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Two-body densities as a framework for dynamical imaging and
their connection to ultra-peripheral collisions
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We present results on two-parton densities in coordinate space which capture a fuller dynam-
ical picture of the proton’s internal structure, including information on the relative position
between quarks and gluons in the transverse plane. The connection of such two-body densities
to observables, proceeds in QCD, via the definition of double generalized parton distributions
(DGPDs) that can be accessed in the production of two vector mesons, or two dimuon systems
in ultraperipheral collisions (UPCs) through a double scattering process.
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1 Introduction

The exclusive process of deeply virtual Compton scattering (DVCS) allows us to access generalized parton
distributions (GPDs) 23 (We refer the reader to Refs?%¢ for reviews on the subject). In turn, GPDs,
through Fourier transformation, give spatial information on the charge and matter distributions of the
quarks and gluons inside the nucleon 7. The physical properties derived from the Fourier transforms of
GPDs include the spatial distributions of each partonic component of the nucleon in the transverse plane
with respect to the proton’s motion, as well as the orbital component of angular momentum. Notwith-
standing the wealth of information that one could obtain from these Fourier transformed quantities, to
capture a fuller dynamical picture of the proton’s internal structure, it is fundamental to be able to
determine the relative position between partons. In order to access information on the relative position
of quarks and gluons in a QCD-motivated picture, one needs to define the correlation functions yielding
the two-body density distribution in the transverse plane. Connecting the two-body densities to observ-
ables, we found that the latter can be defined in QCD through generalized double parton distributions
(GDPDs), namely generalized parton distibutions characterized by two hard parton scatterings occur-
ring during the electron-proton or electron-nucleus collision. Using GDPDs, we can define additional
observables to describe quark and gluon dynamics, including their overlap probabilities. Such quantities
can be extracted from experimental measurements of deeply virtual exclusive processes characterized by
multi-particle final states.

2 From one body to two body density

We focus our description on the unpolarized quark inside an unpolarized nucleon described by the GPD,
HY(X,( = 0,t), where x is the quark longitudinal momentum fraction, t = A? is the four-momentum
transfer squared between the initial and final proton, and (, the skewness parameter is set to zero.
Through Fourier transformation, one obtains the impact parameter-dependent parton distribution func-
tion (IPPDF) p(X,br), in terms of by, the Fourier conjugate to the transverse momentum transfer, Ar
78, The spatial variables relevant for this problem are described in the left diagram in Figure 1, giving
a partonic picture in coordinate space, as first observed using Light Cone (LC) kinematics in Ref?.
From the figure, one can see that two relevant variables describe the spatial configuration in a
parton-spectator system, namely, b = by, the relevant transverse distance of the parton from the Center
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Figure 1 — Spatial coordinates in the transverse plane for one-body distributions (left) and two-body distributions
(right).

of Momentum (CoM), and R, the position of the nucleon’s CoM. To obtain such a picture through GPDs,
we take the correlation function represented in momentum space by Fig. 2,
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Zjn /' \\/ Zout

/ \

e
e ’/" yd

Figure 2 — Correlation function for the GPD in momentum space

we evaluate the fields at equal LC time, 2T = 0. (2;,), Yout(2) are the quark fields; I' is an operator
between quark fields, i.e. either a specific gamma matrix, or a combination of gamma matrices; finally,
U(Zin, Zout), 1s the link ensuring gauge invariance. In what follows we choose the LC gauge for which
U(Zin, 2out) can be taken equal to one. The field operators product in Eq.(1) is evaluated between an
incoming proton state, | p, A), of definite momentum, p, and helicity, A, and an outgoing proton state,
| p/,A"), with momentum, p’ = p — A, and helicity, A’. Taking I' = 4%, and Fourier transforming, one
obtains ¢

Wiy = / é—;) X = p— AN (0) 7 (27) [p, A),
1 A,
= 2PT+ {HQ(X7<at)a(p - AvA,)’Y—i_u(pa A) + Eq(X7 Cat)ﬂ(p - AaA,)oé—MU(Z% A)} . (2)

Isolating the GPD H for an unpolarized quark inside an unpolarized proton at skewness { equal to 0, in
momentum space the Hy(X,0,t) is off-diagonal in momentum,

Hq(Xa 0, t) = / koT,in ¢* (X7 kT,in - A)(b(X, kT,in)v (3)

and with Fourier transformations of the vertex functions,

1

¢(X7 kzn) = (271')2 / dQZin eikin‘zin é(X, Zin); (43:)
¢* (X7 kout) = (27];_)2 / d2Zout e_'ikout~zout (g* (X, Zout)' (4b)

“The correlation function’s parametrization in terms of GPDs also depends on the QCD evolution scale for
the process, and Q?, that is omitted in these formulae for ease of presentation.
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the relationship between the GPD and the IPPDF emerges:

H,(X,0,t) = / d®be™® A ¢* (X,b) ¢(X,b) = / d*be™® A p, (X, b) (5a)
2
pe(X,b) = / (C;W?Qe_ib'AHq(X,O,t), (5b)

where we have defined the transverse space one-body diagonal density distribution. The index ¢ refers
to the quark flavor. A similar distribution is ibtained for gluons.

In Figure 3 we show an example of a one-body density distribution, p4(X,b), evaluated for the gluon
GPD parametrization from Refs!®!! where H, was constrained by its first moment in X evaluated in
lattice QCD 1213, Notice that in this case, the gluon distribution depends rather strongly on the scale

for the process, Q2.
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Figure 3 — The Fourier transform p,(z,b) of the unpolarized gluon GPD H, calculated as a function of x and Q2.
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Figure 4 — Two-body correlation function

Although the one-body density distributions already give rich spatial information about the proton’s
internal structure, as we show in Section 3, in order to study the dynamics of the proton’s constituents,
we must move from a single-body to a two-body picture, studying now double-parton correlations. We
thus introduce the two-body correlation function, as in Figure 4, defined through the following bilinear
expression,

WF / dziindzl,T,in dzz_’indZQ,T,in / dzioutdzl,T,out dZQ_outdZQ,T,O'ut
A (2m)? (2m)? (2m)? (2m)?
% ei(kl,inzl,in+k2,inz2,in) e—i(kl,outzl,out+k2,out22,out) (6)
X <p/7 AI|E<Zl,out> Fw<zl,zn) E(ZZ,out) Fw(ZZ,zn) |P7 A> + +_0
zy =25 =

w
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This definition involving quark fields is similar to the double parton distribution function (DPDF) intro-
duced in !4, but with the initial and final proton states being different, (p’ # p). Proceeding similarly to
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Figure 5 — Visualizing the two-body density as a function of b; and b2 (Eq.9), for different values of x2, while
keeping x, fixed.

the one-body case, we can now form the following combinations of the two different quark fields locations,
Ziin and 2 out, (¢ = 1,2), respectively given by,

Zq
Zi = Zijin — Zi,out Zign  =bi+ 2
L = : (7)
by = 5( iin + Zijout) Zout =b; — %
as well as the conjugate momenta to b; and z;,
A =Fkiin — ki out <~ b;
X ®)
ki = i(kzzn + ki out) — 2

Following a procedure similar to the one-body case, we derived a formulation for the Fourier trans-
form of the four-point correlation function (6), showing that it can be cast in a two-body density form,
p3%(x1,b1; 22, be), describing the probability of simultaneously finding quark 1 carrying a momentum
fraction 1 at location by and quark 2 carrying a momentum fraction x5 at location by with respect to
the center of momentum of the system. In the absence of correlations in the relative motion of the two
quarks, the two-body transverse spatial distribution is described by,

P51 (X1,b1; X2, ba) = pg(X1,b1)pe (X2, b2) 9)

where p is the diagonal one-body density defined in Eq.(5). Distributions with parton configurations
other than qq, e.g. qg, or gg, can be written in a similar way, starting from the appropriate two-body
correlation function definition.

A visualization of the two-body density distribution, is provided in Fig. 5 where in the upper panel we
show a 2D rendition of the gluon-gluon distribution obtained by plotting the quantity, p3? (X1, b1; X2, ba)
at the scale, Q?> = 5 GeV 2, for X; = 1073, and fixed by, varying X, and by; in the lower panels, we
show 3D versions obtained at z; = 0.01 (top) and X; = 1073, plotted in the by, by for various values of
Xo.
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3 Observables

The average radii described in the previous Section in terms of the Fourier transform of the GPD H for
zero skewness are described through the impact parameter dependent PDF (IPPDF), in Figure 6; on the
Ihs we plotted the valence u and we d quark geometric radii compared to the gluon one, at Q?= 5 GeV?;
on the rhs the behavior of the gluon radius with Q2 is shown. All calculations were performed using
the parametrization from Refs!®!'. One can see that the gluon radius is much smaller than the quark
one, consistent with the geometric representation of baryon junctions, as proposed in Ref!® and recently
investigated in, e.g., Ref!6. Furthermore, we find that, while the radii for all ¢ and g components show
a small variation with Q2 at larger values of X > 0.01, at small X, this dependence is substantial, and
it should, therefore be more easily detectable in experiment.
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Figure 6 — The average radii for u,d (valence) and g (gluon) distributions (left) provide a quantitative method
for extracting spatial information through even the one-body density. We can also study the Q*-dependence of
these average radii through perturbative evolution, as shown for the gluons (right).

From the vectors locating the partons 1 and 2 positions in the transverse plane, b; and bs, respec-
tively, we define the relative distance between them, r, and the distance of the center of mass of the two
partons from the origin, R2,

r = b1 — b2 (10)
b, + b,
Ry = —— (11)
2
Defining the root mean squared of their expectation values, one obtains the square average relative
distance and average center of mass of the two partons,

1 r r
(X1, X,) = N//d2rd2R12 |r2| P2 (Xl,RlQJr 5;XQ,R12 - 5) (12)
1 r r
(R3)(X1, Xp) = N//derQRm IR%,| p2 <X1,R12 + §;X2;R12 - 5) (13)
N = 2.2 r _r
= d°rr*Raz p2 ( X1, Ri2 + 27X27R12 5 (14)

The numerical results obtained using our parametrization for the average relative distance, given in Fig.
7, for the specific case of X; = X5, correlate with the results for the single parton distributions, in that
the distance between a quark of flavor w,d and a gluon field is always larger than the distance of two
gluon fields, revealing that gluonic configurations tend to be more compact.

Through the two-body densities we can now address quantitatively the question of whether the wu,
quarks and gluons will overlap forming localized “hot spots,” as suggested in an event-by-event analysis
in Refs. 1718 or whether the gluon field surrounds uniformly the valence quarks.

The geometric average two-parton overlap probability in the transverse plane can be defined as,

1
<A(X1,X2)> = N/d2b1d2b2 pzj(Xl,bl;Xg,bQ)Aﬂ b1 — bQ ‘)7

5
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Figure 7 — Average relative distance between the u quark and gluon, the d quark and gluon, and two gluon fields
inside the proton plotted vs. X = X1 = X», at Q% = 10 GeV>.

where A(r =| by — by |) is taken as the geometric area overlap of the two azimuthally symmetric single
parton distributions measured in units of an average radius a = ((b1)? + (b2)?)'/%/V/2,

— _5 _
Alr) = a*n— TT (1 4 o) — af arctan ng — a2 arctan ! o (15)
with,
—5)2
a; = af—%, i=1,2 (16)

and 6 = a; — asq.
Performing a change of variables, the average two-parton overlap probability is given as,

<A(X1,X2)> = % //d21‘ d2R12 A(T) pgg (Xl,R12 + g; X27R12 — g) . (17)
Numerical results for the overlap probability are given in Figure 8 for the u quark and gluon case. The
figure shows A(X1, X»), Eq.(17), plotted vs. X, with X = X; = X,, and Q? = 10 GeV?, divided by
the maximum overlap surface. Putting together results from Figs.6, 7, and 8, we can see that while all
parton types tend to be more broadly distributed at low X (Fig.6), thus also spanning broadly distributed
relative distances, their overlap probability also increase (Fig.8).
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Figure 8 — The overlap probability of the u quark and gluon distributions in the proton plotted vs X = X; = X
for Q% = 10 GeV?2.

This picture complements the recent BNL approach %17:18:20  describing geometrical fluctuations, or
event-by-event fluctuations in the proton wave function where the three constituent quarks emit small—zx
gluons around them, which form “hot-spots” at random locations in the transverse plane.

As first pointed out in Ref?! (See also Ref??) in ultraperipheral collisions (UPCs) where, a proton
and a nucleus or a proton and a proton collide at impact parameters larger than the sum of the particles’
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radii, time-like Compton scattering (TCS), an exclusive process from which one can extract GPDs, may
be observed (Fig. 9). We seek to extract GDPDs in double TCS through UPC processes, proposing to
use, for example, double vector meson or double dimuon production.

4

Y W/é

Figure 9 — Connection between UPCs and GPDs

4 Conclusions

We presented results on our study of two-body parton distributions as a means of obtaining information
on the relative positions of quarks and gluons inside the proton. While one-body distributions are limited
to capturing average static properties of the proton’s internal structure, such as the radius covered by
various parton distributions, the proton is a complex, multi-body environment, and it is, therefore, more
properly imaged through multi-body distributions. As a first step towards the general problem of imaging
this multi-body system, and to provide tools to address multiparton correlations beyond the one-body
formalism, we studied the geometric correlations between the u and d quark distributions and gluons.

In Refs!™!® a connection was provided between the two approaches, “GPDs” on one side, and
“geometrical fluctuations” on the other. In particular, the dipole-based description of coherent diffractive
J/¥ production off a proton was connected to the correlation functions for GPDs, within the collinear
framework of QCD. However, the more interesting channel of incoherent diffraction, described in terms
of double dipole diffraction and leading to small—x gluon fluctuations, or event-by-event, color density
geometry driven fluctuations has remained a puzzle in that it could not be rendered, so far, within
standard QCD approaches. By introducing two-body correlations functions, we provide a framework to
investigate these scenarios and to allow us to study relative spatial configurations of quarks and gluons
inside the proton and the atomic nuclei.
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