown for
five values of k;, and for x, = 0.4. In particular, the de-
creasing behavior of the dPDFs with respect to the increas-
ing of k, is qualitatively similar to the results discussed in
Refs. [13, 14]. In order to study the validity of the approx-
imations Eq. (2), in particular the factorization of dPDFs
in the k, and x;, x, dependence, the following ratios have
been evaluated:

uu(x1,0.4,k,)

- WP R) 18

n (04,04, k,) (18)
AuAu(x1,0.4,k,)

- , 19

2 Autu(0.4,0.4,k,) (19

In Figs. 5 and 6 the calculated ratios r; and r, have
been shown for five values k,. As one can see, these
quantities vary weakly on k, so that a factorized ansatz
of dPDFs on k; and x dependence is not valid in this ap-
proach, as in the cases discussed in Refs. [13, 14]. Let
us remark in particular that the amount of this violation
is strongly related to the contribution of the Melosh rota-
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tions, present also in the unpolarized case when k; # O.

These kind of relativistic effects are model independent.
In order to study the factorization on the x; and the x;

dependences, the following ratios have been introduced:

uu(xy, x2, k. = 0)

= 2 reserl 7 2

3 202) , (20)

= AulAu(xy, x2,k, =0) , @1
Au(x;)

where the standard PDFs, calculated within the same
hyper-central CQM, u(x) and Au(x), in the unpolarized
and polarized cases, respectively, have been introduced to
analyze if dPDFs can be factorized, in terms of the product
of two single PDFs, in this relativistic approach. In Figs.
7 and 8 the ratios r3 and ry4, calculated for three values of
x; and for k; = 0, are shown. As one can see, these quan-
tities depend on x,, at variance with what would happen if
the approximation, Eq. (2), were valid. One can deduce
therefore that the dPDFs here calculated are strongly dif-
ferent form the product two single PDFs. These results are
in qualitatively agreement with the ones of Refs. [13, 14].
To have more details on the violation on the factorization
of longitudinal momentum dependences, the following ra-
tios have been introduced and calculated:

rs = 2uu(xy, x2,k;, =0) , 22)
u(xp)u(xo)

CAuMu(xy, xp,k, =0)
= 23
Te Au(x)Au(xo) ’ @)

where:
[ f dx Au(x)]?
- fdxldxz AuAu(xy, x2, k. =0)

(24)

The single PDFs appear in the denominators of the above
equations. Besides, the factors 2 and C are properly in-
serted in, Eqs. (22) and (23), in order to normalize these
ratios in the kinematical regions where the correlations, in
the longitudinal momenta, can be neglected, in agreement
with the approximation of Eq. (2).

As one can see in Figs. 9 and 10, a factorized form
of dPDFs in terms of single PDFs is not supported by
the present approach in almost all the kinematical regions
where the predictions of CQM calculations are reliable.

4 pQCD evolution of the calculated dPDFs

A fundamental point discussed in in Ref. [18] is the
analysis of the pQCD evolution of our dynamical model
of dPDFs. This procedure is essential to relate CQM
predictions with future data taken at the LHC or with
simulations of DPS process contributions to events in
particular channels in pp and pA collisions. For the
moment being, the pQCD evolution of dPDFs is per-
formed only in the longitudinal momentum dependence,
which means k;, = 0, and using the same energy scale

2uu (Xi’XZ’kT:Ov/"L02>/<u (XhM(f)u(XzW«uz))

""” Tl
'lu: ': »‘\\
i lllf"ll"t'b‘\\\
Y i\

Q.8

Figure 9. The ratio rs, Eq. (22), at the hadronic scale.

CAubu(x, ,xz,kT:O,MDZ)/(AMM ’MDQ)AU<X2’M02>>
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1117,"'::"1..
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m’lﬂ]][l”’”lll I”’lll, aﬂ"l,,
Illlllmmﬂ i I it

il
2N

il I If
' Jﬂf:””"l:"""ll

- O = N W >~ 0 o
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Figure 10. the ratio r¢, Eq. (23), at the hadronic scale yo.

for both the acting partons. In these case, the evolu-
tion equations are obtained as a proper generalization
of the usual Dokshitzer—Gribov-Lipatov—Altarelli—Parisi
(DGLAP) ones (see Refs. [9, 10] for details), defined for
the evolution of PDFs. In the present analysis only the
contribution of the valence, non-singlet sector, has been
taken into account in the evolution at Leading-Order, so
that one needs to solve only the homogeneous part of of
the evolution equations by using the Mellin transforma-
tions of dPDFs (see Ref. [18] for details). We notice that,
if we use the simple ansatz discussed in Ref. [27] for the
evaluation of dPDFs, our code for the pQCD evolution re-
produce the results found and discussed in that paper. Af-
ter having obtained the dPDFs at a generic high energy
scale, e.g., Q2 = 10 GeV?, using pQCD, the ratios rs and
r¢ have been shown again in Figs. 11 and 12. The most im-
portant results of this analysis are that, for small values of
X, e.g., close to the LHC kinematics, s ~ 1. This means
that, in the unpolarized case, dynamical correlations are
suppressed after the evolution. Nevertheless, by looking
at rg, in Fig 6, it is found that double spin correlations still
contribute, even at low x.
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20 (%), %5,k =0,07) / (u(x:,Q7)u(x,,0%))

Figure 11. The ratio rs, Eq. (22), at a scale Q? = 10 GeV?.

CAUAU(X,, %5,k =0,Q%) /(Au(x;,Q%)Au(x,,Q%))

Q0.8

Figure 12. the ratio 6, Eq. (23), at a scale Q* = 10 GeV?2.

5 Conclusions

In this work, dPDFs appearing in the DPS cross section
have been evaluated within a LF CQM. Fully Poincaré co-
variance of the description, which allows to restore the ex-
pected symmetries, and the vanishing of dPDFs in the for-
bidden kinematical region, x; + x, > 1, is achieved. In the
analysis of dPDFs at the hadronic scale, the approxima-
tions of these quantities with a complete factorized ansatz,
in the x; — xp and (x1, x») — k, dependences, are found to
be violated, in agreement with previous results [13, 14].
Moreover, a pQCD analysis of the valence dPDFs, nec-
essary to evaluate these quantities at higher energy scales
with respect to the hadronic one where the CQM predic-
tions are valid, has been performed. For the unpolarized
quarks case dynamical correlations are suppressed in the
small x region, while double spin correlations are found
to be still important. Further analysis, including into the
scheme non perturbative sea quarks and gluons together
with the evolution of dPDFs including the singlet sector
contribution, fundamental in order to describe the dPDF at

low x, are under way, as well as the study of the extraction
of proton dPDFs from pA collisions, along the line of Ref.
[28].
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