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Proton image and momentum distributions on the light-front
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The proton has been studied in a fully dynamical three-body model on the light-front. The model is based on the concept of a strongly
interacting diquark, either bound or virtual, which is generated from a zero-range interaction between the two active quarks. The obtained
results for the Dirac electromagnetic form factor and also the density in the loffe-time space are shown and discussed. Additionally, we
present results for the parton distribution function of the proton.
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1. Introduction the loffe-time distribution. A more comprehensive treatment
) of the adopted formalism and also much more results from

t 4+ z = 0, can in the Fock space be expressed in terms of
its fundamental degrees of freedone(strongly interacting .
quarks and gluons), where each contribution is associated- Brief summary of the three-body model

with a well-defined probabilility. From the light-front (LF) The model of the proton adopted in this work is based on

wave function (see.g.[1]) many important physical quan- the three-boson model introduced by Frederico in the seminal

tities can be obtained.g.the electromagnetic form factors, work [5], and is based on the zero-range interaction between
the parton distribution function (PDF), the generalized partor{he quarks. The valence LF wave function then reads [9]

distributions (GPDs) and the transverse momentum distribu-
tion (TMDs). Furthermore, the wave function in the config-

. . : \I/J:,E ,a:,E ,x,E
uration space associated with the null-plane, spanned by the 3@ kis, @2, k21, 3 KoL)

transverse momentum coordinates and the loffe times, is ob- NG Eu) + (2o, Eu) + (s, EP,L)
tained through a Fourier transform of the corresponding one - \/mfvp(xl Eu o Eu s Egl)’ 1)
0 ) 9 ) ) 9

in momentum space (seeg.[2]).
However, it is worthy to point out that the light-front hy- where
perplane and the observables associated with it are solely de-

. A . : ) . R . p2 +m2

fined in Mmkowskl space. C_onsequgntly, they c_annot _be di M2 (21, k11, 0, ko1, w5, k) ) = —1L

rectly obtained from calculations which resides in Euclidean 1

space, such as Lattice QCD. For this reason studies of the B2oam? k2am?

proton performed directly in Minkowski space are important. + -2 + 2 . )

One example of such an approach is the Basis Light-Front T2 3

Quantization [3] which recently was adopted to study the proFurthermore['(z;, k;1 ) (with i = 1,2,3) denotes the Fad-
ton [4]. deev component of the vertex function of the three-body

In this work the proton is studied within a three-body bound state which obeys the integral equation [5, 10]
model on the null-plane, by introducing a strongly interact-

l1—z

ing diquark (either bound or virtual one) where the two active 2 /

. . 4 . F (ML) dx
quarks are interacting through contact interaction. The three- [(x, k1) = (2m)? g p——
body LF and Bethe-Salpeter (BS) equations for the zero- 0

range interaction were introduced already in 1992 by Fred- o
erico [5]. The valence LF equation was then further studied " /dzk/ INCAND) 3)
by Carbonell and Karmanov in Ref. [6]. More recently, the Lﬂg — Msz’
three-body BS equation including the infinite number of Fock 0
components in the BS amplitude was solved by Ydre#irs with
al. in Euclidean space [7] and in Minkowski space [8, 9]. .

In this contribution we will present some results for the M2 = MZ(z, k., o' k|, 1 —x —2',—(k. + k). (4)
Dirac electromagnetic form factor and the PDF, and also for
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TABLE |. Constituent mass, scattering length, di-quark mass and three-body mass for the two considered models in this work. Additionally,
it is shown the computed radius definedras= fic\/—6[dF1 /dQ?]|g2—, whereF; denotes the valence Dirac form factor.

Model m [MeV] a[m™] M, [MeV] Mn [m] rp [fm]

| 317 -1.84 2.97 0.97

I 362 3.60 681 2.60 0.72

and the two-quark scattering amplitude reads 1
O(-M3) Fit exp. data, Z. Ye etal — —
]:(M122) =7 1+1/1i I 0.8 a=-1.84/m,m=317MeV — - — ]
1672y 08 1= Y 16mma a =3.60/m, m = 362 MeV

@(M12)9(4m - M122) o
: ® G
871' y’ 7arc ary ~ 167ma LT_VZ

Here,a denotes the scattering length and the effective two-
quark off-shell mass squared
kf_—&—(l—a:)mQ. ©)
X
As it was shown in Appendix A of Ref. [10], Eq3)X
can be derived by projecting the three-boson Bethe-Salpete!
equation (see.g.Ref. [9]) onto the light-front by using the
quasipotential technique (seeg.[11,12]). _ ~ FIGURE 1. The calculated Dirac form factor (solid and dashed
In the present work, Eq3f was solved by adopting a bi- lines) compared with the empirical fit (dot-dashed line) of
cubic spline decompostion, for more details see [9]. We studRef. [13].
ied the proton within two possibilities for diquarks, namely
an unbound case with < 0 and a bound one with > 0, The calculated Dirac form factor for the two parameters
corresponding to the two parameter sets in Table I. In these

calculations the scattering lengthwas fitted to reproduce the metlfl of I atl)tlelsl Issegﬁr?ﬁ ;ri(;t\évlthaﬁgﬁq:ge;g: ntl?li_}ﬂ; ?Iaz[als?)]n-
global behaviour of the Dirac form factor @ < 1 GeV?, g - P J

My = (1 —2)M —

; ; 2
which will be discussed in the next section. able reproduction of the e_xperlmental dgt@ét< .1 Gev.
However, the model Il with a bound diquark give a better

agreement for larger values of the momentum transfer. The
calculated value of the radius of 0.72 fm (see Table 1) is also
in fair agreement with the experimental one of 0.757 fm [14].

The single parton distribution function (PDF) is given by

3. Valence Dirac form factor and parton dis-
tribution function

The valence contribution to the Dirac form factor of the pro-

ton takes the form
3 1 3
Pk
__= ) 1— )
‘ll/(27r)2/dacl 6< E xl>
=1 0 =1

X 0 (ZE1L> IE1, 1L7"‘)\II3($1?E1L7"')7 (7)

whereQ? = ¢, - 71 and the magnitudes of the momenta of

the final (f) and initial ¢) states are given by
2

B2 = Eu_i%xl =12
SA( qL - P
|kgil)‘2 = 17($3 — 1) — k’u_ — kQJ_ (8)

Here— is to be used foyf and+ for .

fi(z1) =

d$36(1 — X1 — X9 — 333)

0 0
X /d2kud2k2¢d2k3L5(Eu + Koy + ksy)

X ‘\113(5317E1L7$27E2L1x37E3L)|2

=111 + Iao + I33 + I1g + I13 + Ia3, 9
and obeys the relation
1
/fl(xl)dxl = Fl(O) = (10)
0
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FIGURE 2. The contributions to the PDF for Model | (left panel) and Model Il (right panel).
In Eq. (9) the Faddeev contributions take the forms cut-off are already under development and will be published
elsewhere.
11—z, 1
/ / 6(1 — a1 — 29 — 3) . .
J J T1T2T3 4. loffe-time image of the proton

The proton wave function can also be written in the configu-
ration space related to the null plage™ = 0), in terms of

X /dzkud%ud%ufs(gu + kot + Esj_)
the transverse variablés, and the loffe-times:; = b, p™.

V]2
[F(f“ k’i)]q - ; (11)  The valence LF wave function in this representation is ob-
(M3 — Mg (21, k11, 22, ko, 23, k31 ))? tained as a Fourier transform of the momentum-space one,
and fori # j I.€.
1
1—a; 1 - o Pk; [ dax;
9 d ~ [ RN $,7’Lb7L k7L
_ / d.rg/ I3 1—I1—$2—1‘3) \113(331,b1L,... {H/ / (& }
T1T2X3 0
0 0
3 3
></d2k1Ld2kJ2ld2]€3L5(ElL+E2L+E3L) X5<1_sz> <Z > \1/3 Il,ku_,...). (14)
i=1 =1

o (i, kiL)F(xj:kjL) _ . (12) Theimage of the proton is then provided by the probability
(M% — M@(z1, k11,22, ka1, 23, k31))? density |(¥3(Z1,b1.1,...)]?. In Ref. [15] such a study was
i ) done for the pion.
Moreover, due to the symmet_ry of the wave function with re- In this work we consider for simplicity the special case:
spect to the exchange of particles 2 and 3, one has the equal-

ities D(F1,d2) = W3(d1,0,,22,01)
Iyp = I33, T2 = I13. (13) . 1—21 p
d leml
In the two panels of Fig. 2, the computed contributions / / IQ/
to the PDF are shown for models | and II, respectively. In 0 0 !
each panel the total PDF is also displayed with a thick line. X 0(1 —xq — x9 — x3)e"2"2 (w1, 22, 23), (15)

As it is seen in the left panel, far = —1.84/m, the differ-

ent contributions have similar shapes. On the contrary, fowith the distribution amplitude

the bound diquark case in the right panel, they show quite

different behaviours. Also, a significant damping is seen for¢(xz, x5, x3) = \/d2k1ld2k2Ld2k3L5(gll + Koy + K31)
1 = 0.7. As was pointed out in Ref. [10], this is related to

the fact that fora > 0 the lowest energy solution is unphys- X Ug(xy, Eu, T2, Eu, 3, E?)J_)- (16)
ical, i.e. havingM% < 0. The lowest physical state is then
an excited state and the vertex functibfx, £, ) has nodes. In Fig. 3, we show the square of the magnitude of the

The unphysical ground state can be removed by introducingvave function with respect to, for two values ofr,, namely
a momentum cut-off: ~ 1 GeV. Calculations with such a %, = 0 andZ, = 10, for the two considered parameter sets.
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0 .
10 T i eam s —— ] 5. Conclusion
o 107 F a=a—_1.38;g7n,1x2;=_18 o In this work we have studied the proton on the null plane
S -~ o - a=_3.éO/m, ;722:_10 - - (z* = 0) in a fully dynamical three-body model in the
S 102} N 1 valence approximation, based on a contact interaction be-
*é‘ \\ tween the quarks. The diquark picture has been implemented
N,—c\“ 107 \ k through the assumption of a pole in the two-quark scattering
X LV IREN amplitude, corresponding to either a virtual or bound two-
X 107 b VoS ] body state. We have computed the Dirac electromagnetic
> ="M= form factor and also the parton distribution function. We also
107 1 performed the Fourier transform to obtain the wave function
" ‘ . . ‘ ‘ . . in terms of the loffe-time variables, which together with the
10 0 5 10 15 20 25 30 35 40 transverse variables provide the image of the proton.
;(1 In the near future, we plan to improve our model by intro-

ducing a momentum cut-off to remove the unphysical ground
state which occur in the model for the bound diquark case.
We will also attempt to introduce the spin degree-of-freedom

FIGURE 3. The modulus squared of the loffe-time distribution ver- in the model.

susz; for two fixed values ofio, i.e. Zo = 0 andZ, = 10. Results
are displayed for Model | (blue lines) and Model 1l (red lines).
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