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Abstract We investigate the transverse momentum depen-
dence of valence and sea quark distribution functions of light
asymmetric nuclei (®*He and "Li). To this end, we first cal-
culate the valence and sea distributions of these nuclei apply-
ing a parametrization method in which the parton distribu-
tion functions (PDFs) of nucleus are related to those of free
nucleon via a weight function that contains the nuclear modi-
fications. Then we obtain the unpolarized transverse momen-
tum dependent (TMD) PDFs of the nucleus using the covari-
ant parton model (CPM) approach. We also compute the
valence and sea quark distributions ratios of He and 7 Li
to those of deuteron and present the results with respect to
x (Bjorken variable) at fixed values of transverse momen-
tum. It is found that these ratios shift to the larger values of
x by increasing the transverse momentum value as expected
and they are not transverse momentum dependent in large x
region.

1 Introduction

The investigation of the parton distribution functions of the
nucleons and nuclei has been performed by analysing the
deep inelastic scattering (DIS) processes of different targets.
These processes have provided the detailed knowledge about
internal structure of the nucleons and nuclei.

The European Muon Collaboration (EMC) group found
the difference between the bound state nucleon structure and
that of free one, for the first time in 1983 [1]. They observed
that a significant effect appeared in the nucleon structure
while changing the target from deuteron to the heavy nuclei
which is the so called EMC effect [2—4]. In fact the EMC
effect originates from an essential difference between the
PDFs of free nucleons and those of the bounded ones in
nucleus. Several theoretical models, such as [5,6]: the pion
excess model [7-12], the deconfinement model [7,13], the
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quark exchange model (QEM) [14,15], the cluster model
[7,16,17] and the rescaling model [7,18-21], have been sug-
gested to study the nuclear PDFs and describe the EMC
effect, which has been measured [6] in the Drell-Yan pro-
cess [7,22-26], charged lepton-nucleus scattering [27-32]
and neutrino-nucleus scattering processes [33—38]. We have
already probed the structure of light nuclei applying the chi-
ral quark exchange model [39] and also investigated the role
of nuclear corrections on the structure function and the EMC-
ratio of deuteron [40].

The usual PDFs do not have transverse momentum depen-
dence. They describe the probability for finding a parton with
longitudinal momentum fraction x of the parent hadron inte-
grated over the transverse momentum of the parton. Since the
transverse momentum of parton is not negligible especially
at small values of x and the description of some experimental
observations is not possible without three-dimensional (3D)
picture of the hadron, the transverse momentum dependent
PDFs (TMDs) [41-49] have appeared in recent years. TMDs,
which contain some information on partons with specific
transverse momenta, open a new way to obtain a 3D picture of
the parton structure of hadrons [50]. TMDs can be achieved
by measuring the transverse momentum of hadron which is
produced in semi-inclusive DIS. We have already calculated
the unpolarized TMD distributions of light quarks and gluon
for light nuclei using the modified chiral quark exchange
model in our previous work [51]. On the other hand, the
transverse momentum dependence of the PDFs of nucleons
and nuclei has been studied via another set of distributions
called unintegrated parton distribution functions (UPDFs).
The UPDFs of a number of nuclei have been probed in Ref.
[52,53] based on an approach first given by Kimber, Martin
and Ryskin (KMR) [54] and then extended by Martin, Ryskin
and Watt (MRW) [55].

In this article we study the TMD valence and sea quark
distribution functions of > He and 7 Li nuclei. For this purpose
we first calculate the PDFs of these nuclei using a global
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analysis of the experimental data which has been performed
by Khanpour and Atashbar Tehrani [56]. In their method a
weight function, which contains the nuclear modifications,
relates the PDFs of free nucleons to those of bounded ones
in nucleus [56-65]. Then we obtain the unpolarized TMD
distributions of >He and "Li in the covariant parton model
framework [66—76]. The base of this model is the 3D picture
of parton momentum with rotational symmetry in the nucleon
rest frame.

The organization of this paper is as follows: in Sect. 2
we provide the description of the parametrization formalism
applied to obtain the nuclear PDFs using the free nucleon
PDFs and taking into account the nuclear modifications via
a weight function. We provide a brief explanation for cal-
culating the unpolarized TMD nuclear PDFs based on the
covariant parton model in Sect. 3. We present our results in
Sect. 4 and give our conclusions in Sect. 5.

2 Nuclear PDFs parametrization formalism

In this section we obtain the valence and sea quark distribu-
tion functions of nuclei applying the parametrization method
of Ref. [56]. At the first step of this method, the PDFs of
nucleus are considered as the PDFs of free proton multiplied
by a weight function which originates from nuclear modifi-
cations [56-65]. So the initial valence quark distribution of
bounded proton in the nucleus A at Q scale, fvfi‘ (x, 03),
can be written as:

£ (% 08) = W v, A, 20£, (. 0F). M

where f;, (x, Q%) denotes the valence quark distribution of
free proton with flavor i and W,, (x, A, Z) is the valence
nuclear modification. The sea quark distribution of the
bounded proton with flavor 7, fsf (x, Q%), is given as:

£ (v, @) = Wit 4. 205, (. 0F). @

Z and A denote the atomic and mass number of the nucleus,
respectively. It should be pointed that in above equations the
large-x (x > 1) nuclear valence and sea quark distributions
are neglected [62—64,77-83].

We use JR09 set for valence and sea quark distribution
functions of free proton at Q% =2 GeV? [56,84]:

Xty (x, Q%) = 3.2350x06710(1 — x)3:9293

x (1 —0.5302x%7 + 3.9029x),
de (X, Q%) — 13.058)(1'0701(1 _ )C)6'2177

x (1 — 2.5830x%7 + 3.8965x),
x(d + i) = 0.4250x 01098 (1 — 11034
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x (1 —3.0946x°> + 11.613x),
x(d — 1) = 8.1558x1328(1 — x)21.043
x (1 — 7.6334x%3 4 20.054x), 3)
it is assumed that xs = x§ = ;ltx(cf + u) [56].
In the framework of Ref. [56], a functional form is con-

sidered for the weight function as the nuclear modification
[56,62—-64]. This form can be written as:

Wy, (x, A, Z)
B |:av,. (A, Z) + by(A)x + c,(A)x? + dv(A)x3]
- (1 —x)h
1
« <1 - F) +1, @)
Wi(x, A, Z)
_ [as(A, Z) + by(A)x + ¢5(A)x? + dy(A)x?
o (1 — x)bs
1
X <1 - F) +1, )

for valence and sea weight functions, respectively. The coef-
ficients of above equations which are dependent on A and Z
are calculated using a global x 2 analysis of experimental data
in Ref. [56]. The parameter « is fixed to @ = 1/3 and B;’s
parameters for valence and sea quarks are fixed to 8, = 0.4
and B; = 0.1, respectively [56]. We extract the coefficients
of Egs. (4) and (5) from Ref. [56]. These coefficients are
given in Tablel as the functions of A.

In order to compute the valence parameters ay, (A, Z),
the conservation constraints for atomic and mass number of
nucleus are considered [56,57,62,63,85]:

Z= / g(Zuf —dM)(x, Q})dx,
3= /(uf +dM(x, Q3)dx, (6)

so the valence parameters are expressed in terms of four inte-
gral values, Iy, I, I3 and I4, as [56,57]:

Z1 NI
au, (A, Z) = _L7
ZIz+ NIy
Z I NI
ag, (A, 2) = — 22T N0 ™
ZI; + NI

in which N = A — Z denotes the number of neutrons in
the nucleus. The numerical values of I’s in above equation
are as follows [56]: I} = 0.0890676, I, = 0.0537472, Iz =
2.1693, 14 = 1.06856.

Considering Egs. (1-5), and the isospin symmetry between
proton and neutron, the valence quark distribution functions
of nucleus A per nucleon are obtained as [56—65]:

ull (x, Q) = Wy, (x, A, 2) [%uv(x, Q%)Jr%dv(x, Q%)} :
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Table 1 The input parameters of valence and sea weight functions, Eqgs. (4) and (5), as the functions of A at Q(z) = 2 GeV? extracted from Ref.

[56]

ay Eq. (7) ay —0.14364 & 8.938466 x 103 A0-149757+1.3456148x1072
by 1.98347 + 0.1705875 A~ 0-0791784 1191811072 by 3.1188 = 0.2080143 A0- 1595211490795 1072

c — 6.46451 + 0.3582447 A~ 0-0388121.36899> 107 Cs —15.5991 = 1.1211789 A0 183694 1.8131510x 1072

dv 490165 + 0.3045687140‘00900608:&lA814O9>< 102 ds 18.7266 + 2.2757606140255328:&2931454())( 102

V4 N
dd(x, Q) = W, (x, A, Z) [Zdv(x, 0+ i, Q%)} :
(8)

and the per-nucleon nuclear sea quark distribution functions
are written as [56—65]:

it (x, Qg) = W(x, A, Z)

Fi(v )+ G (v at)|.

dA(x, Q3) = W,(x, A, Z)

Z - N N )
[Zi(s.03) + (. 03) .
sA(x, Q) = 54 (x, Q) = Wi(x, A, Z)s(x, Q). (9)

It should be pointed that from Egs. (8) and (9) for sym-
metric nuclei, (Z = N), such as deuteron ug‘ = d,f‘ and
A _ A
u® =d”.

Now we are able to calculate the valence and sea PDFs of
3He and " Li, asymmetric nuclei, using Eqgs. (8) and (9).

3 Transverse momentum dependence of nuclear PDFs

In this section we calculate the unpolarized transverse
momentum dependent valence and sea quark distributions
of 3He and " Li using the covariant parton model approach
[66—76]. In this approach the unpolarized TMD distribution
functions are related to integrated ones via a simple deriva-
tion. In CPM the unpolarized TMD distribution of quark,
q(x, pr), is given as [67,68,71,72]:
q(x, pr) = Mx / G¥(po)s (M —x) ap1
M Po

(10)

Here, M and p denote the nucleon mass and the quark
momentum, respectively. G?(po) is the generalized quark
distribution. This distribution is only dependent on pg due to
rotational symmetry in the nucleon rest frame [67,68,71,72].
By rewriting the §-function in Eq. (10) [67,68,72],
Po+ pi §(p1 — p1)dpi
8 (T — x) dp) = ——

, 11
x/po (

this equation can be modified as [67,68,72]:
q(x, pr) = Mqu(Po)5(P1—I51)dP1 = MG?(po). (12)
in which

= e[ 578
po = %Mx [1 + Afziz} .

pr denotes the quark transverse momentum.
By considering the following identity [67,68,72,75]:

4 [@] 2 M3GE <@)
dx | x |~ 2 )

and defining & variable, in which longitudinal and transverse
momenta of quark are related to each other, as [66-76]:

13)

(14)

p2
E(x, pr) =x (1 + Mz;) : (15)

the unpolarized TMD quark distribution can be written as
[67-69,72]:

1 d
oy = 400

_ 2 _ 2
. ]y_ge[xa M - p}].

(16)

where g(x) is the integrated quark distribution function.
The 6-function appears in Eq. (16) due to the constraint
pr < M?*x(1 — x) which is obtained for massless quarks
in covariant parton model [68,69,76]. This function is used
in the notation of Ref. [69].

Now we can calculate the transverse momentum depen-
dence of the unpolarized valence and sea quark distribution
functions of 3He and 7 Li nuclei applying Eq. (16) which
predicts the dependences of the unpolarized TMD quark dis-
tribution, g (x, pr), on both x and pr via the x dependence
of corresponding integrated quark distribution function g (x)
[67].

@ Springer



144 Page 4 of 9

Eur. Phys. J. C (2020) 80:144

= pP;=0.05
Ff\N - === pP,=0.08
200 - - T T T pr=oa
‘3_‘-150?
X L
@
mI > I
- .
100
-~
1 \\
50 I <N
i, <R
/ BN
v =T
1y =
o S L 1 L
0.2 0.4 0.6
X (a)

C p,=0.05
- == p,=0.08
200 - - = T er=0a
T 5o
1% |
o~ B
s C
100
B -
o~
soH s AN
/ - '~
i, ~0
! X
i, ==
o L 1 L L L N
0.2 0.4 0.6
x (b)

Fig. 1 The TMD valence quark distributions of 3 He nucleus: a u,(x, pr), b dy(x, pr) with respect to x at pr = 0.05 GeV, 0.08 GeV and

0.1 GeV
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Fig. 2 The TMD valence quark distributions of "Li nucleus: a u, (x, pr),bd,(x, pr) withrespect to x at pr = 0.05 GeV, 0.08 GeV and 0.1 GeV
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Fig. 3 The TMD sea quak distributions of 3He, a ii(x, p7), bd(x, pr), ¢ s(x, pr), with respect to x at pr = 0.05 GeV, 0.08 GeV and 0.1 GeV

4 Results and discussion

In this article, we first calculate the valence and sea quark
distribution functions of light asymmetric nuclei, 3He and
7Li, applying the parametrization method described in Sect.
2 and then compute the transverse momentum dependence
of these distributions using Eq. (16) at Q(z) =2 GeV?.

@ Springer

In Figs. 1 and 2, we present our results for the unpo-
larized TMD valence quark distributions of 3He and 7Li
nuclei with respect to x at three values of transverse momen-

tum, pr =

0.05 GeV, 0.08 GeV and 0.1 GeV, respec-

tively. We also depict the TMD sea quark distributions of
these light nuclei, u(x, pr), d(x, pr) and s(x, pr), at pr =
0.05 GeV, 0.08 GeV and 0.1 GeV in Figs. 3 and 4. From



Eur. Phys. J. C (2020) 80:144

Page 50f9 144

B .05 B p,=0.05 B p,=0.05
so [\ T - -08 so [\ T T - 0.08 so- = T T T~ P,=0.08
L L L — — — — p;=0.1
60— 60— 60—
[ z [ T [
2E 2 f -2 F
r~|= . "'-c - ~ m -
401 40} 40
20H 20 20
1 I 1/ 1 [
0 0.1 0.3 0.4 0 0.1 0.3 0 0.1 0.3

x (b)

()
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Fig. 6 The TMD valence a u and b d quark distributions of 7 Li with respect to pr at x = 0.15,0.18 and 0.22

Figs. 1, 2, 3, 4, it is found that the width of x-distributions is
dependent on the value of pr and the probability of finding
the valence and sea quarks decreases by increasing the pr
value as expected [5,51,68]. The latter property appears more
obviously in TMD sea quark distributions. Furthermore, both
valence and sea distributions have the shifts to the larger val-
ues of x by increasing the pr value.

InFigs. 5, 6,7, 8, we present the unpolarized TMD valence
and sea quark distribution functions of 3He and 7 Li nuclei
with respect to transverse momentum at three x values (x =
0.15, 0.18 and 0.22). It is found that these pr-distributions
of valence and sea quarks at fixed x value are very close to
the Gaussian distributions and their width change by varying
the value of x [5,51,68].
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Fig. 8 The pr-distribution of a it, bd and ¢ s at x = 0.15, 0.18 and 0.22 for  Li nucleus

Considering Figs. 1,2, 3,4, 5, 6,7, 8, we can say that our
results for TMD valence and sea distributions of > He and
7Li nuclei show acceptable general properties expected for
unpolarized TMD distribution functions [51,67,68,86-92].

In a further step of our calculations, we first obtain
the TMD valence and sea quark distribution functions of
deuteron nucleus, d, and then define the following TMD
valence and sea ratios for the nucleus A as:

qi (x, pr)
qd(x, pr)’
diva (X, p1)
g%, (x, pr)’

R (x. pr) =

Ripa . pr) = a17)

in which g2, is the total sea quark distribution of the nucleus
A:

g, =t +d* 51 + 54, (18)

q%(x, pr)and g%, (x, pr) denote the TMD valence and total

sea quark distribution functions of deuteron, respectively. We
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should point that deuteron is a weakly bound nucleus with
small nuclear effects. Hence, by considering isospin invari-
ance, it can be approximately viewed as an isoscalar nucleon
[78,80,82,93,94]. For this reason we define nuclear valence
and sea ratios with respect to deuteron to indicate the EMC
effect in the nucleus A [78,80,82,93,94].

In Figs. 9 and 10 we display the results of R;‘v (x, pr),
R,fv (x, pr)and R(’}‘v (x, pr), for 3He and " Li nuclei, respec-
tively. These ratios are plotted with respect to x at pr
0.05 GeV, 0.08 GeV and 0.1 GeV.

As can be seen in Figs. 9 and 10, the TMD valence ratios
have the shifts to the larger values of x by increasing the pr
value. Furthermore, These ratios have equivalent properties
in large x region. It means that the valence ratios are not
transverse momentum dependent at large values of x. The
properties of valence ratios of > He are equivalent at different
values of transverse momentum in x > 0.3 region and those
of "Li do not have pr dependence within x > 0.2. We
should also point that while the valence quark distribution
functions of > He and 7 Li show the same general properties
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in Figs. 1 and 2, they take different values at each value of x.
Therefore, the ratios of these valence distributions to that of
deuteron show different behaviour in Figs. 9 and 10. In fact
the differences between the valence distributions of > He and
7Li in detail appear more clearly in their ratios with respect
to deuteron.

We also depict the results of our calculations for x depen-

dence ofRiZ,e (x, pr)and Rzg‘é (x, pr) atfixed values of pr

in Fig. 11. It is found from this figure that the properties of
sea ratios are similar to those of valence ones, i.e. by increas-
ing the pr value the sea ratios shift to the larger values of
x. The total sea quark distributions ratio of He ("Li) and

deuteron is not transverse momentum dependent in x > 0.3
(x > 0.2) region.
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5 Conclusion

In conclusion, we have studied the unpolarized TMD valence
and sea quark distribution functions of light asymmetric
nuclei. Because of the EMC effect the parton distributions
of free nucleons are different from those of bounded ones in
nucleus. In order to obtain the PDFs of 3 He and 7 Li, we have
used a global analysis method of a weight function which
relates the nuclear PDFs to the free nucleon ones and takes
the nuclear modifications into account. We should point that
in this method the PDFs of bound state nucleons in nucleus
are restricted to 0 < x < 1 due to defining those of free ones
in this region [77], while x > 1 is valid for the nuclear PDFs.

In the next step we have applied the covariant parton
model to obtain the transverse momentum dependence of
the nuclear valence and sea quark distributions. The results
of the unpolarized TMD distributions for > He and 7 Li show
convenient general properties at fixed values of x and pr.
We have also calculated the ratio of TMD valence and sea
distributions of these nuclei to those of deuteron nucleus.
It is found that these ratios are not transverse momentum
dependent only in large x region as expected.

We hope to perform our calculations for heavier nuclei
and report the results in the future.
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